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PREFACE

The purpose of this book is to provide the definitive advanced 
reference text on the diagnostic utility of echocardiography in 
clinical practice. Put simply, this book reflects our role as clini-
cians caring for patients with cardiovascular disease. The clini-
cal information in this book will be of value to all cardiovascular 
specialists, not just those focused on cardiovascular imaging. 
This book also will be of interest to cardiology fellows, cardio-
vascular anesthesiologists, and other health care providers using 
echocardiographic approaches in the clinical setting, including 
radiologists, interventional cardiologists, electrophysiologists, 
emergency medicine physicians, and internists with an active 
interest in cardiovascular disease. Cardiac sonographers, car-
diovascular technologists, physician assistants, nurse practitio-
ners, and nursing professionals who wish to go beyond the 
basics in echocardiographic imaging also will find this book 
valuable. For the clinical researcher, there are eight chapters 
dedicated to newer advanced echocardiographic modalities, 
and this information is integrated into subsequent chapters 
throughout the book.

Echocardiography is a key component in the evaluation of 
patients with suspected or known cardiovascular disease. As this 
technique has evolved and matured, the role of the echocar-
diographer has shifted from simply providing a description of 
the images to integrating the echocardiographic findings with 
other clinical data and finally to providing a diagnosis or thera-
peutic recommendation. Often, echocardiography supplies all 
the data needed for clinical decision making. When additional 
information is needed, the echocardiographic findings help 
define other imaging modalities that may be helpful. In effect, 
echocardiography has become a specialized type of cardiology 
consultation.

The information now requested by the referring physician 
includes not only the qualitative and quantitative interpretation 
of the echocardiographic images and Doppler flow data, but 
also a discussion of how this information may affect clinical 
decision making. Specific examples include decisions regarding 
interventional procedures (e.g., suitability for a transcatheter 
aortic valve implantation), medical or surgical therapy (e.g., 
treatment of endocarditis, surgery for aortic dissection), optimal 
timing of intervention in patients with chronic cardiac diseases 
(e.g., valvular regurgitation, mitral stenosis), prognostic impli-
cations (e.g., heart disease in pregnancy, heart failure patients), 
and the possible need for and frequency of periodic diagnostic 
evaluation (e.g., congenital heart disease, the postoperative 
patient). In addition, echocardiography is critical in choosing 
the optimal therapy for each patient (e.g., selection of patients 
for intracardiac defibrillator implantation) and has become 
essential for monitoring percutaneous interventions and the 
effects of medical or surgical therapy.

The clinical practice of echocardiography no longer is 
restricted to the full diagnostic examination performed in an 
imaging laboratory. Instead, echocardiography has become so 
integrated into cardiovascular care that specialized instruments 
are now used in the intensive care unit, emergency department, 
interventional laboratory, and operating room, as well as during 
electrophysiology procedures. As instruments become smaller, 

less expensive, and easier to use, the clinical applications of this 
imaging modality likely will continue to expand.

Each chapter in this book provides an advanced level of dis-
cussion, written by an expert in the field, building upon the 
basic material in my Textbook of Clinical Echocardiography, 
Fourth Edition. In contrast to the Textbook, the primary focus 
of this book is the role of echocardiography in clinical decision 
making and the impact on clinical outcomes. Emphasis is also 
placed on the principles of optimal data acquisition, quantita-
tive approaches to data analysis, potential technical limitations, 
and areas of active research. In addition, the strengths and limi-
tations of alternate diagnostic approaches are reviewed to put 
the role of echocardiography into the context of clinical prac-
tice. Detailed tables, color illustrations, echocardiographic 
images, Doppler tracings, and figures with key data from pub-
lished outcome studies are used to provide clarity and depth. 
To complement the printed text, multiple choice questions at 
expertconsult.com provide an opportunity for readers to test 
their knowledge or quickly review the core material. Some high-
lights of the fourth edition include new chapters on echocar-
diographic guidance of structural heart disease interventions 
and echocardiographic evaluation of cardiac assist devices.

It is hoped that this book will provide the needed back-
ground to support and supplement clinical experience and 
expertise. Of course, competency in the acquisition and inter-
pretation of echocardiographic and Doppler data depends on 
appropriate clinical education and training, as detailed in 
accreditation requirements for both physicians and technolo-
gists and as recommended by professional societies, including 
the American Society of Echocardiography, the American 
College of Cardiology, and the American Heart Association. I 
strongly support these educational requirements and training 
recommendations; readers of this book are urged to review the 
relevant documents.

Advances continue to be made both in the technical aspects 
of image and flow data acquisition and in our understanding of 
the clinical implications of specific echocardiographic findings. 
This book represents our knowledge base at one point in time; 
readers will wish to consult the current literature for the most 
up-to-date information. Although an extensive list of carefully 
selected references is provided with each chapter, the echocar-
diographic literature is so robust that it is impractical to include 
all relevant references; the reader can conduct an online medical 
literature search if an all-inclusive listing is desired.

Additional resources for the reader interested in achieving 
mastery in echocardiography include Echocardiography Review 
Guide, Second Edition, which I wrote with Becky Schwaegler and 
Rosario Freeman, and which provides a quick summary and 
self-evaluation questions for my Textbook of Clinical Echocar-
diography, Fourth Edition. These books are now complemented 
by the new Otto Practical Echocardiography series, all pub-
lished by Elsevier and available in electronic format and online 
at expertconsult.com. The Practical Echocardiography series 
includes Intraoperative Echocardiography, edited by Don Oxorn; 
Echocardiography in Heart Failure, edited by Susan Wiegers and 
Martin St. John Sutton; Echocardiography in Congenital Heart 

http://ExpertConsult.com
http://ExpertConsult.com
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Disease, edited by Mark Lewin and Karen Stout; and Advanced 
Echocardiographic Approaches, which I edited with Linda Gillam. 
All four of these books also offer online clinical cases and video 
clips to enhance the learning experience.

Little time investment is needed to acquire basic skills in 
echocardiographic image acquisition and interpretation; the 
challenge lies in transitioning these skill sets from “basic” to 
“expert.” As echocardiography becomes fully integrated into the 
practice of medicine in every clinical setting, each of us should 

be aware of our own limitations, scope of practice, and clinical 
practice needs. The concentrated educational content and 
cumulative clinical experience contained in the Otto series of 
textbooks and online cases not only provides a solid foundation 
upon which to learn the practice of echocardiography, but can 
also accelerate the learning curve for those who wish to chal-
lenge themselves to become a master of echocardiography.

Catherine M. Otto
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GLOSSARY

2D	 two-dimensional
3D	 three-dimensional

A-long	 apical	long-axis
A-mode	 amplitude	mode	(amplitude	versus	depth)
A	 diastolic	ventricular	filling	velocity	with	atrial	

contraction
A′	 diastolic	tissue	Doppler	velocity	with	atrial	contraction
A2C	 apical	two-chamber
A4C	 apical	four-chamber
ABD	 automated	border	detection
ACHD	 adult	congenital	heart	disease
ACS	 acute	coronary	syndrome
AcT	 acceleration	time
AF	 atrial	fibrillation
AIH	 aortic	intramural	hematoma
AMVL	 anterior	mitral	valve	leaflet
ant	 anterior
Ao	 aortic	or	aorta
AQ	 acoustic	quantification
Ar	 pulmonary	vein	atrial	reversal	velocity
AR	 aortic	regurgitation
ARVD	 arrhythmogenic	right	ventricular	dysplasia
AS	 aortic	stenosis
ASD	 atrial	septal	defect
ATVL	 anterior	tricuspid	valve	leaflet
AV	 atrioventricular
AVA	 aortic	valve	area
AVC	 aortic	valve	closure
AVR	 aortic	valve	replacement
AVSD	 atrioventricular	septal	defect

BAV	 bicuspid	aortic	valve
BMV	 balloon	mitral	valvotomy
BNP	 B-type	natriuretic	peptide
BP	 blood	pressure
BSA	 body	surface	area

c	 propagation	velocity	of	sound	in	tissue
CABG	 coronary	artery	bypass	graft
CAD	 coronary	artery	disease
CCTGA	 congenitally	corrected	transposition	of	the	great	arteries	

(see	L-TGA)
CCU	 coronary	care	unit
CFR	 coronary	flow	reserve
CO	 cardiac	output
COPD	 chronic	obstructive	pulmonary	disease
CPB	 cardiopulmonary	bypass
CRT	 cardiac	resynchronization	therapy
CS	 coronary	sinus
CSA	 cross-sectional	area
CT	 computed	tomography
CTEPH	 chronic	thromboembolic	pulmonary	hypertension
CW	 continuous	wave
Cx	 circumflex	coronary	artery

D	 diameter

DAo	 descending	aorta
DCM	 dilated	cardiomyopathy
DICOM	 Digital	Imaging	and	Communications	in	Medicine
DORV	 double-outlet	right	ventricle
dP/dt	 rate	of	change	in	pressure	over	time
DSE	 dobutamine	stress	echocardiography
DT	 deceleration	time
D-TGA	 complete	(D	or	dextro)	transposition	of	the	great	

arteries

E	 early	diastolic	peak	velocity
E′	 early	diastolic	tissue	Doppler	veloctiy
ECG	 electrocardiogram
ED	 end-diastole
EDD	 end-diastolic	dimension
EDP	 end-diastolic	pressure
EDV	 end-diastolic	volume
EF	 ejection	fraction
endo	 endocardium
EOA	 effective	orifice	area
epi	 epicardium
EPSS	 E-point	septal	separation
EROA	 effective	regurgitant	orifice	area
ES	 end-systole
ESD	 end-systolic	dimension
ESPVR	 end-systolic	pressure-volume	relationship
ESV	 end-systolic	volume
ETT	 exercise	treadmill	test

FDA	 Food	and	Drug	Administration	(USA)
FL	 false	lumen
FPV	 flow	propagation	velocity
FS	 fractional	shortening
FSV	 forward	stroke	volume

HCM	 hypertrophic	cardiomyopathy
HCU	 hand-carried	ultrasound
HF	 heart	failure
HFpEF	 heart	failure	with	preserved	ejection	fraction
HOCM	 hypertrophic	obstructive	cardiomyopathy
HPRF	 high	pulse	repetition	frequency
HR	 heart	rate
HRrEF	 heart	failure	with	reduced	ejection	fraction
HV	 hepatic	vein

IABP	 intraaortic	balloon	pump
IAS	 interatrial	septum
ICD	 implanted	cardiac	defibrillator
ICE	 intracardiac	echocardiography
ICU	 intensive	care	unit
ID	 indicator	dilution
IE	 infective	endocarditis
inf	 inferior
INR	 international	normalized	ratio
IPAI	 intraaortic	phased-array	imaging
IV	 intravenous
IVC	 inferior	vena	cava



xvi	 GLOSSARY

IVCT	 isovolumic	contraction	time
IVRT	 isovolumic	relaxation	time
IVUS	 intravascular	ultrasound

JA	 jet	area

L	 length
LA	 left	atrium
LAA	 left	atrial	appendage
LAD	 left	anterior	descending	coronary	artery
LAE	 left	atrial	enlargement
lat	 lateral
LBBB	 left	bundle	branch	block
LCC	 left	coronary	cusp
LCx	 left	circumflex	coronary	artery
LIPV	 left	inferior	pulmonary	vein
LMCA	 left	main	coronary	artery
LPA	 left	pulmonary	artery
LSPV	 left	superior	pulmonary	vein
L-TGA	 L-transposition	of	the	great	arteries	

(see	CCTGA)
LV	 left	ventricle
LVAD	 left	ventricular	assist	device
LVEDP	 left	ventricular	end-diastolic	pressure
LVH	 left	ventricular	hypertrophy
LVID	 left	ventricular	internal	dimension
LVOT	 left	ventricular	outflow	tract

M-mode	 motion	display	(depth	versus	time)
MAC	 mitral	annular	calcification
MAIVF	 mitral-aortic	intervalvular	fibrosa
MCE	 myocardial	contrast	echocardiography
MFS	 Marfan	syndrome
MI	 myocardial	infarction
MPA	 main	pulmonary	artery
mPAP	 mean	pulmonary	artery	pressure
MPI	 myocardial	performance	index
MR	 mitral	regurgitation
MRI	 magnetic	resonance	imaging
MS	 mitral	stenosis
MV	 mitral	valve
MVA	 mitral	valve	area
MVL	 mitral	valve	leaflet
MVP	 mitral	valve	prolapse
MVR	 mitral	valve	replacement

NBTE	 nonbacterial	thrombotic	endocarditis
NCC	 noncoronary	cusp
NPO	 nothing	by	mouth
NYHA	 New	York	Heart	Association	(classification	for	heart	

failure	symptoms)

OM1	 first	obtuse	marginal	branch
OM2	 second	obtuse	marginal	branch

ΔP	 pressure	gradient
PA	 pulmonary	artery
PACS	 Picture	Archiving	and	Communications	Systems
PAH	 pulmonary	arterial	hypertension
pAn	 pseudoaneurysm
PAP	 pulmonary	artery	pressure
PAPVR	 partial	anomalous	pulmonary	venous	return
PASP	 pulmonary	artery	systolic	pressure

PCI	 percutaneous	coronary	intervention
PCWP	 pulmonary	capillary	wedge	pressure
PDA	 patent	ductus	arteriosus	or	posterior	descending	artery	

(depends	on	context)
PE	 pericardial	effusion
PEP	 preejection	period
PESDA	 perfluorocarbon	exposed	sonicated	dextrose	albumin
PET	 positron-emission	tomography
PFO	 patent	foramen	ovale
PH	 pulmonary	hypertension
PHT	 pressure	half	time
PISA	 proximal	isovelocity	surface	area
PLAX	 parasternal	long-axis
PM	 papillary	muscle
PMVL	 posterior	mitral	valve	leaflet
post	 posterior	(or	inferior-lateral)	ventricular	wall
PPM	 patient	prosthesis	mismatch
PR	 pulmonic	regurgitation
PRF	 pulse	repetition	frequency
PRFR	 peak	rapid	filling	rate
PS	 pulmonic	stenosis
PSAX	 parasternal	short-axis
PCI	 percutaneous	coronary	intervention
PV	 pulmonary	vein
PVC	 premature	ventricular	contraction
PVOD	 pulmonary	venoocclusive	disease
PVR	 pulmonary	vascular	resistance
PW	 pulsed	wave
PWT	 posterior	wall	thickness

RA	 right	atrium
RAE	 right	atrial	enlargement
RAO	 right	anterior	oblique
RAP	 right	atrial	pressure
RCA	 right	coronary	artery
RCC	 right	coronary	cusp
RF	 regurgitant	fraction
RIPV	 right	inferior	pulmonary	vein
RJ	 regurgitant	jet
ROA	 regurgitant	orifice	area
RPA	 right	pulmonary	artery
RSPV	 right	superior	pulmonary	vein
RSV	 regurgitant	stroke	volume
RT3DE	 real-time	three-dimensional	echocardiography
RV	 right	ventricle
RVAD	 right	ventricular	assist	device
RVE	 right	ventricular	enlargement
RVH	 right	ventricular	hypertrophy
RVOT	 right	ventricular	outflow	tract
RWT	 relative	wall	thickness

SAM	 systolic	anterior	motion
SAS	 subaortic	stenosis
SC	 subcostal
SD	 standard	deviation
SEE	 standard	error	of	the	estimate
SHD	 structural	heart	disease
SPECT	 single	photon	emission	computed	tomography
SPPA	 spatial	peak	pulse	average
SPTA	 spatial	peak	temporal	average
SR	 strain	rate
SSN	 suprasternal	notch
STE	 speckle	tracking	echocardiography
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STJ	 sinotubular	junction
STVL	 septal	tricuspid	valve	leaflet
SV	 stroke	volume	or	sample	volume	(depends	on	context)
SVC	 superior	vena	cava
SVR	 systemic	vascular	resistance

TAPSE	 tricuspid	annular	plane	systolic	excursion
TAPVR	 total	anomalous	pulmonary	venous	return
TAVI	 transcatheter	aortic	valve	implantation
TDI	 tissue-Doppler	imaging
TEE	 transesophageal	echocardiography
TGA	 transposition	of	the	great	arteries
TGC	 time	gain	compensation
TIA	 transient	ischemic	attack
TL	 true	lumen
TN	 true	negatives
TOF	 tetralogy	of	Fallot
TP	 true	positives
TPV	 time	to	peak	velocity
TR	 tricuspid	regurgitation
TS	 tricuspid	stenosis
TSV	 total	stroke	volume
TTE	 transthoracic	echocardiography
TV	 tricuspid	valve

V	 volume	or	velocity	(depends	on	context)
VAD	 ventricular	assist	device
VAS	 ventriculo-atrial	septum
Vcf	 velocity	of	circumferential	shortening
Vmax	 maximum	velocity
VR	 ventricular	contraction
VS	 ventricular	septum
VSD	 ventricular	septal	defect
VTI	 velocity-time	integral

WPW	 Wolff-Parkinson-White	syndrome

Z	 acoustic	impedance

Symbol Greek Name Used For

α alpha frequency

γ gamma viscosity

Δ delta difference

θ theta angle

λ lambda wavelength

µ mu micro-

π pi mathematical	constant	(approx.	3.14)

ρ rho tissue	density

σ sigma wall	stress

τ tau time	constant	of	ventricular	relaxation

Units	of	Measure

Variable Unit Definition

Amplitude dB Decibels	=	a	logarithmic	scale	describing	
the	amplitude	(“loudness”)	of	the	
sound	wave

Angle degrees Degree	=	(π/180)rad.	Example:	intercept	
angle

Area cm2 Square	centimeters.	A	two-dimensional	
measurement	(e.g.,	end-systolic	area)	
or	a	calculated	value	(e.g.,	continuity	
equation	valve	area)

Frequency	(	f		) Hz Hertz	(cycles	per	second)
kHz Kilohertz	=	1000	Hz
MHz Megahertz	=	1,000,000	Hz

Length cm Centimeter	(1/100	m)
mm Millimeter	(1/1000	m	or	1/10	cm)

Mass g Grams.	Example:	LV	mass

Pressure mm	Hg Millimeters	of	mercury,	1	mm	Hg	=	
1333.2	dyne/cm2,	where	dyne	measures	
force	in	cm	·	g	·	s–2

Resistance dyne·s·cm–5 Measure	of	vascular	resistance

Time s Second
ms Millisecond	(1/1000	s)
µs Microsecond

Ultrasound	
intensity

W/cm2 Where	watt	(W)	=	joule	per	second	and	
joule	=	m2	·	kg	·	s–2	(unit	of	energy)mW/cm2

Velocity	(v) m/s Meters	per	second
cm/s Centimeters	per	second

Velocity-time	
integral	(VTI)

cm Integral	of	the	Doppler	velocity	curve	
(cm/s)	over	time	(s),	in	units	of	cm

Volume cm3 Cubic	centimeters
ml Milliliter,	1	mL	=	1	cm3

L Liter	=	1000	mL

Volume	flow	
rate	(Q)

L/min Rate	of	volume	flow	across	a	valve	or	in	
cardiac	output

mL/s L/min	=	liters	per	minute
mL/s	=	milliliters	per	second

Wall	stress dyne/cm2 Units	of	meridional	or	circumferential	
wall	stress

kdyn/cm2 Kilodynes	per	cm2

kPa Kilopascals	where	1	kPa	=	10	kdyn/cm2
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Performance of Transesophageal 
Echocardiography
Preparation of Patient
Esophageal Intubation
Image Format

Standard Imaging Planes
Basal Views
Four-Chamber Views
Transgastric Views
Aortic Views

Three-Dimensional Imaging
Doppler Examination

Left Atrial Appendage Flow
Pulmonary Vein Flow

Indications for Transesophageal 
Echocardiography
Native Valve Disease
Prosthetic Valves
Infective Endocarditis
Suspected Cardioembolic Event
Atrial Septal Abnormalities
Cardiac Tumors
Acute Aortic Syndromes
Atrial Fibrillation
Congenital Heart Disease
Coronary Artery Disease
Pericardial Disease

Critically Ill Patient in the Intensive 
Care Unit

Monitoring During Surgical and 
Interventional Procedures

Contraindications to Transesophageal 
Echocardiography

Complications of Transesophageal 
Echocardiography

The role of transesophageal echocardiography (TEE) in the 
diagnosis and management of patients with suspected and overt 
cardiac disease has evolved with time as a result of refinements 
in technology and the addition of three-dimensional (3D) 
TEE.1,2 The portable nature of the technique allows the exami-
nation to be performed in a diverse array of clinical settings that 
include the outpatient ambulatory clinic, intensive care unit, 
catheterization laboratory, and operating room. Currently, TEE 
accounts for approximately 5% to 10% of all echocardiography 
studies performed.

Performance of Transesophageal 
Echocardiography
Transesophageal echocardiography is a semi-invasive procedure 
that should be performed only by a properly trained physician 
who understands the indications and potential complications of 
the procedure. Both technical and cognitive skills are required 
for the competent performance and interpretation of TEE 
studies (Box 1-1), and guidelines on training have been pub-
lished.2 The physician should be assisted by an experienced 
sonographer whose tasks are to ensure that optimal images are 
obtained by adjusting the controls of the echocardiographic 
system and to ensure safety by monitoring the responses of the 
patient during the procedure. Although family members or 
friends are usually not allowed in the room when the procedure 
is being performed, there are situations in which their presence 
can be helpful. The presence of a parent can have a calming effect 
when one is dealing with an apprehensive teenager. A friend or 
relative who speaks the same language can relieve anxiety when 
dealing with an anxious patient who is not fluent in English.

Transesophageal echocardiography should be performed in 
a spacious room that can comfortably accommodate a stretcher. 
The room should be equipped with an oxygen outlet and 
suction facilities. A pulse oximeter should be available, to be 
used mainly in cyanotic patients and patients with severe lung 
disease. The TEE probe should be carefully examined before 
each use. In addition to visual inspection, it is important to 
palpate the probe, particularly the flexion portion, to ensure 
that there is no unusual wear and tear of the probe.3 Stretching 
of the steering cables may result in increased flexibility and 
mobility of the probe tip with buckling of the probe tip within 
the esophagus.4 This phenomenon is associated with a poor 
TEE image and resistance to probe withdrawal. The probe 
should be advanced into the stomach and straightened by ret-
roflexion of the extreme antiflexed probe tip. We have also 
detected perforation of the TEE probe sheath by a ruptured 
steering cable and recommend inspection of the casing for any 
protruding wires before probe insertion.3 The flexion controls 
need to be tested on a regular basis. Anterior flexion should 
exceed 90°, and right and left flexion should approach 90°.

PREPARATION OF PATIENT

Patients should be contacted at least 12 hours before the pro-
cedure and instructed to fast for at least 4 hours before the 
procedure. They are informed that they should be accompa-
nied, because they will not be able to drive or return to work 
for several hours owing to the lingering effect of sedation. On 
the day of the study, the procedure is explained in detail, and 
informed consent is obtained. Patients are told to expect mild 
abdominal discomfort and gagging following the insertion of 
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Sedation is used in about 85% of our patients and should be 
more sparingly used in elderly patients, because they tend to be 
more stoic and the effect of sedation tends to be more pro-
longed. On the other hand, sedation is essential in young, 
anxious patients and when the study is expected to be pro-
tracted. We aim for light sedation so that at the end of the 
procedure the patients are awake and can leave with an escort. 
Heavy sedation is needed in situations in which blunting the 
hemodynamic responses to the procedure is desirable, as with 
a patient undergoing TEE for suspected aortic dissection.6

It has not been our practice to use anticholinergic agents such 
as glycopyrrolate to decrease salivation. In rare circumstances 
in which there is excessive salivation, it is usually adequate to 
simply instruct the patient to let the saliva dribble onto a towel 
placed under the chin, or remove the saliva by intermittent 
suction. Bacteremia is not a significant risk in TEE, and we do 
not use antibiotic prophylaxis to prevent endocarditis even in 
patients with prosthetic valves.7,8

ESOPHAGEAL INTUBATION

We perform the TEE study with the patient in the left decubi-
tus position. The physician, sonographer, and echocar-
diographic system are all positioned on the left-hand side of 
the patient.5 Artificial teeth or dentures are routinely removed. 
The flexion controls should be unlocked to allow for maximum 
flexibility of the probe when it is being inserted. The patient’s 
head should be in a flexed position. The tip of the probe is 
kept relatively straight and gently advanced to the back of the 
throat. It should be maintained in a central position, because 
deviation to either side increases the likelihood that it may 
become lodged in the piriform fossa. (See Fig. 2-2) The opera-
tor can facilitate this process by inserting one or two fingers 
into the patient’s oropharynx to direct the path of the probe. 
Gentle pressure is exerted, and the patient is instructed to 
swallow. The swallowing mechanism helps guide the probe 
into the esophagus. In older patients, cervical spondylosis with 
prominent protrusion into the posterior pharynx can create 
difficulty with passage of the probe.5 Manually depressing the 
back of the tongue provides more room, allowing the TEE 
probe to assume a less acute angle and facilitating intubation 
of the esophagus. If significant resistance is encountered when 
the probe is advanced, it is prudent to withdraw the probe and 
then initiate a new attempt. In experienced hands, the rate of 
failure of esophageal intubation should be less than 2%.5,9

A bite guard should always be used, except in edentulous 
patients. Our practice is to put it between the patient’s teeth 
before the TEE probe is passed into the oropharynx and esopha-
gus because patients with a sensitive pharynx may close their 
mouths involuntarily during esophageal intubation. The patient 
is instructed to keep the guard between the teeth throughout 
the procedure, and regular checks are made to ensure that it is 
in the proper position to prevent damage to the probe or injury 
to the patient.

Even when the probe is inserted without difficulties, it is not 
uncommon for the patient to develop nausea with or without 
mild retrosternal or abdominal discomfort. We find it useful to 
pause for 10 to 15 seconds to allow these symptoms to subside 
before proceeding with echocardiographic imaging. Our prac-
tice is to start with images acquired from the esophagus before 
advancing the probe into the stomach for the gastric views. The 
gastroesophageal sphincter is usually reached when the probe 
is advanced 40 cm from the teeth. Gentle pressure is all that is 

From Pearlman AS, Gardin JM, Martin RP, et al: Guidelines for physician 
training in transesophageal echocardiography: recommendations of the 
American Society of Echocardiography Committee for Physician Training in 
Echocardiography. J Am Soc Echocardiogr 5:187-194, 1992.

Box 1-1 

COGNITIVE AND TECHNICAL SKILLS REQUIRED 
FOR THE PERFORMANCE OF 
TRANSESOPHAGEAL ECHOCARDIOGRAPHY

Cognitive Skills
Knowledge of appropriate indications, contraindications, 

and risks of TEE
Understanding of differential diagnostic considerations in 

each clinical case
Knowledge of physical principles of echocardiographic 

image formation and blood flow velocity measurement
Familiarity with the operation of the ultrasonographic 

instrument, including the function of all controls 
affecting the quality of the data displayed

Knowledge of normal cardiovascular anatomy, as 
visualized tomographically

Knowledge of alterations in cardiovascular anatomy 
resulting from acquired and congenital heart diseases

Knowledge of normal cardiovascular hemodynamics and 
fluid dynamics

Knowledge of alterations in cardiovascular hemodynamics 
and blood flow resulting from acquired and congenital 
heart diseases

Understanding of component techniques for general 
echocardiography and TEE, including when to use these 
methods to investigate specific clinical questions

Ability to distinguish adequate from inadequate 
echocardiographic data and to distinguish an adequate 
from an inadequate TEE examination

Knowledge of other cardiovascular diagnostic methods for 
correlation with TEE findings

Ability to communicate examination results to patient, 
other health care professionals, and medical record

Technical Skills
Proficiency in performing a complete standard 

echocardiographic examination, using all 
echocardiographic modalities relevant to the case

Proficiency in safely passing the TEE transducer into the 
esophagus and stomach and in adjusting probe position 
to obtain the necessary tomographic images and 
Doppler data

Proficiency in correctly operating the ultrasonographic 
instrument, including all controls affecting the quality of 
the data displayed

Proficiency in recognizing abnormalities of cardiac 
structure and function as detected from the 
transesophageal and transgastric windows, in 
distinguishing normal from abnormal findings, and in 
recognizing artifacts

Proficiency in performing qualitative and quantitative 
analysis of the echocardiographic data

the probe and are reassured that these responses are transient. 
A 20-gauge intravenous cannula is then inserted for administra-
tion of medications and contrast agents, if necessary. Lidocaine 
hydrochloride spray is routinely used for topical anesthesia, 
which should cover the posterior pharynx and tongue. We 
usually use diazepam 2 to 10 mg intravenously for sedation.5 
Midazolam at 0.05 mg/kg, with a total dose between 1 and 
5 mg, can also be used.
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of the continuity between vertically aligned structures such as 
the superior vena cava and the arch vessels (Fig. 1-2).10,11 Steer-
ing the imaging plane using the pressure-sensitive switch is the 
third maneuver to obtain different tomographic views  
(Fig. 1-3). The accompanying images in Figures 1-1, 1-2, and 
1-3 represent the typical images obtained with one of the basic 
maneuvers and provide the starting points for further adjust-
ment of the imaging plane to obtain optimal long- or short-axis 
views of specific structures. This may be achieved using the 
fourth maneuver, which involves manipulation of the anterior-
posterior and right-left flexion control knobs. The availability 
of a steerable imaging plane has drastically reduced the need to 
use the flexion knobs, but there are situations in which these 
knobs play a crucial role in obtaining proper tomographic 
views.11 These maneuvers provide an almost infinite number of 
imaging planes. Table 1-1 summarizes the standard imaging 
planes and the cardiac structures evaluated in these four groups 
of views.

BASAL VIEWS

The basal group of views is obtained with the TEE probe located 
in the midesophagus. The base of the heart, particularly the 
aortic valve, is well seen. The relationship of the two great arter-
ies can be very well defined and followed cephalad to at least 
the level of the pulmonary bifurcation. Beyond this level, the 
interposing trachea makes imaging impossible. Three tomo-
graphic planes are found to be particularly useful and are rou-
tinely performed at our laboratory.

Aortic Valve
A short-axis view of the aortic valve can be obtained with the 
probe at about 30 to 35 cm from the teeth. The left coronary 
cusp often appears to have nodular thickening if the aortic valve 

required to advance the probe through the gastroesophageal 
sphincter. The patient may again experience nausea and mild 
discomfort, and it may be advisable to pause momentarily for 
these symptoms to subside. Imaging of the proximal descending 
thoracic aorta and aortic arch is generally reserved for the end 
of the study, because the probe needs to be positioned in the 
upper esophagus, and the patient is generally more aware of the 
probe at this position and tends to have more discomfort and 
gagging.

Inadvertent passage of the probe into the trachea can occur, 
particularly in deeply sedated patients. The development of 
stridor and incessant cough should alert the operator of this 
possibility. Furthermore, it would be difficult to advance the 
probe beyond 30 cm from the teeth, and the image quality is 
usually poor.5

In patients on mechanical ventilation, esophageal intubation 
is more difficult. We usually introduce the probe with the 
patient lying supine, because the airway is protected and aspira-
tion is unlikely. The probe is positioned behind the endotra-
cheal tube and gently advanced. It is helpful to have the patient’s 
mandible pulled forward when the probe is being advanced. If 
there is undue resistance at about 25 to 30 cm from the teeth, 
slight deflation of the endotracheal tube cuff can be considered 
to ease passage of the probe. We do not usually remove the 
gastric tube, which can be used as a guide to help in proper 
positioning and passage of the TEE probe. In a minority of 
intubated patients, successful esophageal intubation may be 
achieved only with direct laryngoscopy.

IMAGE FORMAT

There is no general agreement on how the imaging planes 
should be displayed. Our preference is to orient the images such 
that the right-sided structures are on the left side of the screen 
and the left-sided on the right. The apex of the imaging plane 
with the electronic artifact is at the top of the screen. Thus, in 
longitudinal views, superior structures are to the right of the 
screen and the inferior to the left.10

Standard Imaging Planes
The TEE probe should be capable of multiplane imaging and 
preferably also real-time 3D imaging. The imaging plane is 
steered electronically from 0° to 180° by means of a pressure-
sensitive switch, providing views that are unobtainable using 
monoplane and biplane probes. The following discussion 
focuses only on standard imaging views routinely performed at 
the University of Ottawa Heart Institute using multiplane TEE 
(Table 1-1). These views are considered “standard” because they 
have important clinical relevance and can be obtained in most 
patients with specific imaging planes. Further advances in 
image quality and image analysis of 3D TEE will likely facilitate 
the rapid acquisition of these imaging planes.

Four basic maneuvers are used to obtain specific tomographic 
views with TEE.11 The first relates to the positioning of the 
probe by advancement or withdrawal of the probe. Although 
this is a simple maneuver, it is the most crucial, and the imaging 
views can be conveniently categorized according to the location 
of the TEE probe within the esophagus or stomach into four 
groups: basal, four-chamber, transgastric, and aortic views  
(Fig. 1-1). The second maneuver involves rotation of the probe 
from side to side. This is particularly useful when using longi-
tudinal imaging planes, which provide a better demonstration 

Standard Imaging Planes with Multiplane Transesophageal 
Echocardiography*

Imaging View

Standard 
Imaging 

Plane

Angle of 
Imaging 
Array (°) Main Cardiac Structures

Basal Aortic valve 0-60 Aortic valve, coronary arteries, 
LA appendage, pulmonary 
veins

Atrial septum 90-120 Fossa ovalis, superior vena cava, 
inferior vena cava

Pulmonary 
bifurcation

0-30 Pulmonic valve, main and right 
pulmonary arteries, proximal 
left pulmonary artery

Four-chamber LV 0-180 LV (regional and global 
function), RV, tricuspid valve

Mitral valve 0-180 Anterior and posterior mitral 
leaflets, papillary muscles, 
chords

LV outflow 
tract

120-160 Aortic valve, ascending aorta, 
LV and RV outflow tracts, 
pulmonic valve, main 
pulmonary artery

Transgastric LV 0-150 LV, RV, tricuspid valve
Mitral valve 0-150 Anterior and posterior mitral 

leaflets, papillary muscles, 
chords

Coronary 
sinus

0 Coronary sinus, tricuspid valve

Aortic Descending 
thoracic 
aorta

0 Entire descending thoracic 
aorta

Aortic arch 90 Aortic arch, arch vessels, left 
pulmonary artery

*At the University of Ottawa Heart Institute.

TABLE 
1-1 
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Figure 1-1  Diagram showing  the  transesophageal echo-
cardiography  transducer  locations  for  the  four  standard 
imaging views: basal (A), four-chamber (B), transgastric (C), 
and aortic (D). Ao, Aorta; DA, descending aorta; PA, pulmo-
nary artery. 

AA

B

C

C

D

D

LA

LA

PA
AoRA

DA

RV

RV

RA

LV

LV
B

Figure 1-2  Diagram showing the transesophageal echo-
cardiography  longitudinal  imaging  planes  obtained  by 
rotation of probe: atrial septum (A), RV outflow tract (B), and 
two-chamber view (C). 

LA

LA

LV

LA

RV

RA

RA

A

A

B

B

C

C
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pulmonary veins. The partition between these structures can be 
quite bulbous and should not be confused with an abnormal 
intracardiac mass (Fig. 1-5).12 Rotating the probe to the right 
should reveal the right pulmonary veins.

We like the horizontal plane in imaging the four pulmonary 
veins. The left and right pulmonary veins are imaged separately. 
When one pulmonary vein is identified, a slight translational 
movement of the probe should bring out the other, because the 
orifices of the superior and inferior pulmonary veins are in 
close proximity. The inferior pulmonary veins run horizontal 

Figure 1-3  Diagram showing the transesophageal echo-
cardiography  rotational  imaging  planes  (0°-180°):  aortic 
valve (A, 40°), superior vena cava (B, 100°), and LV outflow 
tract (C, 140°). RAA, Right atrial appendage. 

LA

LA

LA

LV RV

Ao

RA

RA
RAA

Aortic valve

A

A
B

B

C

C

Figure 1-4  The right (short arrow) and left (long arrow) coronary arter-
ies can be imaged. The latter can frequently be followed to the bifurca-
tion such that the proximal portions of the left anterior descending and 
the circumflex arteries can also be imaged. Ao, Aorta. 

LA

Ao
RA

Figure 1-5  The bulbous partition (arrow) between the left upper pul-
monary vein and the left atrial appendage (LAA) is demonstrated.  LSPV, 
Left superior pulmonary vein. 

LA

LSPV

LAA
Aortic valve

is cut obliquely, which is often the case at 0°.10 Steering the 
imaging plane to 30° to 60° should eliminate this artifact by 
providing an optimal short-axis view of the aortic valve (see  
Fig. 1-3, A).11 A slight pull-back of the transducer should allow 
visualization of both the left and right coronary arteries  
(Fig. 1-4). The left coronary artery can be followed to its bifur-
cation into the left anterior descending and circumflex arteries. 
The right coronary artery is more difficult to display, and only 
the proximal 2 to 3 cm is usually seen. Other structures well 
seen in this view are the left atrial appendage and left 
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Figure 1-6  The two right pulmonary veins are demonstrated using the 
longitudinal  plane,  and  their  identification  can  be  facilitated  by  color 
flow imaging. The superior vein provides better Doppler spectral signal 
due  to  its  parallel  alignment  with  the  ultrasound.  RIPV,  Right  inferior 
pulmonary  vein;  RSPV,  right  superior  pulmonary  vein;  SVC,  superior 
vena cava. 

RIPV

RSPV

SVC

Figure 1-7  The two left pulmonary veins are demonstrated using the 
longitudinal  imaging  plane.  As  with  the  right-sided  counterparts,  the 
superior vein  is preferred for Doppler  interrogation. LIPV, Left  inferior 
pulmonary vein; LSPV, left superior pulmonary vein. 

LSPV

LIPV

Figure 1-8  The left atrial appendage (LAA) can have multiple lobes that can be readily assessed using X-plane imaging with the 3D transesopha-
geal probe. Two lobes (arrows) are demonstrated at −15° (and not at 70°). 

LA

LAA

LV

LAA

LA

to the imaging plane, whereas the superior veins are more ante-
rior and at an obtuse angle, making them more suitable for 
Doppler assessment. It is feasible to image the superior and 
inferior pulmonary veins, left or right, in the same view using 
the vertical plane and imaging can be facilitated with the use of 
color flow imaging (Figs. 1-6 and 1-7). The right and left atrial 
appendages wrap around the great arteries anteriorly. The left 
atrial appendage is more prominent and can consist of multiple 
lobes (Fig. 1-8).13

A comprehensive interrogation using multiple imaging 
planes should be performed to exclude left atrial appendage 
thrombus in the appropriate clinical setting. The right atrial 
appendage is smaller and triangular in shape (see Fig. 1-3, B). 
The endocardial surfaces of both appendages are corrugated 
and should not be confused with small thrombi.12 A long-axis 
view of the aorta can be achieved with the imaging plane at 
about 120° (Fig. 1-9). A more rightward imaging plane, such as 
150°, may be needed if the ascending aorta is dilated and tortu-
ous. This view allows the visualization of a longer length of the 
ascending aorta and thus significantly reduces the blind spot 
caused by the interposing trachea.
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flexion should be avoided to prevent foreshortening of the ven-
tricles. Indeed, to optimize visualization of the left ventricle, it 
is advisable to withdraw the probe slightly and at the same time 
attempt gentle retroflexion while maintaining adequate contact 
between the imaging surface and the esophagus. In the setting 
of a dilated and unfolded aorta, rotating the imaging plane to 
about 20° to 30° may be necessary to obtain the four-chamber 
view without the aorta obscuring the tricuspid valve and part 
of the RV.

Left Ventricle
The inferior septum and anterolateral wall are usually seen in 
the four-chamber view (see Fig. 1-1, B). The LV apex is difficult 
to visualize, particularly in patients with a dilated LV. In addi-
tion to retroflexion, rightward flexion can often be helpful to 
minimize foreshortening of the LV. Far-field imaging can be 
improved by decreasing the transmission frequency or by using 
harmonic imaging. A continuous sweep from 0° to 180° should 
be performed to examine the different left ventricular segments 
so as to have a comprehensive assessment of left ventricular 
global and regional function (see Fig. 1-2, C).

Mitral Valve
The mitral valve is well seen using the four-chamber view,  
but the depth of the imaging plane should be reduced to 
enhance the resolution of the image (see Figs. 1-1, B, and 1-2, 
C). To identify the individual scallops of the anterior and pos-
terior mitral leaflets, a careful sweep from 0° to 180° should be 
made. The technique of visualizing specific scallops of the 
mitral leaflets has been published,19 but patient-to-patient vari-
ation should be kept in mind. The presence of a good long-axis 
view of the aortic valve and proximal ascending aorta, usually 
at 120°, is a good indication that the middle scallops of both 
the anterior and the posterior mitral leaflets are imaged and 
provides the internal reference for the analysis of the other 
imaging planes. Both papillary muscles can be imaged, but 
usually not in the same plane. The subvalvular chords are 
seldom completely imaged because they are frequently obscured 

Atrial Septum
We prefer to image the atrial septum using the longitudinal  
plane at 90° to 120°. The fossa ovalis, which is the thinnest part 
of the atrial septum, and the continuity of the superior vena cava 
with the RA are very well demonstrated in this view (see Fig. 1-3, 
B). This view is particularly valuable in demonstrating the sinus 
venosus atrial septal defect, which is usually located just inferior 
to the entrance of the superior vena cava.14,15 The foramen ovale, 
if present, is located at the superior aspect of the fossa ovalis  
and is readily seen in this view. It is important to advance the 
probe to the level of the inferior vena cava so as not to neglect 
the inferior aspect of the atrial septum.16 Careful sweep of the 
atrial septum with left-right rotation is needed to visualize the 
entire atrial septum. Continuous rotation from right to left will 
sequentially demonstrate the left ventricular (LV) outflow tract 
and the right ventricular (RV) outflow tract (see Fig. 1-2, B).

Pulmonary Bifurcation
The pulmonary bifurcation view is achieved by withdrawal of 
the probe with the imaging plane at 0°. The pulmonic valve and 
main pulmonary artery are best seen slightly superior to the 
aortic valve (Fig. 1-10). The pulmonic valve is thinner than the 
aortic valve and is usually difficult to image in true cross section. 
Further slight withdrawal allows imaging of the pulmonary 
bifurcation. The entire length of the right pulmonary artery, but 
only the very proximal portion of the left pulmonary artery, can 
be seen. The right pulmonary artery can usually be followed to 
its first bifurcation by rotation of the probe rightward, but this 
maneuver is better performed with the longitudinal plane at 
90°. Gradual rotation from left to right provides good visualiza-
tion in cross section of the entire right pulmonary artery and 
its first bifurcation. This is an important view in the detection 
of proximal pulmonary emboli.17,18

FOUR-CHAMBER VIEWS

Four-chamber views are obtained with the transducer within 
the middle to lower esophagus (see Fig. 1-1, B). It is difficult to 
image the left ventricle in its true long axis. Excessive anterior 

Figure 1-9  Slight withdrawal of the probe relative to the probe posi-
tion used to acquire the image shown in Figure 1-3, C, shows the right 
pulmonary artery (RPA) in short axis and more of the ascending aorta. 

LA RPA

Ascending
aorta

Figure 1-10  The bifurcation of the main pulmonary artery (MPA) into 
the  right  (RPA)  and  left  (LPA)  pulmonary  arteries  is  shown  using  the 
transverse plane. Ao, Aorta. 

LPARPA

MPAAo
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Left Ventricle
Multiple cross sections of the LV can usually be obtained using 
the transgastric approach (see Fig. 1-1, C, and Fig. 1-11). These 
are the views commonly used in the intraoperative assessment 
of LV function.19 Optimization of the short-axis views of the 
left ventricle can be achieved with leftward rotation accompa-
nied by leftward flexion. To visualize the LV apex, gentle 
advancement of the probe is required together with slight ret-
roflexion. In our experience, the short-axis view of the LV apex 
can be obtained in about 60% of cases. Another way to visualize 
the LV apex is to use the longitudinal plane at about 90° (see 
Fig. 1-11). Careful lateral rotation can be used to obtain com-
prehensive regional assessment of the LV. Leftward rotation of 
this imaging plane can yield a good alignment with the LV 
outflow tract and aortic valve to allow accurate measurement 
of the transaortic pressure gradients in the setting of aortic 
stenosis (Fig. 1-12).22 The RV can be seen with rightward rota-
tion of the probe. Both short- and long-axis views of the tricus-
pid valve are achievable, although the tricuspid valve and its 
papillary muscles are better assessed with the long-axis plane.

Mitral Valve
The mitral valve can be best assessed using the horizontal imaging 
plane with the transducer brought up to near the gastroesopha-
geal junction (Fig. 1-13). Anterior flexion and leftward flexion 
are usually required to optimize this view. Adjusting the imaging 
plane to about 20° will help to bring out the lateral commissure. 
This view provides unambiguous assessment of the individual 
scallops of both the anterior and posterior mitral leaflets and 
thus should be attempted in all patients with myxomatous mitral 
valve degeneration. In our experience, this view is achievable in 
about 70% of patients. Both papillary muscles and chords can 
be demonstrated, and the continuity between these structures 
and the mitral leaflets is best seen in the long-axis plane.

by the mitral leaflets. The morphologic information obtained 
from this view should be corroborated by the short-axis view 
of the mitral valve obtained from the transgastric view, which 
also allows a better assessment of the subvalvular structures, 
including the papillary muscles and chords. Four-chamber 
views are ideal for the assessment of mitral regurgitation in 
relation to the number of regurgitant jets, the direction of the 
jets, and the severity of regurgitation.20,21

Left Ventricular Outflow Tract
We like to image the left ventricular outflow tract at 120° to 
160°, because the outflow tract has a horizontal alignment in 
this plane that may allow optimal imaging even in the setting 
of a prosthetic aortic valve (see Fig. 1-3, C). The opening and 
closing of the aortic valve as well as the presence or absence of 
aortic regurgitation can be well visualized. The proximal ascend-
ing aorta is present in this view. A slight withdrawal of the probe 
will allow more of the ascending aorta to be visualized (see Fig. 
1-9). A slight rotation to the left will show the RV outflow tract 
with the thin pulmonic valve. The motion of the pulmonic valve 
and the presence or absence of pulmonic regurgitation can be 
adequately assessed using this view.

TRANSGASTRIC VIEWS

There is slight resistance during the passage of the TEE probe 
through the gastroesophageal junction, and the appearance of 
the liver is a clear indication that the probe is in the stomach. 
Anterior flexion, often with leftward rotation and flexion, is 
required to achieve good contact between the imaging surface 
and the gastric wall. Extreme anterior flexion with further 
advancement of the probe can sometimes produce images 
similar to the five-chamber view obtained from the subxiphoid 
surface approach.

Figure 1-11  The short- and long-axis views of the LV are demonstrated using X-plane imaging from the transgastric window. 

LV LV
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Coronary Sinus
The coronary sinus comes into view when the probe is with-
drawn to near the gastroesophageal junction and the flexion 
knobs are in relatively neutral positions (Fig. 1-14). This view 
can also be achieved by retroflexion with the probe in the lower 
esophagus. The coronary sinus is seen as a vascular structure 
located posterior to the LV at the atrioventricular groove drain-
ing into the RA. The tricuspid valve can be visualized to the 
right and anterior. A dilated coronary sinus should raise the 
possibility of the presence of a persistent left superior vena cava, 
which is the most common cause. Leftward rotation while fol-
lowing the coronary sinus may sometimes demonstrate this 
anomalous vein.23 In the esophageal views, the left superior vena 
cava is usually sandwiched between the left atrial (LA) append-
age and left superior pulmonary vein.24

AORTIC VIEWS

The thoracic aorta is well assessed by TEE because of its close 
proximity to the esophagus.

Figure 1-13  Transgastric view of the mitral valve (arrowheads)  in the 
short  axis  showing  the  circular  orifice  of  the  mitral  valve  in  early 
diastole. 

Figure 1-14  The coronary sinus (CS) is demonstrated with the probe 
at the gastroesophageal junction. 

CS

RA RV

Figure 1-15  The aortic arch  is  imaged using  the  longitudinal plane, 
showing  the  origin  of  the  left  subclavian  artery  (LSA).  PA,  Pulmonary 
artery. 

LSA

PA

Arch

Descending Thoracic Aorta
The best way to assess the descending thoracic aorta is to use 
the horizontal imaging plane with the transducer rotated left-
ward and posterior, followed by slow withdrawal from the level 
of the diaphragm to the aortic arch (see Fig. 1-1, D).12 Because 
of the relationship between the esophagus and aorta, slight 
rotational adjustment is required to visualize the entire circum-
ference of the aortic wall as the probe is slowly withdrawn.24 If 
the aorta is dilated or tortuous, proper short-axis views of the 
descending aorta will require adjustment of the imaging plane 
by 0° to 90°.

Aortic Arch
The longitudinal imaging plane at 90° is preferred in imaging 
the aortic arch because it allows visualization of the entire cir-
cumference of the aorta (Fig. 1-15).24 Anterior rotation of the 
longitudinal plane should visualize the entire aortic arch, but 
the proximal aortic arch may not be visualized when the aortic 
arch is unfolded. The transducer will need to be withdrawn 
slightly to image the arch vessels, which course superiorly. In 

Figure 1-12  Transgastric  window  is  used  to  assess  the  severity  of 
aortic stenosis using CW Doppler echocardiography. 
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Figure 1-16  The  individual scallops of  the anterior  (A1,  lateral scallop; A2, middle scallop; A3, medial scallop) and posterior mitral  leaflets  (P1, 
lateral scallop; P2, middle scallop; P3, medial scallop)  in diastole (left panel) and systole (right panel) are shown using the 3D zoom mode. AML, 
Anterior mitral leaflet. 

Aortic valve

A1

P1 A2 A3
P2

P3

Aortic valve

P1
AML

P2 P3

Figure 1-17  Transesophageal  3D  view  of  the  bioprosthetic  mitral 
valve in the full volume mode shows the stitch artifact (arrows) between 
the subvolumes. 

Common Indications for Using Real-time Three-Dimensional 
Transesophageal Echocardiography

Cardiac 
Structure

Information from 
3D TEE Clinical Situations

Mitral valve En-face view of 
mitral valve

Assessment of the location of 
prolapsing or flail mitral leaflet 
scallops for potential mitral valve 
repair; intraoperative assessment of 
mitral valve clip repair.

Prosthetic valve Number, size, and 
location of 
perivalvular 
regurgitant jets

Preoperative and intraoperative 
assessment for device closure of 
perivalvular regurgitation

Atrial septum Number, size, and 
location of atrial 
septal defect

Preoperative and intraoperative 
assessment for device closure of 
atrial septal defect

Intracardiac 
baffle or 
conduit

Better anatomic 
perspective of 
intracardiac 
abnormalities

Assessment of naïve and postoperative 
complex congenital heart disease

TABLE 
1-2 

one third of patients, all three arch vessels can be imaged, but 
in the other two thirds of patients, only the two distal arch 
vessels can be imaged. It is rare not to be able to image at least 
one arch vessel. As a rule, the brachiocephalic artery, which is 
anterior and more rightward, is the most difficult to image 
because of the interposing trachea. The transverse plane in a 
more superior location may sometimes show the three arch 
vessels in their short axis. Advancing the probe by 1 to 2 cm so 
that the imaging plane is just inferior to the aortic arch can 
frequently image the proximal left pulmonary artery. It is some-
times possible to follow it to the first bifurcation. This view 
should be sought in patients suspected of having pulmonary 
embolism.

Three-Dimensional Imaging
Advances in transducer technology have enabled the incorpora-
tion of real-time 3D-imaging capacity into the commercially 
available TEE probe, such that 3D imaging can be readily per-
formed during a conventional two-dimensional (2D) TEE study 
providing unique anatomic perspectives in a number of clinical 
situations.25-32 (See Chapter 4.) The current clinical indications 
of 3D TEE are summarized in Table 1-2, and the indications are 
likely to increase with time. In our opinion, 3D TEE imaging 
should be routinely performed in patients with mitral valve 
disease and congenital heart disease (Fig. 1-16).

The currently available 3D TEE probe can perform 3D 
imaging in several modes: 3D full volume, 3D zoom, 3D live, 
3D color-flow imaging, and X-plane imaging. We find 3D zoom 
and X-plane imaging to be the most useful. To acquire 3D full 
volume, the full pyramidal volume is obtained by stitching 
together four subvolumes gated to the R-wave of the electrocar-
diogram. To minimize the stitch artifact between the subvol-
umes, it is best to acquire the images during a breath hold (Fig. 
1-17). In this mode, frame rates are relatively low. Although 
analysis of the volumetric data set can be performed online, it 
is frequently performed offline so as not to prolong the study. 
In the full-volume mode, the semiautomatic multiple parallel 
slice display can be a quick and useful format in the assessment 
of LV topography, such as in patients with regional wall motion 
abnormalities or ventricular aneurysms.

In the real-time live 3D mode, the 3D data set is displayed in 
real time. It is important to minimize the sector angle so as to 
increase the frame rate, which is considerably reduced com-
pared to 2D imaging. We find the 3D zoom mode to be the most 
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appendage and placing the pulsed-Doppler sample volume at 
the site of maximal flow velocity. This usually occurs in the 
proximal or middle third of the LA appendage. Velocity 
recordings from the distal third of the LA appendage fre-
quently have wall motion artifacts and are usually unsatisfac-
tory. Wall filters should be set low, because low-velocity flow 
may be present.

The pattern of LA appendage flow is dependent on cardiac 
rhythm.35,36 In atrial fibrillation, a regular atrial contraction 
wave is absent. (See Chapter 42.) In atrial flutter, the velocity 
waves are more regular and tend to be of greater velocity because 
of the slower atrial rate. The normal LA appendage velocities 
are as follows: contraction, 60 ± 14 cm/s; filling, 52 ± 13 cm/s; 
and early diastolic filling, 20 ± 11 cm/s.35,37

The potential clinical utility of measuring LA appendage 
velocities relates to their association with LA spontaneous echo 
contrast and LA thrombus.35,36,38,39 Patients with atrial fibrilla-
tion and a LA appendage emptying velocity less than 20 cm/s 
are more likely to have LA thrombus and have a 2.6-fold greater 
risk of ischemic stroke compared to patients with a velocity 
greater than 20 cm/s.38,39 Lower LA appendage velocities have 
also been observed in stroke patients in normal sinus rhythm.40 
LA appendage velocities may predict successful cardioversion 
of atrial fibrillation41 and the maintenance of sinus rhythm at 
1 year.35,36,42

PULMONARY VEIN FLOW

Pulmonary venous flow patterns provide unique and ancillary 
information for evaluating LV diastolic function, measuring  
LV filling pressure, assessing mitral regurgitation severity,  
differentiating constrictive pericarditis from restrictive cardio-
myopathies, and identifying pulmonary vein stenosis after 
radiofrequency ablation of atrial fibrillation.43-45 TTE can obtain 
pulmonary vein flow in up to 90% of patients; however, TEE 
allows a more consistent and reliable acquisition of high-quality 
laminar Doppler signals.43,46

The pulmonary veins are imaged from the midesophagus, 
and flow is evaluated by placing the pulsed-Doppler sample 
volume 1.0 to 2.0 cm into the pulmonary veins. The ultrasound 
beam can be aligned parallel to flow in the left and right supe-
rior pulmonary veins; however, this alignment is often not 
achievable with the inferior pulmonary veins.

Indications for Transesophageal 
Echocardiography
In general, TTE should be the initial diagnostic investigation, 
because it is noninvasive and imparts no risk to the patient. 
However, patient factors (i.e., obesity, emphysema, chest defor-
mities, or subcutaneous emphysema) and the clinical setting 
(i.e., surgical bandages, mechanical ventilation, or traction) fre-
quently limit ultrasound penetration or proper patient posi-
tioning, resulting in a nondiagnostic TTE. TEE can provide 
excellent cardiac visualization in these situations and should be 
considered to obtain the necessary diagnostic information.

TEE can also visualize cardiac structures not usually seen by 
TTE (i.e., the superior vena cava, pulmonary veins, and descend-
ing thoracic aorta) and can provide improved anatomic and 
spatial resolution to both diagnose cardiac pathology and guide 
patient management. Common clinical indications for TEE are 
listed in Box 1-2.

versatile. In the 3D zoom mode, the area of interest is identified 
and encompassed by the zoom box, generally in two orthogonal 
planes. The height and width of the zoom box are adjusted to 
include the entire area of interest and at the same time stream-
lined as much as possible in order to enhance the frame rate. 
Indeed, the 3D zoom mode is our preferred display format 
when using the 3D live mode. The availability of the X-plane is 
a very welcome addition to TEE imaging. It allows the simulta-
neous display of an additional plane during standard 2D 
imaging. The orientation of the additional plane is usually 
orthogonal but can be easily adjusted to any specific orienta-
tion. The availability of the X-plane provides a quick and com-
prehensive assessment of complex structures. One example is 
the LA appendage, which frequently has multiple lobes (see  
Fig. 1-8). The use of the X-plane allows rapid assessment of the 
multiple lobes. Similarly, when multiple mitral regurgitant jets 
are present, X-plane imaging can readily identify the number 
and orientations of the regurgitant jets.

Real-time 3D color flow imaging can also be performed to 
provide a 3D assessment of the color flow jet, but the volume 
of interest is small, and the frame rate is quite limited in this 
mode.33,34 In vitro and early clinical studies have suggested that 
3D color flow imaging gives a more accurate assessment of the 
shape and size of the vena contracta and flow convergence, both 
of which are important measures of mitral regurgitation sever-
ity. Its clinical usefulness, however, remains unclear.

In order to obtain a high-quality 3D image, the 2D image 
needs to be optimized in terms of gain and compression set-
tings. A slightly higher gain setting generally provides better 3D 
images. In both the 3D zoom and 3D live modes, the zoom box 
should be streamlined to focus on the area of interest to maxi-
mize the frame rate. Because the best 3D imaging is obtained 
with the structure close to the transducer and orthogonal to the 
ultrasound beam, the TEE transducer should be manipulated 
to achieve these two objectives. For instance, the transgastric 
window is superior to the transesophageal window in 3D 
imaging of the LV papillary muscles. The mitral valve is well 
suited for 3D TEE imaging precisely for these reasons (see Fig. 
1-16). On the other hand, it is much more difficult to obtain a 
good 3D image of the aortic valve because the valve plane is 
frequently parallel to the ultrasound beam.

Doppler Examination
Transesophageal echocardiography can be used to assess the 
flow patterns across the four cardiac valves, but it does not 
provide additional information to transthoracic echocardiog-
raphy (TTE). Furthermore, good ultrasound beam alignment 
with the transvalvular flow may not be feasible because of the 
anatomic confines of the esophagus. However, accurate 
Doppler assessment of aortic stenosis can often be obtained 
from the transgastric window (see Fig. 1-12).22 On the other 
hand, intracardiac flows such as pulmonary vein flow and  
LA appendage flow are better and more consistently obtained 
by TEE and provide important insight into intracardiac 
hemodynamics.

LEFT ATRIAL APPENDAGE FLOW

The LA appendage can be imaged from the midesophagus 
aortic valve short-axis view (30° to 60°) or the midesophagus 
two-chamber view (80° to 100°). LA appendage flow should  
be recorded by positioning the color flow sector over the LA 
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the LA chamber and appendage to identify thrombus, an assess-
ment of the mitral valve morphology score, and an evaluation 
of mitral regurgitation severity. Mitral valve morphology on 
TEE is predictive of the prognosis of patients following percu-
taneous balloon mitral valvuloplasty; however, TTE is preferred 
to evaluate valve morphology because of the limitations of TEE 
in evaluating calcification and subvalvular thickening.60,63 TEE 
can be used during transcatheter mitral commissurotomy to 
guide the transseptal puncture and balloon placement and to 
identify potential procedural complications (i.e., severe mitral 
regurgitation, cardiac tamponade, or significant atrial septal 
defect).64 (See Chapter 5.) 3D TEE may provide incremental 
information during the procedure by confirming the coaxial 
trajectory of the balloon through the stenotic mitral valve and 
by better evaluating commissural opening postdilation.65,66

Subaortic membranes frequently require TEE for definitive 
diagnosis.67 Anatomic valve area of a stenotic aortic valve can 
be measured using multiplane TEE by planimetry of the 
maximum systolic orifice area in the esophageal short-axis  
(30° to 60°) view.22,68 Proper transducer position should be con-
firmed by rotating to the longitudinal plane and verifying that 
the leaflet tips are being imaged. However, dynamic movements 
of the aortic valve can cause misalignment of the imaging plane 
with the narrowest cross-sectional area and result in an inac-
curate measurement of the anatomic valve area. 3D TEE can 
avoid this potential pitfall.69 Unfortunately, valve calcification 
can affect the accuracy of TEE-measured orifice areas using 
either 2D or 3D techniques.70

TEE is rarely necessary to evaluate aortic regurgitation sever-
ity. The standard methods used during TTE to quantify aortic 
regurgitation severity can be used during TEE.52,71 Color jet 
areas on TEE tend to be larger than those obtained during 
TTE.53 Vena contracta width on TEE correlates well with the 
regurgitant fraction and regurgitant volume.72 Aortic regurgita-
tion severity can also be quantified using the proximal flow 
convergence method.73 Holo-diastolic flow reversal in the 
descending aorta can be detected by TEE using pulsed Doppler.74

The tricuspid and pulmonic valves can be visualized on TEE; 
however, TTE generally provides better visualization because of 
the anterior position of these valves. 3D TEE appears to be of 
limited value in evaluating these valves. In one study, 3D TEE 
provided optimal visualization of the tricuspid valve in only 
11% of patients.75 However, TEE may provide clinically relevant 
information about the tricuspid and pulmonic valves in patients 
with poor TTE images.

PROSTHETIC VALVES

TEE is more sensitive for detecting abnormalities of biopros-
thetic and mechanical prostheses when compared to TTE.76 
(See Chapter 25.) Leaflet thickening and calcification, flail leaf-
lets, vegetations, thrombi, filamentous strands, and motion of 
the occluding device are better appreciated on TEE.76-83 TEE can 
distinguish pannus from thrombus formation and guide the use 
of thrombolytic therapy.84-87 TEE is especially valuable in assess-
ing a mitral prosthesis, because the transducer’s posterior posi-
tion provides excellent visualization of vegetations and thrombi 
that usually locate on the LA aspect of the prosthesis.76,78 
However, the ventricular aspect of a mitral prosthesis may not 
be adequately seen on TEE, and TTE should be performed to 
complete the assessment.88 3D TEE can provide excellent visu-
alization of a mitral prosthesis ring, leaflets, or strut (mechani-
cal or bioprosthesis).27 The aortic prosthesis ring can also be 

NATIVE VALVE DISEASE

The close proximity of the mitral valve to the posteriorly posi-
tioned TEE transducer allows excellent visualization of the 
mitral annulus, leaflets, chordal structures, and papillary 
muscles. (See Chapters 18 and 19.) Ruptured chordae tendinae 
can be visualized, and prolapsing or flail scallops can be local-
ized, to predict the potential for successful mitral valve repair.20,47-

49 Abnormalities of the papillary muscles, such as a partial or 
complete rupture, are better visualized by TEE than TTE.50 
3D TEE provides superior delineation of the mitral valve 
anatomy and can more precisely characterize and localize mitral 
valve pathology compared to 2D TEE.26,30,31,51

The severity of mitral valve regurgitation can be quantified 
by TEE using the same methods employed for TTE52; however, 
color Doppler regurgitant jet areas tend to be larger on TEE 
than on TTE.53 3D color Doppler imaging provides additional 
information on the mechanism and severity of mitral regurgita-
tion that may not be apparent from 2D TEE.33,51,54,55 Pulmonary 
vein flow can be assessed in nearly all patients and provides a 
valuable measure of mitral regurgitation severity.43,56 The vena 
contracta width and regurgitant orifice area, derived by the 
proximal flow convergence method, can be measured using TEE 
and can provide prognostic information in patients with 
asymptomatic mitral regurgitation.57-59 The accuracy of these 
latter measures to quantify mitral regurgitation severity can be 
improved using 3D TEE.33,55

In mitral stenosis, TEE can assess valve mobility and leaflet 
thickening, but subvalvular disease and calcification may be 
underestimated in the esophageal views due to a shadowing 
effect from the thickened and calcified mitral valve leaflets and 
annulus.60 (See Chapter 21.) Effective orifice area can be derived 
by the pressure half-time method, proximal flow convergence 
method, or orifice planimetry.61,62 Accurate orifice planimetry 
requires a tomographic cut of the distal, most narrowed portion 
of the mitral orifice. Optimal alignment of the image is fre-
quently not possible using 2D TEE, but may be achievable by 
3D TEE.31 The suitability of a patient for percutaneous balloon 
mitral valvuloplasty usually incorporates a TEE evaluation of 

Box 1-2 

COMMON INDICATIONS FOR 
TRANSESOPHAGEAL ECHOCARDIOGRAPHY

Nondiagnostic transthoracic echocardiogram
Evaluation of native valve disease
Evaluation of prosthetic valves
Evaluation of suspected and definite infective endocarditis
Evaluation of a suspected cardioembolic event
Evaluation of cardiac tumors or masses
Evaluation of an atrial septal abnormality
Evaluation of an acute aortic syndrome or aortic disease
Atrial fibrillation (TEE-guided strategy for “early” 

cardioversion)
Evaluation of naïve and surgically corrected congenital 

heart disease
Detection of coronary artery anomalies and coronary artery 

disease
Evaluation of postoperative cardiac tamponade and 

pericardial disease
Evaluation of the critically ill patient
Intraoperative monitoring
Guidance of interventional procedures
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low clinical probability of endocarditis, because the diagnostic 
yield is small.103

Complications of infective endocarditis, including abscess 
formation, leaflet diverticula, leaflet perforation, fistula tracts, 
mycotic aneurysms, and pseudoaneurysm formation, are sig-
nificantly better detected by TEE than TTE.94,105-108 TTE has a 
low sensitivity (less than 30%) for detecting an abscess,105 so a 
patient with a suspected abscess on clinical grounds or persis-
tent bacteremia should undergo TEE despite a negative TTE. 
TEE can be falsely negative in up to half of patients with an 
abscess.108 This often occurs when the abscess cavity is localized 
on the posterior aspect of a calcified mitral annulus or when a 
prosthesis is present.108

The potential utility of TEE in uncomplicated confirmed 
endocarditis remains to be defined. Large (greater than 10 to 
15 mm) or severely mobile vegetations on TEE are associated 
with systemic embolization, and vegetation size is an indepen-
dent predictor of survival.96,109,110 Furthermore, complications 
are more likely to occur in patients in whom a vegetation fails 
to decrease in size with therapy.111 Although we routinely 
perform a TTE in follow-up of patients with uncomplicated 
confirmed endocarditis to reevaluate vegetation size and valve 
function, we do not routinely perform a follow-up TEE.

SUSPECTED CARDIOEMBOLIC EVENT

Cardiogenic embolism accounts for approximately 15% to 30% 
of ischemic strokes and should be considered as a potential 
cause of cerebral ischemia, especially in those patients without 
significant cerebrovascular disease.112 (See Chapter 41.) Poten-
tial cardioembolic sources encompass conditions that have a 
propensity for thrombus formation, intracardiac or intraaortic 
masses, and potential passageways for paradoxical emboli. 
Cardiac abnormalities having a strong association with cardio-
embolic events include atrial fibrillation, LA or LV thrombi, 
vegetations, intracardiac tumor, mitral stenosis, mechanical 
valves, recent myocardial infarction, dilated cardiomyopathy, 
ischemic LV dysfunction (ejection fraction less than 28%), and 
intraaortic debris.113,114 Minor risk sources with weaker associa-
tions include atrial septal aneurysms, patent foramen ovale, 
spontaneous echo contrast, mitral annular calcification, mitral 
valve prolapse, and calcified aortic stenosis.113-115 Although 
many of these conditions can be diagnosed clinically, echocar-
diography is frequently necessary to diagnose anatomic abnor-
malities.116 In general, TEE is superior to TTE at identifying 
major and minor risk sources.

LA thrombus is usually located in the LA appendage, a region 
poorly visualized on TTE. TTE has a sensitivity for detecting LA 
thrombi of only 0% to 53%, whereas TEE has a sensitivity of 
93% to 100% and a specificity exceeding 95%.117,118 Care must 
be taken not to mistake the pectinate muscles for LA appendage 
thrombus. LA spontaneous echo contrast is rarely appreciated 
on TTE but is well seen on TEE. LV thrombi can usually be 
detected by TTE (sensitivity and specificity approaching or 
exceeding 90%), and contrast echocardiography can improve 
the diagnostic accuracy.119 In general, TEE adds no incremental 
sensitivity unless the TTE is inconclusive, because the apex is 
located in the far-field position and apical foreshortening is 
common.120,121 TEE may better detect small myxomas or papil-
lary fibroelastomas.122,123 Similarly, TEE is superior to TTE for 
detecting an atrial septal aneurysm and patent foramen ovale, 
although the addition of harmonic imaging to TTE has improved 
the sensitivity of TTE for detecting a patent foramen ovale.124-126 

well seen on 3D TEE; however, visualization of the leaflets can 
be suboptimal.27

TEE should be performed if significant prosthetic mitral 
regurgitation is suspected clinically, but not seen on TTE. TEE 
can distinguish normal variant from pathological prosthetic 
valve regurgitation and determine whether the regurgitation is 
paravalvular or transvalvular in origin, potentially modifying 
the surgical procedure.77-80,89 3D TEE may provide better delin-
eation of the site and extent of paravalvular regurgitation or 
mitral prosthesis dehiscence compared to 2D TEE.27 The incre-
mental benefit of TEE in assessing prosthetic aortic regurgita-
tion severity is less clear, because the regurgitant jet is usually 
well seen on TTE, and TEE visualization may be compromised 
by partial shadowing of the regurgitation jet by either the aortic 
or mitral prosthesis when imaged in the esophageal views.80

All bioprostheses and mechanical prostheses are inherently 
stenotic, the severity dependent on the prosthesis type and size 
and the presence of associated pathology such as leaflet calcifi-
cation, pannus formation, or valve thrombosis. In general, TTE 
is sufficient to assess the hemodynamic severity of a stenotic 
aortic or mitral prosthesis, but only TEE has sufficient resolu-
tion to distinguish these pathologic conditions.84,85 In patients 
with an inadequate TTE, TEE can be used to quantify the ste-
nosis severity, as described for native valve stenoses.22,62,68,90

INFECTIVE ENDOCARDITIS

Identification of a vegetation in the clinical setting of suspected 
endocarditis confirms the diagnosis.91 Studies comparing TTE 
and TEE for detecting a vegetation in native valve endocarditis 
report a sensitivity of 28% to 70% for TTE, substantially lower 
than the 86% to 100% sensitivity reported for TEE.92-97 (See 
Chapter 22.) Smaller vegetations are better detected by TEE 
because of the improved spatial resolution of this technique.93 
However, TTE and TEE have a similar specificity that exceeds 
90% when strict criteria for diagnosing a vegetation are 
used.92,93,95,97 Pulmonic valve vegetations are better detected by 
TEE than TTE, despite the anterior position of the pulmonic 
valve.98 In contrast, TEE has not been reported to have a better 
sensitivity for detecting tricuspid valve vegetations compared to 
TTE.99 However, we would recommend a TEE if there is a clini-
cal suspicion of tricuspid valve endocarditis but the TTE is 
negative.

Prosthetic valve endocarditis is more difficult to diagnose by 
either TTE or TEE. The sensitivity of TTE for detecting vegeta-
tions ranges from 0% to 43% and increases to 33% to 86% using 
TEE.76,94,100,101 Clearly, TEE can identify a vegetation in a signifi-
cant number of patients with a negative TTE and should be 
performed in patients with suspected prosthetic valve endocar-
ditis if the TTE does not identify a vegetation.102

Although TEE provides a greater sensitivity than TTE for 
detecting vegetations in native and prosthetic-valve endocardi-
tis, TEE has the greatest impact on diagnosis in patients with 
suspected endocarditis and an intermediate clinical probability 
of endocarditis.102,103 The absence of a vegetation on TEE in this 
setting makes the diagnosis of endocarditis unlikely (less than 
10%), and alternative diagnoses should be considered.101,104 
However, a negative TEE does not supplant a clinical and 
microbiological diagnosis, because false-negative studies have 
been reported. Patients with a negative TEE study may benefit 
from a follow-up TEE in 7 to 10 days if there is a high index of 
suspicion of endocarditis, a prosthetic valve, or persistent 
bacteremia.101-104 TEE is likely not warranted in patients with a 
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Pericardial or paracardial tumors are better detected using 
TEE than TTE.140 TEE appears especially valuable for detecting 
tumors located at the base of the heart, adjacent to the great 
vessels, or adjacent to the right heart.122,140 However, the size and 
extent of paracardial involvement is not usually well delineated 
using TTE or TEE. Magnetic resonance imaging and computed 
tomography have a wider field of view and provide a superior 
evaluation of extracardiac involvement.

ACUTE AORTIC SYNDROMES

Aortic dissection can be detected by TEE with a high degree of 
accuracy and is the diagnostic investigation of choice for  
suspected aortic dissection in many institutions.143 (See 
Chapter 36.) The presence of an intimal flap is diagnostic of 
aortic dissection and can be distinguished from reverberation 
artifacts commonly seen in the ascending aorta by using 
M-mode echocardiography.144 A small segment of the superior 
ascending aorta may not be visualized by TEE because of the 
interposition of the air-filled trachea and bronchus. Multiplane 
TEE has a sensitivity of 98% to 100% and a specificity of 94% 
to 95%145 and can be performed at the bedside of hemodynami-
cally unstable patients. TEE can determine the extent of the 
dissection and involvement of arch vessels or coronary arteries, 
differentiate the true and false lumen, identify thrombus within 
the false lumen, locate the site of the intimal tear, detect signs 
of rupture, and evaluate for aortic valve involvement and the 
potential for valve repair.143,146 TEE can also guide stent graft 
implantation for descending thoracic aorta dissections and 
identify complications following surgical repair.147,148

Intramural hematoma and penetrating aortic ulcers have a 
similar presentation to aortic dissection.149,150 TEE has a sensi-
tivity and specificity that exceed 90% for identifying intramural 
hematoma145 and can be performed serially to assess for hema-
toma regression or progression or the development of classic 
dissection.151 The diagnostic accuracy of TEE for detecting pen-
etrating aortic ulcers is unclear; however, one study reported a 
sensitivity of 83%.152 The presence, depth, and diameter of a 
penetrating ulcer are predictive of disease progression and 
prognosis.153

Traumatic aortic rupture and blunt aortic trauma can be 
diagnosed by TEE with a sensitivity of 63% to 100% and a 
specificity of 84% to 100%.130,154 TEE can guide the acute 
management and triage patients for conservative therapy, 
immediate surgery, or postponed surgical repair.155 However, 
TEE cannot consistently visualize the superior ascending aorta 
and aortic arch branch vessels, a frequent site of traumatic 
injury.

ATRIAL FIBRILLATION

Atrial fibrillation predisposes the LA to contractile dysfunction, 
chamber dilation, and thrombus formation in approximately 
13% of patients with nonrheumatic atrial fibrillation of more 
than 2 days’ duration.156 TEE is clearly superior to TTE for 
detecting LA thrombus and has a sensitivity ranging from 93% 
to 100% and a specificity greater than 95%.117,118 In addition, 
LA appendage velocity less than 55 cm/s on TEE identifies 
patients at increased risk for thrombus formation.157 The pres-
ence of LA thrombus, spontaneous echo contrast, LA append-
age velocity below 20 cm/s, or complex aortic atheroma on TEE 
identifies patients with atrial fibrillation at higher risk of 
thromboembolism.38,158

The cardioembolic risk of a patent foramen ovale is related to 
the defect size, which can be better appreciated by TEE.127,128 
Aortic arch atheroma can be detected by TTE; however, TEE is 
required to adequately assess the extent, degree of lumen protru-
sion, and morphological features (i.e., mobility, ulceration, cal-
cification) that characterize the potential embolic risk.38,129-131

The indication for performing a TEE in a patient with a 
suspected cardioembolic event is controversial.113,132,133 Although 
TEE has a better sensitivity than TTE for detecting potential 
cardioembolic sources,134,135 the yield for identifying a major 
risk source is limited. An analysis of pooled data suggested an 
overall detection rate for intracardiac masses of only 4% for 
TTE and 11% for TEE.113 The yield was greater in patients with 
cardiac disease (TTE, 13%; TEE, 19%), but small in patients 
without cardiac disease (TTE, 0.7%; TEE, 1.6%). Of impor-
tance, the identification of minor risk source by TEE may not 
significantly alter patient management. Therefore, TEE should 
only be performed if the results have a reasonable chance of 
altering patient management or therapy. In this regard, TEE 
likely has the greatest potential impact on management when 
the TTE fails to identify a cardioembolic source in a patient with 
(1) unexplained cerebral ischemia before 55 years of age, (2) 
recurrent events or events in multiple cerebrovascular territo-
ries, (3) occlusion of a large peripheral or visceral artery, or (4) 
suspected endocarditis.

ATRIAL SEPTAL ABNORMALITIES

Atrial septal defects, atrial septal aneurysms, and patent foramen 
ovale are identified more frequently by TEE than TTE.14,124,126 
Sinus venosus defects and associated anomalous pulmonary 
venous drainage are easily detected on TEE, but frequently 
missed on TTE.14,15 Therefore, a TEE should be considered in a 
patient with unexplained right heart dilation despite a negative 
TTE for intracardiac shunting. (See Chapter 44.) TEE can delin-
eate the morphological details of an atrial septal defect and 
patent foramen ovale, determine the size of the defect and 
severity of left-to-right shunting, determine the potential for 
percutaneous closure, and assist with proper device placement 
during percutaneous closure.32,127,128,136,137 The en-face view of 
the atrial septum using 3D TEE and multiplanar reconstruction 
provides a better appreciation of the defect (i.e., size, presence 
of multiple defects, septal rim length) and spatial relationships 
among the defect, occluding device, and surrounding cardiac 
structures such as the mitral valve and aortic root.32,75,138,139

CARDIAC TUMORS

The sensitivity of TTE and TEE for detecting atrial myxomas 
has been reported to be 95% and 100%, respectively.140 (See 
Chapter 46.) Similar high sensitivities have been reported when 
detecting nonmyxomatous intracardiac tumors.140 However, the 
sensitivities of TTE and TEE are dependent on tumor size and 
may be as low as 62% and 77%, respectively, for detecting papil-
lary fibroelastomas smaller than 2 mm.123 TEE is superior to 
TTE for characterizing features of an intracardiac tumor that 
are important for diagnosis and management, such as the 
involvement of multiple chambers, site of attachment, presence 
of multiple tumors, infiltration of adjacent structures, and pres-
ence of tumor calcification or cyst formation.122,140 TEE can be 
used to guide percutaneous biopsy of an intracardiac tumor.141 
3D TEE may provide incremental information relevant to 
deciding the optimal surgical approach.142
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descending artery is of questionable severity and intravascular 
ultrasound is unavailable.175

Stress TEE can be performed using either transesophageal 
atrial pacing or pharmacologic stimulation with dobutamine or 
dipyridamole infusion. These techniques are accurate in detect-
ing and risk-stratifying patients with coronary artery disease 
and can be performed safely in morbidly obese patients.176-179 
However, TEE is an invasive procedure with potential risks and 
should be reserved for patients with poor TTE images.

Additional applications of TEE include the detection of 
anomalous coronary arteries, coronary artery aneurysms, and 
coronary artery fistulas.173

PERICARDIAL DISEASE

Cardiac tamponade can be challenging to diagnose early after 
cardiac surgery. (See Chapter 29.) Localized compression  
of a cardiac chamber (usually the RA) may not be apparent  
on TTE because the thrombus is located posteriorly; image 
quality is poor because of suboptimal patient positioning, sur-
gical bandages, and drainage tubes; and the findings of RA or 
RV diastolic collapse are frequently absent. TEE circumvents 
many of these problems and can better detect extracardiac com-
pression.180 In constrictive pericarditis, TEE with respiratory 
monitoring can be helpful in patients with a nondiagnostic 
TTE.181,182 Pericardial thickening, pericardial metastases, intra-
pericardial thrombus, and pericardial cysts are better seen  
by TEE than TTE.180,183 However, computed tomography and 
magnetic resonance imaging are better techniques for evaluat-
ing pericardial thickness, pericardial calcification, localized 
pericardial abnormalities, and tissue characterization of a peri-
cardial mass.182

CRITICALLY ILL PATIENT IN THE INTENSIVE 
CARE UNIT

TTE image quality in an intensive care unit is frequently inad-
equate, and in this setting TEE can provide rapid access to 
diagnostic information that alters patient management.184,185 
TEE can evaluate myocardial function, valve function, volume 
status, hemodynamics, and intracardiac shunting, which are 
critical components for the diagnosis and management of 
patients with unexplained hypotension, pulmonary edema, or 
hypoxia.17,18,184-187

MONITORING DURING SURGICAL AND  
INTERVENTIONAL PROCEDURES

A comprehensive intraoperative TEE can evaluate global and 
segmental LV function; detect intraoperative myocardial isch-
emia; monitor hemodynamics including cardiac output,  
LV filling pressures, and volume status; determine the potential 
cause of hemodynamic disturbances; and evaluate the adequacy 
of surgical repairs, replacements or reconstructions before 
leaving the operating room.188 (See Chapter 2.) The American 
Society of Anesthesiologists and the Society of Cardiovascular 
Anesthesiologists recently updated their guidelines on the  
use of perioperative TEE, recommending that intraoperative 
TEE be used in all open heart and thoracic aorta surgical pro-
cedures and be considered during coronary artery bypass graft 
surgery.163 Intraoperative TEE was recommended during non-
cardiac surgery when the patient has known or suspected car-
diovascular pathology that might result in hemodynamic, 
pulmonary, or neurologic compromise.163

A TEE-guided strategy can be used in patients with atrial 
fibrillation of more than 2 days’ duration to permit “early” car-
dioversion without a preceding 3 weeks of therapeutic antico-
agulation.159 (See Chapter 42.) This approach provides a 
therapeutic option for patients at increased risk of a hemor-
rhagic complication with anticoagulation therapy or who are not 
tolerating their atrial fibrillation. In the TEE-guided approach, 
LA thrombus is ruled out by TEE and followed by “early” cardio-
version. The TEE-guided strategy had a similar incidence of 
embolic events, stroke, or transient ischemic attack, but fewer 
hemorrhagic events, compared to the conventional management 
strategy.159 The costs of the two strategies are similar.160

LA appendage velocity may predict the likelihood of main-
taining sinus rhythm post cardioversion41,42; however, we do not 
perform TEE studies in patients with atrial fibrillation solely for 
this purpose.

CONGENITAL HEART DISEASE

The potential indications for TEE in patients with congenital 
heart disease are extensive and encompass the preoperative, 
interventional, intraoperative, and postoperative management 
of these patients.161-163 (See Chapters 43-45.) TEE better appre-
ciates abnormalities of the atrial septum and pulmonary 
veins.14,15,32,75,137,162 The atrioventricular valves and site of 
chordal insertion are better visualized using TEE if surgical 
valvuloplasty is being considered for an atrioventricular canal 
defect.164 TEE can better appreciate a baffle stenosis or leak, or 
complication of a Fontan procedure such as obstruction or 
thrombosis.165,166 TEE can characterize outflow tract obstruc-
tions67,162 or abnormalities of the aorta, such as aortic coarcta-
tion or a patent ductus arteriosus.167,168 3D TEE provides 
incremental information beyond 2D TEE, including a better 
delineation of the shape of an intracardiac defect, anatomic 
position, extent of an atrial rim, and potential presence of 
multiple or fenestrated defects.32,139,169,170

CORONARY ARTERY DISEASE

Stress echocardiography with TTE imaging is a widely used 
technique for evaluating patients with suspected or confirmed 
coronary artery disease, and the addition of a contrast agent can 
improve the diagnostic accuracy when endocardial definition is 
limited.171,172 (See Chapters 15 and 16.) In specific clinical 
situations, TEE can be used to diagnose coronary artery disease 
by either (1) visualizing coronary stenoses in the proximal 
vessels, or (2) detecting stress-induced regional wall motion 
abnormalities.

The left main coronary artery can be visualized in more than 
85% of patients using TEE. The proximal left anterior descend-
ing artery and left circumflex artery can also be visualized in 
most patients. The proximal right coronary artery is more dif-
ficult to visualize but may be seen in more than 50% of patients. 
In patients with visualized vessels, TEE has a sensitivity and 
specificity of greater than 90% for identifying a significant left 
main coronary artery stenosis.173,174 The sensitivity of TEE for 
detecting significant proximal disease in the left anterior 
descending artery, left circumflex artery, or right coronary 
artery is 78% to 100%, 50% to 89%, and 82% to 100%, respec-
tively, but significantly decreases when nonvisualized segments 
are included in the analysis.173,174 However, TEE should not 
replace coronary angiography in the diagnosis of proximal 
coronary artery disease, but rather should be potentially used 
when an angiographic stenosis of the left main or left anterior 
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chance of injury. Patients with a tenuous cardiorespiratory 
status should be intubated and ventilated to avoid decompensa-
tion during the procedure. TEE should not be attempted in a 
patient with an esophageal obstruction (stricture or mass) 
because of the potential for esophageal rupture. Upper endos-
copy should be considered before performing a TEE if the 
patient has a history of dysphagia or odynophagia. An esopha-
geal diverticulum is a relative contraindication to TEE because 
the probe can potentially enter and perforate the diverticulum. 
Fluoroscopic balloon guidance or a fiberoptic endoscope and 
overtube can be used to allow a TEE examination in the pres-
ence of a Zenker diverticulum.192 TEE should not be performed 
in patients with an unrepaired tracheoesophageal fistula, esoph-
agectomy, perforated viscus, or active gastrointestinal bleed. A 
history of esophageal varices is not an absolute contraindication 
to TEE; however, the small risk of major bleeding needs to be 
weighed against the potential for important incremental infor-
mation. A severe coagulopathy is a relative contraindication to 
TEE; however, TEE can safely be performed in patients on anti-
coagulation therapy. Severe cervical arthritis or dislocation of 
the atlantoaxial joint, where neck flexion is severely limited, is 
a relative contraindication.

Complications of Transesophageal 
Echocardiography
TEE is a relatively safe procedure with a low risk of serious 
complications. In up to 1.9% of TEE studies, the esophagus 
cannot be successfully intubated.193 Procedural complications 
occur in up to 3.5% of patients and predominantly involve the 
gastrointestinal, cardiovascular, or respiratory systems.193 The 
vast majority of complications are minor (Box 1-4), with 
approximately 0.2% to 0.5% of patients suffering a major com-
plication.5,9,193,194 TEE-related mortality has been estimated at 
less than 0.01%.194 A recent review of 17 studies encompassing 
42,355 patients identified four TEE procedural deaths.193

TEE is routinely used during percutaneous closure of an 
atrial septal defect or patent foramen ovale to exclude multiple 
defects, size the defect, guide positioning of the occluding 
device, and determine the presence of residual shunting.137,170 
(See Chapter 5.) 3D TEE can provide additional information 
relevant to the procedure.32,170 Percutaneous closure of a ven-
tricular septal defect is usually performed under 2D or 3D TEE 
guidance.32,170 During percutaneous mitral valvuloplasty, TEE 
can direct the transseptal puncture, assist with proper balloon 
placement, evaluate the result, identify any complications, and 
shorten procedure and fluoroscopy times.189 For transcatheter 
aortic valve implantation, TEE can guide proper prosthesis 
positioning and identify periprocedural complications.190 
During transcatheter closure of a periprosthetic valve leak, TEE 
can delineate the precise location and extent of any paravalvular 
jets.170 3D TEE can improve spatial appreciation of the regurgi-
tant jets (i.e., number, location, extent), better identify compli-
cations, and improve procedural efficiency.27,33 TEE can assist 
with the proper positioning of a LA appendage occluding 
device, which is essential to avoid complications.32 TEE has also 
been used to guide catheter ablation of arrhythmias, alcohol 
septal ablation for hypertrophic cardiomyopathy, and biopsy of 
the RV or an intracardiac mass.32,141

Contraindications to Transesophageal 
Echocardiography
There are few absolute contraindications to performing a TEE 
(Box 1-3); however, relative contraindications are more fre-
quently encountered in clinical practice. Thus, a critical analysis 
of the risk-benefit ratio is required based on available informa-
tion and potential discussion with the attending physician.

An elective TEE should be postponed if the patient has not 
been fasting for 4 to 6 hours before the procedure because of 
the risk of vomiting and aspiration. However, an urgent TEE 
can be performed with minimal risk of vomiting and aspiration 
if only clear fluids were taken up to 2 hours before the proce-
dure.191 TEE should not be performed in an uncooperative 
patient who is not heavily sedated or paralyzed to minimize the 

Box 1-3 

CONTRAINDICATIONS TO TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY

Absolute
Uncooperative patient
Severe respiratory depression
Tenuous cardiorespiratory status
Esophageal obstruction (stricture, mass)
Esophagectomy or esophagogastrectomy
Tracheoesophageal fistula
Perforated viscus
Active upper gastrointestinal bleed

Relative
Esophageal diverticulum
Esophageal varices
Previous esophageal surgery
History of dysphagia
Recent upper gastrointestinal bleed
Severe cervical arthritis with restricted mobility
Atlantoaxial joint disease with restricted mobility
Severe coagulopathy

Box 1-4 

PROCEDURAL COMPLICATIONS WITH 
TRANSESOPHAGEAL ECHOCARDIOGRAPHY

Major Complications
Death
Esophageal rupture/perforation
Upper gastrointestinal bleed (Mallory-Weiss tear, mucosal 

laceration/ulceration, etc.)
Laryngospasm or bronchospasm
Congestive heart failure or pulmonary edema
Sustained ventricular tachycardia

Minor Complications
Excessive retching or vomiting
Sore throat
Hoarseness
Minor pharyngeal or lip bleeding
Nonsustained or sustained supraventricular tachycardia/

atrial fibrillation
Nonsustained ventricular tachycardia
Bradycardia or heart block
Transient hypotension or hypertension
Angina
Transient hypoxia
Tracheal intubation
Dental injury (loose/chipped tooth)
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Perforation of the esophagus and major upper gastrointesti-
nal bleeding are serious gastrointestinal complications that 
occur in up to 0.01% and 0.03% of TEE studies, respectively.194 
Minor gastrointestinal complications include lip and pharyn-
geal bleeding due to mucosal trauma and excessive retching or 
vomiting that can require premature termination of the exami-
nation.9 Dental injuries occur in up to 0.03% of patients.194 A 
minor sore throat may be present for 24 hours after the proce-
dure. Approximately 0.1% of patients have persistent odyno-
phagia that requires further investigation.194

Cardiac complications are rare and include nonsustained and 
sustained supraventricular tachycardias or atrial fibrillation, 
nonsustained and sustained ventricular tachycardia, bradycar-
dia, transient hypotension or hypertension, angina pectoris, 
congestive heart failure, and pulmonary edema.193,194

Respiratory complications include laryngospasm (less than 
0.02%), accidental tracheal intubation, transient hypoxia, and 
blood-tinged sputum.193,194

KEY POINTS

 TTE and TEE are complementary modalities with dis-
tinctly different advantages and limitations for the evalu-
ation of patients with suspected cardiac disease.

 TEE is a relatively safe semi-invasive procedure with a 
small but definite risk of gastrointestinal, cardiac, and 
respiratory complications.

 The performance of a TEE requires the echocardiographer 
to have knowledge of cardiac anatomy and pathology, as 
well as proficiency in manipulating the transducer imaging 
plane and ultrasound machine image controls.

 TEE is an essential component of the pre- and periopera-
tive evaluation of the patient being considered for mitral 
valve repair.

 TEE is a valuable modality to detect and quantify pros-
thetic mitral valve dysfunction.

 TEE has a high sensitivity and specificity for identifying 
a vegetation in patients with suspected endocarditis.  
Alternative diagnoses should be considered if the TEE is 
negative.

 TEE should only be performed in the patient with a 
potential cardioembolic event if the results will alter 

management. The greatest impact of TEE on management 
resides in the young patient with unexplained cerebral 
ischemia, recurrent events, or events in multiple vascular 
distributions.

 TEE can be considered the diagnostic investigation of 
choice for the diagnosis of thoracic aortic dissection.

 A TEE-guided strategy can be used in patients with atrial 
fibrillation of more than 2 days’ duration to allow “early” 
cardioversion without a preceding 3 weeks of therapeutic 
anticoagulation.

 TEE has an integral role in monitoring patients undergo-
ing open heart or aortic surgery and guiding catheter-
based intracardiac procedures.

 3D TEE currently provides important incremental infor-
mation in the evaluation of patients with mitral valve 
disease, prosthetic valve regurgitation, atrial septal defects, 
and congenital heart disease. The applications of 3D  
TEE will likely continue to expand with technological 
refinements.

Adverse reactions may occur from intravenous sedation or 
topical anesthesia. Intravenous sedation can cause respiratory 
depression, hypoxia, hypotension, or paradoxical reactions. 
Topical anesthesia with benzocaine or lidocaine can cause acute 
toxic methemoglobinemia, a rare but potentially lethal condi-
tion that manifests clinically in approximately 0.115% of TEE 
studies.195 In this condition, the topical anesthesia agent oxidizes 
hemoglobin and prevents oxygen delivery to the tissues, poten-
tially resulting in cyanosis, lethargy, tachycardia, dyspnea, and 
death.195-197 Methylene blue administration is indicated if the 
methemoglobin levels are above 30%, or if the patient has cya-
nosis, central nervous system depression, or cardiopulmonary 
compromise.195

Intraoperative TEE has a morbidity rate of 0.2% to 1.2%, 
similar to that reported in the nonoperative setting.194 The com-
plication rates for TEE in pediatric patients are variable.194 The 
largest case series of predominantly intraoperative TEE reported 
a complication rate of 2.4% (excluding failed intubations).198
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Transesophageal Echocardiography as a Monitor of 
Intraoperative Ventricular Function: Impact on  
Postoperative Outcomes and Cost-Effectiveness

In this chapter, the focus is on the use of transesophageal echo-
cardiography (TEE) in the assessment of cardiac function in the 
setting of both cardiac and noncardiac surgery. In addition, the 
impact intraoperative TEE has had on the quality of periopera-
tive care is discussed. Intraoperative assessments of valvular 
function, chamber size, masses, and great vessels are covered in 
other sections of the book. The milieu of the operating room is 
unique and is not always conducive to obtaining TEE images of 
high quality. Dim the lights in the room as much as possible to 
avoid the necessity for “overgaining.” Try to get the important 
parts of the study completed before the surgical incision is 
made. Set the loop cycle to a time-based rather than a beat-
based mode, as this will prevent premature looping when elec-
trocautery is used. The TEE probe is placed under general 
anesthesia so that the patient is not able to complain if insertion 
is too forceful; this makes the understanding of the difficulties 
of probe insertion and manipulation especially important (Figs. 
2-1, 2-2, and 2-3).

Evaluation of Intraoperative  
Ventricular Function
LEFT VENTRICULAR FILLING

Using TEE, the clinician can assess left ventricular filling with 
Doppler estimation of left atrial (LA) pressure, and two-
dimensional (2D) measurement of left ventricular (LV) cross-
sectional area, calculation of LV volume, and assessment of 
diastolic function.

Left Atrial Pressure
LA pressure can be estimated with Doppler TEE by several 
methods. If mitral regurgitation is present, measurement of the 
peak velocity of the regurgitant jet and application of the modi-
fied Bernoulli equation allows calculation of the left ventricular 

to atrial pressure gradient; in the absence of aortic stenosis, 
subtraction of this number from the peak systolic blood pres-
sure yields LA pressure. Certain mitral inflow and pulmonary 
venous variables also correlate with LA pressure; in patients 
undergoing cardiovascular surgery, Kuecherer and colleagues1 
found that changes in the systolic fraction of the pulmonary 
venous tracing correlated inversely and strongly with pulmo-
nary capillary wedge pressure and theorized that this related to 
decreased atrial compliance. Nomura and associates2 found that 
in patients with ejection fractions less than 35%, the decelera-
tion time of the early velocity of mitral inflow correlated with 
pulmonary capillary wedge pressure and that a deceleration 
time greater than 150 msec was strongly predictive of a pulmo-
nary capillary wedge pressure of less than 10 mm Hg. Arguing 
that the aforementioned Doppler parameters were overly influ-
enced by loading conditions, Kinnaird and colleagues3 proposed 
that examining the deceleration slope of the diastolic compo-
nent of pulmonary venous flow allowed the left atrium to be 
treated as a receiving chamber in its own right and showed that 
this deceleration time was inversely correlated with LA pressure. 
The ratio of early to atrial LV diastolic filling velocity (E/A ratio) 
has also been used to predict fluid responsiveness in cardiac 
surgical patients. Patients with higher E/A ratios tended to have 
a more rightward position on the diastolic pressure volume 
curve (Fig. 2-4) and thereby were less likely to increase their 
cardiac output with an infusion of colloid.4

There are a number of caveats related to the intraoperative 
estimation of LA pressure with TEE. Patients with a rhythm 
other than sinus or with valvular regurgitation were excluded 
in most studies; these are the patients in whom preload esti-
mates are often crucial. In suitable patients, correlations but not 
absolute values of LA pressure are usually yielded. Use of the 
mitral regurgitation jet to calculate LA pressure dictates that 
mitral regurgitation must be present. Finally, an estimate of LA 
pressure, whether obtained by Doppler echocardiography or by 
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Figure 2-1  Sites of potential injury with TEE probe placement. (From 
Hilberath JN, Oakes DA, Shernan SK, et al: Safety of transesophageal 
echocardiography. J Am Soc Echocardiogr 23:1115-1127, 2010.)
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Figure 2-2  Probe malposition. A and B, Difficulty during probe insertion can be encountered if the TEE probe is lodged into one of the pyriform 
sinuses. C, In addition to causing mucosal injury to the oropharynx, the TEE probe can occasionally become distorted in extreme flexion. Attempts 
to withdraw a TEE probe in this configuration before advancing into the stomach and unfolding the kink can lead to severe esophageal injury. (From 
Hilberath JN, Oakes DA, Shernan SK, et al: Safety of transesophageal echocardiography. J Am Soc Echocardiogr 23:1115-1127, 2010.)
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Figure 2-3  Gastric probe manipulations.  Gastric  injury  typically 
occurs in the gastric fundus during deep transgastric probe manipula-
tion, especially when requiring extreme anteflexion to bring the probe 
inline and in contact with the apex of the heart (e.g., deep transgastric 
aortic outflow view). The gastroesophageal junction is a vulnerable zone 
because probe manipulation at this level may place the relatively fixed 
tissues  under  considerable  tension.  (From Hilberath JN, Oakes DA, 
Shernan SK, et al: Safety of transesophageal echocardiography. J Am 
Soc Echocardiogr 23:1115-1127, 2010.)
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pulmonary artery catheter, may still yield inaccurate estimates 
of preload in patients with decreased ventricular compliance5; 
this is the case in many patients following cardiopulmonary 
bypass.6

Measurements of LA size and volume by TEE are underesti-
mates of the values obtained by transthoracic echocardiography 
(TEE)7 but are most accurate when obtained using Simpson’s 
biplane technique.7

Left Ventricular Diastolic Function
In patients with impaired diastolic function, LV filling in the 
period following separation from cardiopulmonary bypass is 
especially tenuous as both systolic and diastolic function are 
further reduced.8-10 In addition to the standard parameters of 
mitral inflow and pulmonary venous flow velocities, newer 
techniques may be used to better define problems with ven-
tricular filling.

Tissue Doppler imaging of the mitral annulus has been pro-
posed as a descriptor of LV relaxation that is less affected by 
changes in loading conditions and ventricular function than 
more traditional Doppler parameters.11 The E′ velocity relates 
directly to LV relaxation; thus this parameter has been used to 
correct for LV relaxation and render the E wave of mitral inflow 
more accurate in the estimation of LV filling pressure (E/E′ 
ratio). There is a paucity of data, however, regarding the useful-
ness of tissue Doppler of the mitral annulus in the intraopera-
tive setting. Many factors other than LA pressure influence the 
E/E′ ratio,12 and in reality many of these conditions are present 
in the intraoperative population, limiting the usefulness of this 
parameter.

Color M-mode flow propagation velocity is another less load-
dependent measure of diastolic function and is attractive in that 
it examines simultaneous pulsed-wave (PW) Doppler measure-
ments throughout the LV cavity (Fig. 2-5). Djaiani13 has shown 
that in patients undergoing coronary artery bypass graft, a value 
less than 50 cm/sec identifies abnormal diastolic function.

Figure 2-4  Schematic representation of the pressure/volume relationship of the left ventricle. Measurement of the E/A (E and A waves of 
the transmitral flow) ratio gives information on the position of the diastolic pressure/volume curve of the left ventricle. Lower ratios suggest a leftward 
position on this curve, and higher ratios, a rightward position, in which left ventricle compliance is reduced. Patients with low E/A ratios are more 
likely to increase cardiac output after volume infusion than patients with high E/A ratios. 
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Figure 2-5  Color M-mode propagation velocity  shown as  the  slope 
of  the  first  aliasing  velocity  during  early  filling  of  the  ventricle.  (From 
Djaiani GN, McCreath BJ, Ti LK, et al: Mitral flow propagation velocity 
identifies patients with abnormal diastolic function during coronary 
artery bypass graft surgery. Anesth Analg 95:524-530, 2002.)

End-Diastolic Area and End-Systolic Area
The American Society of Echocardiography’s guidelines and 
standards committee have published recommendations for 
chamber quantification by both TTE and TEE. The normal 
ranges for dimension and volume are comparable between the 
two techniques.14

A number of authors have examined the intraoperative rela-
tionship between end-diastolic area or end-systolic area mea-
sured at the transgastric midpapillary level and cardiac volume 
status. In a classic paper, Cheung and associates15 performed an 
elegant study examining the effect of graded hypovolemia pro-
duced by autologous blood collection on hemodynamic- and 
TEE-derived indices of LV preload in patients undergoing  
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GLOBAL SYSTOLIC FUNCTION

Cardiac Output
Doppler TEE has the potential to be used in the intraoperative 
setting for the continuous measurement of cardiac output. 
These methods use the concept that the cross-sectional area of 
a conduit within the cardiovascular system multiplied by the 
Doppler-derived time-velocity integral yields the stroke volume 
through that conduit. When the result is multiplied by heart 
rate, the product is cardiac output.

Several important assumptions are inherent to this approach. 
Valid area formulas must be applicable to the anatomic site 
being analyzed. The velocity profile across the valve must be flat 
and devoid of skew.19,20 Whichever anatomic area is chosen, the 
ability to consistently obtain the image and to interrogate paral-
lel to flow is mandatory.

Transesophageal Doppler Technology
With this technique, Doppler data is obtained and used to cal-
culate hemodynamic parameters in a fashion similar to the 
techniques described later.21 Because no 2D imaging is used, the 
probe is considerably smaller than a standard TEE probe, can 
be placed orally or nasally, and can be left in for longer periods 
of time. The probe is placed in the esophagus in order to 
measure velocities in the descending thoracic aorta. A number 
of assumptions are inherent in the technique, and they may be 
violated in the intraoperative setting; these include the diameter 
of the aorta at the point of Doppler interrogation, the presence 
of a flat velocity profile, and the angle of insonation. Perhaps 
most importantly, the technique assumes that the amount of 
blood flowing in the descending aorta as a fraction of total 
cardiac output is constant. This may be a reasonable assump-
tion in clinically static situations22; however, in the dynamic 
environment of cardiac surgery, this may not be the case.23 At 
the present time, trending of hemodynamic variables appears 
possible, although reliance on esophageal Doppler for the abso-
lute determination of hemodynamic variables does not appear 
to be justified.24

Left Ventricular Outflow Tract
This Doppler technique has been extensively studied and found 
to be extremely accurate when applied to a group of patients 
before and after cardiopulmonary bypass.25 With the probe in 
the stomach, turned leftward, in the flexed position, and at low 
imaging frequency, the aortic valve and LV outflow tract can 

coronary artery bypass surgery. Patients with valvular insuffi-
ciency, rhythms other than sinus, and overt congestive heart 
failure were excluded. End-diastolic area, end-systolic area, pul-
monary capillary wedge pressure, and measures of end-diastolic 
and end-systolic wall stress decreased linearly as blood volume 
was reduced by 0% to 15% in all patients; however, in patients 
with impaired LV function, only the TEE-derived indices main-
tained linearity. As the authors acknowledge, estimation of ven-
tricular volume in the patient with asymmetric ventricular 
dysfunction may be problematic, because hypokinetic or aki-
netic areas may not be represented in the area of the 2D cut.

It must also be remembered that the presence of a small 
end-diastolic area or end-systolic area does not always reflect 
decreased intravascular volume. Small LV volumes can be seen 
with restrictions to filling, as in pericardial disease, or 
decreased right-sided heart function (Fig. 2-6), for example, 
owing to right ventricular (RV) infarction or a large pulmo-
nary embolus. Other causes of a small LV volume include 
increased inotropy or redistribution of blood out of the tho-
racic cavity.

Left Ventricular Volumes
The generally accepted method for volume measurement is the 
biplane method of disks (Simpson’s rule). Smith and col-
leagues16 found that measurement of LV volume was underes-
timated by TEE when compared to ventriculography and 
attributed this to underestimation of ventricular length; more 
recent studies using multiplane probes17 have shown that volu-
metric data obtained by TTE and TEE show minor or no dif-
ferences. Notwithstanding its accuracy, this technique is rarely 
used in the intraoperative setting because of the high frequency 
and rapidity of hemodynamic shifts.

The use of real-time three-dimensional (3D) TEE in the 
operating room has increased dramatically. Although real-time 
3D TTE assessment of LV volume has shown promise, this 
experience has not been replicated with real-time 3D TEE18 and 
cannot be recommended for routine use in the operating room.

Conclusion
The assessment of preload with intraoperative TEE is in most 
cases a semiquantitative estimate based on visual inspection of 
end-diastolic area and end-systolic area and supported by an 
array of Doppler indices. Confounding conditions, such as RV 
failure, vasodilation, or the administration of inotropic agents, 
must be considered.

Figure 2-6  Transgastric image of a transesophageal echocardiography scan obtained in a patient with pulmonary hypertension secondary to cystic 
fibrosis.  Although  the  end-systolic  area  of  the  left  ventricle  is  exceedingly  small  (arrow),  this  was  secondary  to  right-sided  heart  failure  and  not 
absolute hypovolemia. 

End diastole End systole

RV LV
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PW and continuous-wave (CW) methodologies, pulmonary 
artery diameter was measured just distal to the pulmonic valve. 
Interobserver variability was low in all studies, and correlation 
with thermodilution was strong. Alternatively, the main pulmo-
nary artery may be imaged at 60° to 90° using the aortic arch 
as a window (Fig. 2-10).

Right Ventricular Outflow Tract
From the transgastric approach, the probe is turned rightward 
and flexed to image the RV outflow tract at a rotation angle 
between 0° and 120°. Imaging frequency must usually  
be reduced to ensure optimal penetration. Maslow and  
colleagues27 found excellent correlation between cardiac 
output calculated with PW Doppler and thermodilution. 
Patients with pulmonary hypertension, significant tricuspid  

usually be imaged between 0° and 140° (Fig. 2-7). Imaging from 
the stomach allows parallel pulsed-Doppler interrogation of the 
LV outflow tract; its diameter can be obtained from either the 
stomach or the midesophageal long-axis view. Calculation of 
the cross-sectional area and cardiac output follow the standard 
formula (Fig. 2-8). To avoid contamination of the Doppler 
signal by the region of flow acceleration adjacent to the aortic 
valve orifice, the sample volume must be placed precisely in the 
LV outflow tract. In the presence of outflow tract obstruction, 
the validity of the measurement may be compromised.

Pulmonary Artery
With the probe at 0° and retroflexed, the main pulmonary 
artery and pulmonic valve can be imaged at the base of the heart 
(Fig. 2-9). In a study by Gorcsan and colleagues26 using both 

Figure 2-7  Transesophageal echocardiography imaging from the stomach allows parallel alignment with the ascending aorta (Ao). Left panel, the 
deep transgastric long-axis view; right panel, the transgastric long-axis view. LVOT, Left ventricular outflow tract. 
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Figure 2-8  Transgastric  imaging 
of  the  left  ventricular  outflow  tract 
(LVOT ). The ascending aorta is well 
visualized,  and  the  Doppler  inter-
cept angle is small. Pulsed-Doppler 
velocity time integral and diameter 
measurement  (obtained  in  a  mide 
sophageal  long  axis)  are  used  to 
calculate  stroke  volume.  Mn Grad, 
Mean gradient; Pk Grad, peak gra-
dient;  Vmax,  maximum  velocity; 
VTI, velocity time integral. 

LVOT cross-sectional-area = πr2 = 3.14 cm2

Stroke volume = cross-sectional area × VTI = 41 mL
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the area measurement unpredictable, and the cross-sectional 
velocity skew is of concern when using PW Doppler.

Practical Considerations
For intraoperative transesophageal Doppler calculation of 
cardiac output, the LV outflow tract method is the most repro-
ducible. Adjustments in the degree of probe flexion and imaging 
angle should be made to ensure that the aortic valve and ascend-
ing aorta are clearly visualized and that the Doppler intercept 
angle is small (see Fig. 2-8). Several measurements should be 
made and averaged, this being especially important when 
dealing with rhythms other than sinus. In practical terms, 
Doppler measurement of cardiac output is used when a pulmo-
nary artery catheter is not in place or when conditions, such as 
severe tricuspid regurgitation, render thermodilution inaccu-
rate. When right- and left-sided outputs are obtained simulta-
neously, shunt fraction may be calculated. There is a need for 
further validation of this approach in patients with a spectrum 
of cardiovascular diseases.

Ejection Fraction and Stroke Volume
Although it is somewhat load dependent and therefore not a pure 
index of “contractility,” ejection fraction is often assumed to 
reflect ventricular contractility. During intraoperative TEE, the 
fractional area of change measured at the transgastric midpapil-
lary level is often used interchangeably with ejection fraction, 
although gauging volume in a potentially asymmetric chamber 
based on a measure of area has obvious limitations. In an elegant 
study, Royse and colleagues28 demonstrated that fractional area 
of change when corrected for afterload was closely related to 
preload recruitable stroke work, a relatively load-independent 
measure of contractility. dP/dT was more load dependent and 
less reliable. The patient group was quite diverse in terms of 
overall ventricular function. As mentioned previously, the most 
common and generally accepted method for volume measure-
ment is the biplane method of disks, Simpson’s rule (Fig. 2-11).

regurgitation, and nonsinus rhythms were excluded. In a sig-
nificant percentage (16%) of patients, the 2D image was not 
suitable.

Mitral Valve
Using the mitral valve for calculation of cardiac output has the 
advantages of consistent imaging and parallel Doppler align-
ment. However, the saddle shape of the mitral annulus makes 

Figure 2-9  Imaging at the base of the heart of the main pulmonary artery (PA) and its branches. Pulsed-Doppler velocity time integral (VTI) and 
diameter measurement are used to calculate stroke volume. Mn Grad, Mean gradient; Pk Grad, peak gradient; PV, pulmonary valve; Vmax, maximum 
velocity. 
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Figure 2-10  Using the aortic arch as a window, the high esophageal 
aortic arch short-axis view is obtained. The main pulmonary artery (PA), 
pulmonic  valve,  left  subclavian  artery,  and  innominate  vein  are  seen. 
This view is suitable for Doppler interrogation. RVOT, Right ventricular 
outflow tract. 
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of myocardial tissue secondary to tethering is not readily dis-
tinguished from hypokinesis owing to ischemia. In order to 
circumvent this issue, the use of strain and strain rate imaging 
has been extensively studied and is discussed in several excellent 
reviews.31,32 (See Chapter 10.) In essence, strain rate represents 
the local rate of myocardial deformation and is estimated by 
spatial velocity gradients obtained by tissue Doppler imaging. 
Because Doppler is used, the angle of insonation is a limitation; 
however, strain rate may also be measured by the Doppler-
independent technique of speckle tracking.31 By acquiring high-
quality 2D echo images and identifying unique acoustic markers 
in the image to track specific areas of myocardium over time, 
strain rate can be calculated.

Simmons and colleagues32 showed the feasibility of using 
TEE to obtain radial and longitudinal LV wall velocities; there 
was consistency between TTE and TEE measurements, and 
regional reduction in S′ correlated with decreased regional wall 
motion. Skarvan and colleagues33 used tissue Doppler imaging 
of the anterior wall as a complement to visual assessment of 
systolic wall thickening.

More recently, several authors have done feasibility studies of 
intraoperative strain analysis using both tissue Doppler 
imaging34 and speckle tracking35 (Fig. 2-12). Intraoperative 
strain analysis shows promise for the analysis of global and 
regional systolic function.

dP/dt
The rate of pressure rise at the onset of ventricular contraction 
(dP/dt) is a load-dependent index of systolic performance. Mea-
surement of dP/dt using CW Doppler of the mitral regurgita-
tion jet has been validated against measurements in the cardiac 

Practically, intraoperative ejection fraction is still most  
often visually estimated or is measured by single plane frac-
tional area change. Concern remains that fractional area 
change underestimates ejection fraction in patients in whom 
hypokinetic areas are not represented in the measurement. 
The use of TEE-derived volumetric data to estimate ejection 
fraction is more accurate, though manual tracing is tedious; 
however, software that comes with many TEE machines allows 
rapid calculation. Real-time 3D TEE, although seemingly 
attractive, does not at present have a routine place in the intra-
operative assessment of ventricular volumes and ejection 
fraction.

Contractility
Ejection fraction and myocardial thickening, although largely 
affected by contractility, are not independent of the influence 
of loading conditions. The end-systolic pressure-volume rela-
tionship and resultant end-systolic elastance defines contractil-
ity in a load-independent fashion as described in the classic 
paper by Sagawa.29 At present, however, the methods for intra-
operative data analysis that involve a number of surrogates for 
invasive measurements are prohibitively complex.

Other Indices of Left Ventricular Function
Tissue Doppler Imaging
The use of tissue Doppler imaging in the assessment of diastolic 
function has already been described. Systolic myocardial veloc-
ity at the lateral mitral annulus is a measure of longitudinal 
systolic function that correlates with ejection fraction.30 One of 
the major limitations of this technique is that lack of movement 

Figure 2-11  Measurements  of  systolic 
(s, left) and diastolic (d, right) area made 
in  the  four-chamber  (upper  panels)  and 
two-chamber  (lower  panels)  views  are 
used  to  obtain  volumetric  data  by  the 
method  of  disks  (MOD).  From  these 
measurements, stroke volume (SV ), ejec-
tion  fraction  (EF ),  and  cardiac  output 
(CO ) can be calculated. 
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26.5 mL
LV EF 50.3 %
LV CO 1.74 L/min
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Right ventricular speckle tracking was shown to be feasible 
in the operating room41 and compared well with other indices 
such as tricuspid annular plane systolic excursion and fractional 
area of change. The technology is complex and at present is still 
in evolution.

TEE assessment of intraoperative RV function is best accom-
plished by visual inspection and semiquantitative assessment in 
both the transgastric and the four-chamber views.

REGIONAL WALL MOTION

The link between perioperative myocardial ischemia and cardiac 
morbidity42 has led to an intensive search for accurate methods 
of its intraoperative detection (Fig. 2-15). Visual inspection of 
the electrocardiogram for ST segment changes has been the 
foundation on which the newer technologies of automated  
ST analysis and TEE detection of regional wall motion abnor-
malities have been added. There are several points on which  
to judge the merits of TEE: applicability, accuracy, reproduc-
ibility, cost, expertise required for interpretation, and prognos-
tic importance.

Segmental analysis is most frequently undertaken using the 
16-segment model first proposed by Schiller and colleagues43 
and later modified for TEE by Shanewise and co-workers.44 In 
2002, a 17th segment, the apical cap, was added.

The recognition that coronary occlusion leads to the imme-
diate development of regional wall motion abnormalities45 and 
their frequent regression following revascularization44 has 
prompted investigators to examine the usefulness of intraop-
erative TEE as a monitor of ischemia. The paucity of contrain-
dications to TEE means that it can be used in most patients 
undergoing general anesthesia. The midpapillary view is gener-
ally easy to obtain and demonstrates areas of myocardium sub-
tended by the three major coronary arteries. Interpretation is 

Figure 2-12  Top:  Midesophageal  two-chamber  view  of  the  LV  with 
the anterior  (right) and  inferior wall  (left). The different colors  indicate 
the  separation  into,  from  top  to  bottom,  basal,  mid,  and  apical  seg-
ments.  Bottom:  Radial  (1)  and  longitudinal  (2)  strain  from  the  antero-
basal segment in this view. AVC, Aortic valve closure;  l,  instantaneous 
length;  l0,  original  length;  S,  strain.  (From Kukucka M, Nasseri B, 
Tscherkaschin A, et al: The feasibility of speckle tracking for intraopera-
tive assessment of regional myocardial function by transesophageal 
echocardiography. J Cardiothorac Vasc Anesth 23:462-467, 2009.)

Inferior Anterior

S = l – l0
l0

Figure 2-13  Measurement of dP/dt is taken from the mitral regurgita-
tion jet obtained by CW Doppler. The duration of time required for the 
velocity to increase from 1 to 3 m/sec (or the pressure to rise from 4 to 
36 mm  Hg)  is  measured.  MR,  Mitral  regurgitation;  Vmax,  maximum 
velocity. 

catheterization laboratory.36 The time in seconds required for 
an increase of the pressure gradient from 4 to 36 mm Hg (or 
an increase of velocity from 1 to 3 m/sec) is divided by the pres-
sure difference of 32 mm Hg for calculation of dP/dt. Normal 
values are 800 to 1200 mm Hg/sec (Fig. 2-13).37 The presence 
of mitral stenosis contraindicates the technique. It has not been 
adequately tested in the intraoperative environment.

Right Ventricular Function
In the setting of cardiopulmonary bypass, the evaluation of RV 
function is important. RV dysfunction often occurs secondary 
to the inadequate delivery of cardioplegia38 and to the emboliza-
tion of intracardiac air down the right coronary artery follow-
ing separation from cardiopulmonary bypass (Fig. 2-14). The 
triangular shape of the right ventricle makes its global function 
hard to quantitate with TEE, although the modified method of 
disks has been used in offline analysis in the setting of coronary 
bypass grafting.39 The abnormal septal motion often seen fol-
lowing cardiopulmonary bypass makes analysis more difficult. 
Standards for the measurement of RV volumes with TEE have 
been published.14

Tricuspid annular velocity measurement by tissue Doppler 
imaging has been used to quantitate RV function, with  
excursions less than 1.5 cm associated with poor prognosis  
in a variety of cardiovascular diseases.40 The technique is fea-
sible during cardiac surgery using modified transgastric 
imaging.40
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cardiopulmonary bypass, with right-sided chamber overload, 
ventricular pacing, and bundle branch blocks. Off-line analysis 
has been employed in most of the large-scale studies involving 
comparison of TEE with other methods of ischemia detection, 
but extrapolation to the accuracy of real-time TEE analysis 
should not be assumed. Regional wall motion abnormalities 
that subtend the anatomic distribution of coronary artery flow 
are more often a result of ischemia than those that do not.

Comunale and colleagues48 also documented the poor con-
cordance between the TEE and electrocardiography and attrib-
uted this finding to the lack of standard definitions of significant 
regional wall motion abnormalities and ischemic ST changes, 
the exclusion of longitudinal TEE views, and the use of different 
models of segment nomenclature.

TEE is the most sensitive test for intraoperative myocardial 
ischemia and has therefore been adapted by many practitioners 
as cutting-edge technology in this regard. Conditions that lead 
to its lack of specificity, as mentioned, must be taken into 
account. The ability to monitor additional tomographic planes; 
the use of cine loops for comparison; and the advent of new 
technologies, such as tissue Doppler imaging and speckle track-
ing with strain imaging and real-time 3D TEE, should improve 
accuracy. Regional wall motion abnormalities precede electro-
cardiographic changes,49 and once ischemia is diagnosed, TEE 
can be used to directly monitor the effects of intervention.

rarely confounded by rhythm disturbances, as is the case for 
automated ST analysis. TEE cannot be used, however, in patients 
receiving regional anesthesia, and because the probe is not 
inserted until after anesthetic induction, it cannot detect 
changes during this vulnerable period.

Conflicting studies regarding the prognostic importance of 
regional wall motion abnormalities were subsequently pub-
lished. In a study by London and colleagues,46 156 patients 
undergoing noncardiac surgery who were at high risk for coro-
nary artery disease were studied. Specific clinical, electrocardio-
graphic, or hemodynamic events prompted analysis of stored 
images. The number of new wall motion abnormalities detected 
was low, and discordance with electrocardiographic findings 
was significant . The number of postoperative cardiac complica-
tions was low. In the study by Leung and associates,47 patients 
undergoing coronary artery bypass were examined with elec-
trocardiography and TEE. Although prebypass ischemia was 
rare, postbypass ischemia was more common, and postopera-
tive cardiovascular complications were associated more closely 
with TEE findings than with electrocardiography alone.

It is now accepted that regional wall motion abnormalities, 
although often the result of myocardial ischemia, also may  
result from hypovolemia, tethering of nonischemic myocar-
dium, and myocardial stunning after cardiopulmonary bypass. 
Abnormal interventricular septum abnormalities are seen after 

LALA

Right
coronary

cusp

Posterior

Superior

*

NCC
LCC

A B

C

Figure 2-14  Short-axis  (A)  and  long-axis  (B) 
views of  the aortic  valve during separation  from 
cardiopulmonary  bypass.  The  cross-sectional 
figure (C), with the patient supine, shows that the 
right  coronary  cusp  (*)  is  most  superior  so  that 
bubbles collect in the right coronary sinus of Val-
salva and may embolize down the right coronary 
artery. 
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Intracardiac Air
Left-sided intracardiac air is ubiquitous following procedures 
in which left-sided chambers have been open to atmosphere 
and is identified by its characteristic “firefly” appearance. Air is 
often seen entering the left atrium from the pulmonary veins 
or enmeshed in the mitral subvalvular apparatus (Fig. 2-16). 
Echocardiographic inspection is carried out in the four-chamber 
and transgastric long-axis views. Careful evacuation by the 
surgeon is important and involves suctioning on the aortic root 
vent or needle aspiration of the LV apex to evacuate trapped 
pockets. In addition to guiding evacuation, TEE is useful in 
diagnosing the consequences of embolization through the right 
coronary ostium, which results in ventricular dysfunction in a 
right coronary distribution (see Fig. 2-14).

Cardiac Output
There are a number of potential causes of low cardiac  
output immediately following cardiopulmonary bypass: peri-
operative infarction,50 coronary air emboli, metabolic abnor-
malities, hypovolemia, LV outflow tract obstruction, and 
inadequate myocardial protection. It seems intuitive that the 

Use of Transesophageal  
Echocardiography to Monitor  
Intraoperative Cardiac Function in  
Specific Clinical Entities
The use of TEE has improved our ability to intelligently manage 
post–cardiopulmonary bypass instability. It has allowed us to 
understand the intraoperative changes that occur during some 
of the newer techniques in coronary revascularization and can 
guide us in placement of numerous intracardiac and intravas-
cular devices. Its use in monitoring cardiac function during 
noncardiac surgery is most advantageous in the diagnosis of 
sudden and unexplained hemodynamic instability.

SEPARATION FROM CARDIOPULMONARY 
BYPASS

At the time of separation of the patient from cardiopulmonary 
bypass, the use of TEE may guide the anesthesiologist in the use 
of pharmacologic and nonpharmacologic therapies and can 
maximize the likelihood of a smooth transition.

Figure 2-15  Causes of ischemic changes on intraoperative monitors. (From Fleisher LA: Real-time intraoperative monitoring of myocardial ischemia 
in noncardiac surgery. Anesthesiology 92:1183-1188, 2000.)
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OFF-PUMP CORONARY BYPASS SURGERY

One of the major controversies in cardiac surgery is the per-
formance of coronary revascularization without cardiopulmo-
nary bypass, the off-pump bypass or “beating heart” operation. 
The major criticism is that incomplete revascularization leads 
to repeat interventions, and in addition, coexistent pathology 
such as mitral regurgitation cannot be dealt with. Shroyer’s54 
pivotal study showed that at 1 year, the off-pump strategy led 
to worse composite outcomes, although the accompanying 
editorial emphasized that in certain patient subsets benefits 
may still exist,55 such as in those with atheromatous disease of 
the aorta.56

Hemodynamic instability can occur both from intraoperative 
ischemia and from cardiovascular deformation by the device 
used to stabilize the heart during coronary anastomoses  
(Fig. 2-17).57 Although the number of readable myocardial 
segment decreases during cardiac displacement, TEE can ade-
quately detect regional wall motion abnormalities in most 
patients.58 and may help guide revascularization strategy.59 It 
has been suggested that displacing the heart with a saline bag 
posteriorly aids in transgastric image quality.60

CARDIAC FUNCTION IN NONCARDIAC 
SURGERY

The most recent guidelines published jointly by the American 
Society of Anesthesiologists and Society of Cardiovascular 
Anesthesiologists Task Force on Transesophageal Echocardiog-
raphy61 and by the European Association of Echocardiography62 
are summarized in Table 2-2.

Regardless of the type of noncardiac surgery being under-
taken, the greatest diagnostic yield for intraoperative TEE is 
obtained when sudden and unexplained hypotension occurs.60 
Memtsoudis and colleagues63 examined the use of TEE in 
cardiac arrest during noncardiac surgery. In 18 of 22 patients, 
the etiology was detected by TEE and helped guide subsequent 
management.

As the use of intraoperative TEE for cardiac surgery contin-
ues to proliferate, so will its use in unstable patients undergoing 
noncardiac surgery.64

yield of TEE, when it is used during hemodynamic instability 
during and after cardiac surgery, would be high. Two pub-
lished series have demonstrated the myriad diagnoses that 
have been made and the ability to intervene on many patients 
(Table 2-1).51,52 No attempt was made to compare TEE with 
other diagnostic modalities, although the speed with which 
information is made available appears hard to supersede. The 
prebypass TEE-derived wall motion score index was found to 
independently predict the need for postbypass inotropic 
support.53

Figure 2-16  Four-chamber midesophageal view.  As  the  patient  is 
being  separated  from  cardiopulmonary  bypass,  a  pocket  of  air 
enmeshed in the left ventricular subvalvular apparatus is noted (arrow), 
with numerous bubbles emanating from it. 
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Relevant Intraoperative Transesophageal Echocardiographic Findings Categorized by Indication

Indication, n

Finding
Hemodynamic 

Instability
Surgical 
Planning Trauma Hypoxemia

Total Number 
of Patients

Severe left ventricular dysfunction ± 
regional wall motion abnormality

15 2 — — 17

Aortic dissection ± aortic regurgitation 1 13 — — 14

Significant mitral regurgitation 4 2 — — 6

Intracardiac/great vessel shunt 1 1 — 2 4

Hyperdynamic left ventricular function 2 — 1 — 3

Severe right ventricular dysfunction 2 — 1 — 3

Extracardiac clot 2 — — — 2

Significant aortic regurgitation 2 — — — 2

Significant tricuspid regurgitation 1 — — — 1

Pericardial tamponade 1 — — — 1

No relevant findings 5 1 4 3 13

From Brandt RR, Oh JK, Abel MD, et al: Role of emergency intraoperative transesophageal echocardiography. J Am Soc Echocardiogr 11(10):972-977, 1998.

TABLE 
2-1 
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Figure 2-17  In the left panel, the two arrows indicate the stabilizing device, which, through suction, lifts and immobilizes a portion of the anterior 
cardiac wall. The two limbs of the device straddle the  left anterior descending artery  (LAD), which has a snare around it.  In the center panel, an 
arteriotomy has been made in the LAD (arrow). In the right panel, the stabilizer (arrows) deforms the anterior wall of the left ventricle. 
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Recommendations for the Use of Perioperative TEE in Adults

Clinical Situation Recommendations (ASA/SCA Task Force)60 Recommendations (European Association of Echocardiography)61

Cardiac (non-CABG) and 
thoracic aortic surgery

Should be used in all adults without contraindications to TEE TEE should be used in adult patients undergoing cardiac surgery 
or surgery to the thoracic aorta under general anesthesia, in 
particular, in valvular repair procedures.

CABG Should be considered in CABG surgeries as well
• to confirm and refine the preoperative diagnosis,
• to detect new or unsuspected pathology,
• to adjust the anesthetic and surgical plan accordingly, and
• to assess the results of the surgical intervention.

Transcatheter intracardiac 
procedures

May be used

Noncardiac surgery TEE may be used when the nature of the planned surgery or the 
patient’s known or suspected cardiovascular pathology might result 
in severe hemodynamic, pulmonary, or neurologic compromise.

• If equipment and expertise are available, TEE should be used when 
unexplained life-threatening circulatory instability persists despite 
corrective therapy.

TEE may be used in patients undergoing specific types of major 
surgery where its value has been repeatedly documented. 
These include neurosurgery at risk from venous 
thromboembolism, liver transplantation, lung transplantation, 
and major vascular surgery, including vascular trauma.

TEE may be used in patients undergoing major noncardiac 
surgery in whom severe or life-threatening hemodynamic 
disturbance is either present or threatened.

TEE may be used in major noncardiac surgery in patients who 
are at a high cardiac risk, including severe cardiac valve 
disease, severe coronary heart disease, or heart failure.

Critical care For critical care patients, TEE should be used when diagnostic 
information that is expected to alter management cannot be 
obtained by transthoracic echocardiography or other modalities in 
a timely manner.

TEE may be used in the critical care patient in whom severe or 
life-threatening hemodynamic disturbance is present and 
unresponsive to treatment, or in patients in whom new or 
ongoing cardiac disease is suspected and who are not 
adequately assessed by transthoracic imaging or other 
diagnostic tests.

CABG, Coronary artery bypass graft.

TABLE 
2-2 

POSITIONING OF INTRAVASCULAR DEVICES

Intraoperative TEE can be used to guide the positioning of a 
number of intravascular devices.

Pulmonary Artery Catheters
Right heart dysfunction, tricuspid regurgitation, and atrial 
fibrillation are entities in which proper placement of a pulmo-
nary artery catheter may be challenging. Guidance with  
TEE helps facilitate passage through the tricuspid valve. It also 
allows determination of the depth of advancement into the 
pulmonary artery (Fig. 2-18); this may be important in instances 
where the pulmonary artery may be transected, such as lung 
transplantation.

Central Venous Pressure Air Aspiration Catheters
Specialized central venous catheters are often used during 
sitting craniotomies to aspirate air that has gained access to the 
venous circulation. Correct positioning is at the right atrial-
superior vena caval junction, and imaging is best in the mid-
esophagus with rightward rotation and a transducer angle of 
approximately 90° to 100° (Fig. 2-19).

Intraaortic Balloon Pump
The intraaortic balloon pump is best imaged in the descending 
aorta in a vertical TEE plane. Correct positioning of the catheter 
tip is at the inferior border of the transverse aortic arch.65 Once 
the tip of the balloon is visualized at a transducer angle of 



  2  Monitoring Ventricular Function in the Operating Room: Impact on Clinical Outcome 35

approximately 90°, the probe marking at the teeth is noted. The 
probe is slowly withdrawn until the left subclavian artery orifice 
is seen; the marking is again noted. The distance between the 
balloon and the subclavian orifice should be approximately 
5 cm (Fig. 2-20).

Left Ventricular Assist Device
As the left ventricular assist device withdraws blood from the 
left ventricle, LA pressure falls below right atrial pressure. (See 
Chapter 31.) It is important to determine whether a patent 
foramen ovale is present, because right-to-left shunting will 
invariably occur. Any thrombi detected on the left side of the 
heart must be dealt with before instituting flow through the 
device. A mechanical aortic valve, even if functional, should be 
replaced with a bioprosthetic valve to minimize the increased 
risk of valvular thrombosis and possible embolization. Mitral 
stenosis, if significant, may limit the ability of blood to be 
removed to the device by the inflow cannula. The orifice of the 

Figure 2-18  A, In this high esophageal 
short axis, the tip of the pulmonary artery 
(PA) catheter (arrow)  is seen in the main 
pulmonary  artery.  B,  The  balloon  is 
inflated (with resultant ring down artifact) 
and  the  pulmonary  artery  catheter 
advances into the right pulmonary artery 
(RPA). 

Ring down
Main PA

RPA

Ascending
aorta

A B

Figure 2-19  A  catheter  inserted  from  the  arm  is  positioned  at  the 
junction of  the right atrium and superior vena cava  (SVC)  to evacuate 
any  air  that  gains  access  to  the  venous  circulation  during  sitting 
craniotomy. 
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Figure 2-20  Intraaortic balloon pump (IABP ) positioned  in  the descending thoracic aorta. The  left subclavian artery  is visualized to ensure the 
IABP does not encroach on the vessel orifice. 
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ventricular apical cannula (inflow cannula) should be imaged 
in the four- and two-chamber views, and the lack of obstruction 
by adjacent walls should be ascertained (Fig. 2-21). On occa-
sion, the inflow cannula is placed in the left atrium via one of 
the pulmonary veins. Because the outflow cannula terminates 
in the ascending aorta (Fig. 2-22), it is important to rule out 
significant aortic regurgitation; this would lead to LV distension 
during aortic flow. Patients may return to the OR because of 
left ventricular assist device malfunction. The TEE exam should 
focus on possible causes: intracardiac thrombi, or problems 
with the cannulae themselves66 (Fig. 2-23).

Right Ventricular Assist Device
In positioning the right ventricular assist device, it is preferable 
to avoid impingement on the tricuspid valve.

Coronary Sinus Cannulation
The coronary sinus is cannulated through blind right atrial 
puncture for the purposes of administering retrograde cardio-
plegia. Occasionally, TEE guidance is required, especially in 
minimally invasive surgical procedures (Fig. 2-24).

Figure 2-21  The  inflow cannula of  the  left ventricular assist device  (arrow)  is seen to freely enter the apical  region of the  left ventricle and not 
abut the interventricular septum (IVS). Left panel, four-chamber view; right panel, transgastric short-axis view. 

Figure 2-22  The outflow cannula of  the  left ventricular assist device 
(LVAD) terminates in the ascending aorta. 
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Ascending
aorta

LVAD outflow cannula

LA

Figure 2-23  Because  of  left  ventricular  assist  device  malfunction,  this  patient  returned  to  the  operating  room  for  left  ventricular  assist  device 
exploration. Intraoperative TEE (left) revealed a thrombus impinging on the inflow cannula in the left atrium. The surgical specimen is seen at right. 
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Lung Transplantation
During lung transplantation, the use of TEE has been described 
in the evaluation of vascular anastomoses. The pulmonary 
venous anastomoses are generally well seen, and velocities  
are usually less than 1 m/sec in the absence of significant 
obstruction.67,68

The right pulmonary artery anastomoses (and less likely the 
left) may be visualized in the midesophageal ascending aortic 
short-axis view, although the angle of flow usually precludes 
Doppler interrogation of the anastomosis (Fig. 2-27).

If the recipient’s heart exhibits right ventricular hypertrophy, 
right ventricular outflow tract obstruction may develop when 
the new lungs are reperfused.

Liver Transplantation
During reperfusion of the transplanted liver, significant right-
sided embolization can occur, with resultant hemodynamic 
instability. TEE can aid in this diagnosis and guide treatment.

Alternate Techniques
EPICARDIAL/EPIAORTIC ECHOCARDIOGRAPHY

On occasion there may be contraindications to TEE, or the 
images obtained may be suboptimal. Using a high-frequency 
ultrasound probe in a sterile sheath, the cardiac surgeon can 
image the heart by placing it on the epicardial surface and 
obtain standard surface echocardiographic images69 (Fig. 2-28). 
Similarly, the ascending aorta may be scanned for regions of 
atheromatous disease, which should be avoided during aortic 
cross clamping70 (Fig. 2-29).

Transesophageal Echocardiography as a 
Monitor of Intraoperative Ventricular 
Function: Impact on Postoperative 
Outcomes and Cost-Effectiveness
The recommendations of the American Society of Anesthesiolo-
gists and the Society of Cardiovascular Anesthesiologists task 
force for the use of perioperative TEE71 and the European Asso-
ciation of Echocardiography for the use of intraoperative TEE 
in cardiac and noncardiac surgery72 are presented in Table 2-2.

Left Ventricular Vent

An LV vent is placed through the right superior pulmonary vein 
into the left atrium and advanced through the mitral valve into 
the left ventricle to drain excess ventricular volume on bypass.

Femoral Venous Cannula
Occasionally venous drainage on bypass is achieved through 
femoral venous cannulation with advancement into the right 
atrium (Fig. 2-25).

TRANSPLANT SURGERY

Heart Transplantation
TEE is used to examine the native heart for LV thrombi and to 
assess the function of the donor heart before procurement and 
after the recipient is separated from cardiopulmonary bypass, 
when the effects of the ischemic time may become evident.  
In addition, the anastomoses may be examined if obstruction 
is suspected, such as in the pulmonary artery anastomosis  
(Fig. 2-26).

Figure 2-24  The  coronary  sinus, 
visualized in a low esophageal view 
(left)  and  a  bicaval  view  (right).  In 
the  left panel,  the catheter  is  seen 
traversing the right atrium (RA) and 
entering the coronary sinus orifice. 
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Figure 2-25  The multiorifice femoral venous cannula is seen entering 
the right atrium from the  inferior vena cava  (IVC ). SVC, Superior vena 
cava. 
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Figure 2-26  Images obtained from a high esophageal window. A, Pressure gradient (PG) of 38 mm Hg across the pulmonary artery led to the 
diagnosis of an anastomotic obstruction  (arrow). B, Anastomosis was  revised with  resolution of  the gradient. PA, Pulmonary artery; RVOT,  right 
ventricular outflow tract; V, velocity. 
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Figure 2-27  Midesophageal ascending aortic short-axis view in a patient who received a right-sided lung transplant. In the left panel, the 
arrow indicates the slight narrowing of the anastomic site.  In the right panel, aliasing in the color Doppler signal  is seen at the anastomosis. PA, 
Pulmonary artery; RPA, right pulmonary artery. 
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the designs of these two studies is whether the additional pro-
cedures performed led to improved outcome. Bergquist and 
colleagues75,76 studied the concordance between real-time intra-
operative TEE interpretation by five cardiac anesthesiologists 
and offline analysis by two blinded investigators in the assess-
ment of LV filling, ejection fraction area, and regional wall 
motion. Results obtained by the two methods were within 10% 
of each other 75% of the time with respect to ejection fraction 
and filling. The accuracy of regional assessment was variable: 
more accurate for normal than for abnormal wall motion and 
better in anesthesiologists with more advanced echocardio-
graphic training. In the second part of the study, TEE was found 
to be the most important factor in guiding hemodynamic inter-
ventions in 17% of cases examined. What is lacking is a clear 
demonstration that the TEE assessments were correct and  
that the same interventions would not have been undertaken  
if guided by more traditional monitors. Cost and outcome  
were not examined. Mathew and colleagues77 demonstrated 
that cardiac anesthesiologists interpret TEE examinations at  
a level comparable to physicians whose primary practice is 
echocardiography.

At the Cleveland Clinic, Savage and co-workers78 examined 
the use of intraoperative TEE monitoring in a group of high-
risk patients undergoing coronary artery bypass graft. In addi-
tion to documenting numerous management changes related to 
TEE-derived information (Table 2-4), they documented lower 
short-term morbidity and mortality rates as compared with a 

Several studies have addressed the impact of intraoperative 
TEE monitoring of ventricular function during coronary bypass 
surgery. In all instances, benefits must be weighed against the 
reported complication rate of TEE of approximately 0.2%.71

In a study conducted at the Mayo Clinic, Click and col-
leagues72 prospectively analyzed the effect of intraoperative TEE 
on surgical management. TEE use (and thus inclusion in the 
study) was determined by the treating physicians. Of the 292 
patients having coronary artery bypass graft surgery, there were 
97 new TEE findings (33% of all cases) prebypass and 24 new 
TEE findings (8% of all cases) postbypass. This large number 
probably reflects a selection bias, because more complex cases 
were more apt to be selected for TEE.

In a series of unselected and consecutive cardiac surgical 
patients having exclusively coronary artery bypass graft with 
TEE monitoring, Qaddoura and co-workers,73 also at the Mayo 
Clinic, noted new prebypass findings in 52 patients, resulting in 
alterations of the surgical procedure in 21 of them; the most 
common occurrence was a previously undiagnosed patent 
foramen ovale (Table 2-3). Postbypass there were 19 new find-
ings in 15 patients, resulting in 15 surgical interventions in 10 
patients (see Table 2-3). In a retrospective review of 2343 
unselected patients having cardiac surgery, Forrest and assosi-
ates74 found a surgical impact of TEE findings of 4.5%. When 
the data for coronary artery bypass graft patients was analyzed, 
the surgical impact was 6.7% of high-risk patients versus 2.8% 
of low-risk patients. What would be difficult to determine given 

Figure 2-28  In the  left panel, the surgeon places an ultrasound probe directly on the epicardial surface after protecting it with a sterile sheath. 
In the right panel, a parasternal long-axis view is obtained. 
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Figure 2-29  In the  left panel, epiaortic scanning reveals a mobile atheroma in the ascending aorta, which  led to a modification of cannulation 
strategy. In the right panel, the mobile atheroma is seen in the open aortic root (arrow ). 

Aorta
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the findings of intraoperative TEE; whether these alterations of 
treatment were beneficial was not determined in follow-up. The 
claim of improved patient outcome must be tempered by the 
fact that most surgical changes involved closure of an asymp-
tomatic patent foramen ovale. Their findings are summarized 
in Table 2-9.

In the largest series to date of the impact of intraoperative 
TEE on decision making in cardiac surgery, Eltzschig and col-
leagues89 retrospectively examined 12,566 patients. From 1990 
to 2004, the frequency with which intraoperative TEE was per-
formed increased steadily (Fig. 2-30). The major findings, pre-
sented in Table 2-10, reveal that a large number of procedures 
were affected by TEE findings both before and after cardiopul-
monary bypass. As pointed out in the accompanying commen-
tary,90 changes in therapeutic management are not, as endpoints, 
as convincing as morbidity, mortality, and cost, but nonetheless 
the study and its magnitude were commended as an “excellent 
resource for the design of future, randomized, controlled trials 
examining the potential benefits of intraoperative TEE on clini-
cal outcome.”

The impact of monitoring of ventricular function during 
noncardiac surgery has not been studied as closely. In a 

historical group of patients with similar severity scores79 who 
were not monitored with TEE (Table 2-5). An individual not 
part of the anesthetic or surgical team read the TEE scan; it is 
uncertain whether someone involved in direct patient manage-
ment would have as readily garnered the information.

In studies from Australia,80 Europe,81,82 Canada,83 and India,84 
the real-time accrual of information with TEE was demon-
strated to be of value in the management of hemodynamic 
perturbations and the planning of the surgical procedure in 
coronary artery bypass graft and other cardiac surgical proce-
dures (Tables 2-6 and 2-7). No assessment of the effect of intra-
operative TEE monitoring on patient outcome was made. These 
studies and others are summarized in Table 2-8.

Cost effectiveness has been demonstrated by studies of the 
use of TEE in congenital cardiac surgery,85 preparation for elec-
tive cardioversion,86 and determination of antibiotic treatment 
duration in endocarditis.87 Similar data for routine TEE moni-
toring in coronary artery bypass graft are lacking.

Fanshawe and colleagues88 showed substantial savings with 
the routine use of TEE in cardiac surgical patients but not spe-
cifically coronary artery bypass graft. In a number of instances, 
surgery was either cancelled or newly recommended based on 

New Findings in 474 Coronary Artery Bypass Graft Patients and Surgical Impact by Intraoperative 
Transesophageal Echocardiography

New Findings Prebypass 
(46 Patients) n

Surgical Impact of Prebypass 
Findings (16 Patients) n

New Findings Postbypass 
(15 Patients) n

Surgical Impact of Postbypass 
Findings (10 Patients) n

PFO 22 PFO closed 7 Significant MR 3 MV Repair 2

MVP with MR 3 No surgical impact — Altered cardiac function Graft flow evaluation 3

Significant MR (5), TR 
(4), AR (3)

12 MV (2), TV (2),  
aortic valve (1) repair

5 Depressed LVF 6 Graft revision 5

Aortic valve disease 
(Lambl, mild AS)

2 Aortic valve explored (Lambl 
excised)

2 New RWMA 7 IABP inserted 5

Subvalvular AS 1 Myomectomy 1 New RWMA and 
depressed LV or RV 
function

2

Improved LVF 4 No IABP 4 Dynamic obstruction 1 Medical treatment —

Aortic atheroma 5 OPCAB 2 Total 19 Total 15

Depressed LVF and RVF 2 No surgical impact —

New RWMA 1 No surgical impact —

Total 52 Total 21

From Qaddoura FE, Abel MD, Mecklenburg KL, et al: Role of intraoperative transesophageal echocardiography in patients having coronary artery bypass graft surgery. Ann Thorac Surg 
78:1586-1590, 2004.

AR, Aortic regurgitation; AS, aortic stenosis; AV, aortic valve; EF, ejection fraction; IABP, intraaortic balloon pump; LVF, left ventricular function; MR, mitral regurgitation; MV, mitral 
valve; MVP, mitral valve prolapse; OPCAB, off-pump coronary artery bypass; PFO, patent foramen ovale; RVF, right ventricular function; RWMA, regional wall motion abnormality; 
TR, tricuspid regurgitation; TV, tricuspid valve.

TABLE 
2-3 

Surgical Management Alterations during Coronary 
Artery Bypass Grafting Based on Transesophageal 
Echocardiographic Findings

Alteration
Before 
CPB, n

Before CPB 
Separation, 

n

After CPB 
Separation, 

n
After 
CC, n

Total 
Number of 

Patients

Rush to CPB 2 — — — 2

Return to CPB — — 3 1 4

Reopen — — — 2 2

LVAD/ECMO 0 0 0 1 1

Additional redo 
grafts

8 2 3 1 12

IABP 4 3 2 0 9

From Savage RM, Lytle BW, Aronson S, et al: Intraoperative echocardiography is indicated 
in high-risk coronary artery bypass grafting. Ann Thorac Surg 64(2):368-373, 1997.

CC, Chest closure; CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane 
oxygenation; IABP, intraaortic balloon pump; LVAD, left ventricular assist device.

TABLE 
2-4 

Patient Outcomes with and without Intraoperative 
Transesophageal Echocardiography

Variable
Management 

with TEE
Management 
without TEE

Patients, n 82 478

Age, yr 68.4 64.8

Severity score 6.1 5.9

Hospital deaths, n (%) 1 (1.2) 18 (3.8)

Myocardial infarction, n (%) 1 (1.2) 14 (3.5)

Cardiac morbidity, n (%) 1 (1.2) 7 (1.5)

ICU CNS morbidity, n (%) 3 (3.6) 18 (3.8)

Hospital CNS morbidity, n (%) 1 (1.2) 16 (3.3)

From Savage RM, Lytle BW, Aronson S, et al: Intraoperative echocardiography is indicated 
in high-risk coronary artery bypass grafting. Ann Thorac Surg 64(2):368-373, 1997.

CNS, Central nervous system; ICU, intensive care unit.

TABLE 
2-5 
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Summary of Surgical Modifications Related to the 
Intraoperative Use of Transesophageal Echocardiography

Modification Number

Return on bypass for revision of coronary artery bypass graft 4

Modification of Planned Surgery
Valvular replacement cancelled 5

Valvular replacement or repair 11

Pleural drainage 3

Detection of air emboli before aortic unclamping 2

Surgical exploration for hemodynamic instability 7

Femoral artery bypass for aortic dissection 2

Others
Ventricular aneurysm resection 1

Aortoplasty 1

Cancellation of aortic dissection (diagnostic error) 1

Left ventricular assist device 1

Total 38

From Couture P, Denault AY, McKenty S, et al: Impact of routine use of intraoperative 
transesophageal echocardiography during cardiac surgery. Can J Anaesth 47(1):20-26, 
2000.

TABLE 
2-7 

Summary of Studies Examining the Alterations in Therapy during Cardiac Surgery with the Use of Intraoperative 
Transesophageal Echocardiography

Study Population Surgery Altered Therapy, n/% Outcome Reported

Bergquist and colleagues73,74 n = 75, 584 interventions C-revasc 98/17% of all interventions No

Savage and colleagues77 n = 82, “high risk” C-revasc Surgical change: 27/33% of patients Compared to historical controls

Savage and colleagues77 n = 82, “high risk” C-revasc Hemodynamic change: 42/51% of patients Compared to historical controls

Sutton and Kluger75 n = 120 C-revasc 16/13% of all patients No

Kolev and colleagues79 n = 224, 2232 interventions C-all NC 560/25% of all interventions No

Couture and colleagues81 n = 851 C-all 125/15% of all patients No

Mishra and colleagues82 n = 5016 C-all 1146/23% of all patients No

Click and colleagues70 n = 3245 C-all 441/14% of all patients pre-bypass
121/4% of all patients post-bypass

No

Qaddoura and colleagues71 n = 474 C-revasc 21/4% of all patients pre-bypass No

Qaddoura and colleagues71 n = 474 C-revasc 19/4% of all patients post-bypass No

Forrest and colleagues72 n = 1785
low risk n = 821
medium risk n = 696
high risk n = 268(140)

C-revasc 62/3.5% of all patients
2.8%
2.9%
6.7%

No

C-all, Coronary and noncoronary cardiac surgery; C-revasc, coronary revascularizations; NC, noncardiac surgery.

TABLE 
2-8 

Influence of Intraoperative Transesophageal Echocardiography as the Driving Force on Interventions Compared with Other 
Monitors

Intervention, n (%)

Monitor

TEE ECG
Arterial 
Catheter

PA 
Catheter Other* Total

Fluid bolus 275 (28) 0 129 (13) 73 (7) 519 996

Antiischemic therapy 207 (56) 114 (31) 11 (3) 31 (8) 9 372

Vasopressor or inotrope 
therapy

56 (16) 3 (1) 183 (51) 27 (7) 92 361

Change in anesthetic depth 4 (2) 0 164 (78) 2 (1) 41 211

Vasodilator therapy 6 (4) 9 (6) 96 (68) 13 (9) 18 142

Antiarrhythmic therapy 0 55 (89) 0 0 7 62

Surgical intervention 9 (17) 17 (33) 12 (23) 0 14 52

Miscellaneous 3 (8) 2 (6) 27 (75) 3 (8) 1 36

Total 560 (25) 200 (9) 622 (28) 149 (7) 701 2232

From Kolev N, Brase R, Swanevelder J, et al: The influence of transoesophageal echocardiography on intraoperative decision making: a European multicentre study. Anaesthesia 53(8):767-
773, 1998.

ECG, Electrocardiography; PA, pulmonary artery.
*Indicates that the interventions were not based on information from the four monitors studied. More than half of these interventions were transfusion of blood for low hematocrit.

TABLE 
2-6 

A Retrospective Analysis of the Costs and Benefits Related 
to Alterations in Cardiac Surgery from Routine 
Intraoperative Transesophageal Echocardiography 
Procedures (Other Than PFO) Changed by TEE

Procedure Proposed Procedure Performed TEE Findings
Number of 

Patients

CABG CABG + TVR TR + 4 1

MVR MV repair P2 prolapse 1

CABG CABG + MVR MR + 4 1

CABG + MVR CABG MR + 1 1

MVR — MR + 1 2

Estimated costs (in US$) for yearly TEE service per four operating rooms: machine, 
100,000; service contract, 25,000; probe replacement/repair 64,000; cleaning, 1200; 
storage/video, 3600; total cost 193,800.

From Fanshawe M, Ellis C, Habib S, et al: A retrospective analysis of the costs and benefits 
related to alterations in cardiac surgery from routine intraoperative transesophageal 
echocardiography. Anesth Analg 95:824-827, 2002.

TABLE 
2-9 

CABG, Coronary artery bypass grafting; MR, mitral regurgitation; MV repair, mitral valve 
repair; MVR, mitral valve replacement; P2, middle scallop of posterior mitral 
valve leaflet; PFO, patent foramen ovale; TR, tricuspid regurgitation; TVR, tricuspid 
valve replacement.
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organ transplantation. It must be emphasized that appropriate 
physician training and quality assurance are crucial to the 
correct interpretation of data. Numerous technologic advances 
are on the horizon and may improve intraoperative 
applicability.

retrospective review by Suriani and colleagues,91 the use of TEE 
was associated with some alterations in anesthetic and surgical 
management in most cases. However, the indications for TEE 
were subjective, and neither the cost effectiveness nor the effect 
on outcome was studied. Hofer and co-workers92 prospectively 
examined patients at “high risk” for myocardial ischemia who 
were having major noncardiac surgery. A large number of 
patients had therapeutic changes based on TEE findings (Table 
2-11), but outcome data were lacking. Other studies have also 
described the changes in intraoperative management during 
noncardiac surgery,93,94 but cost-effectiveness or outcome data 
were not provided. The authors acknowledge that randomized 
controlled clinical trials to evaluate outcome with intraopera-
tive TEE are difficult to perform.

Although data showing improved outcomes is lacking, intra-
operative TEE has become an essential tool in the assessment 
of ventricular function during cardiac surgery and in the moni-
toring of specific clinical entities, such as device placement and 

Figure 2-30  Percent  transesophageal  echocardiography  performed 
per year. Overview of TEE  (purple bars) performed per year  in 12,566 
cardiac  surgical patients who underwent  intraoperative TEE examina-
tion. (Blue bars, number of surgeries.) (From Eltzschig HK, Rosenberger 
P, Loffler M, et al: Impact of intraoperative transesophageal echocar-
diography on surgical decisions in 12,566 patients undergoing cardiac 
surgery. Ann Thorac Surg 85:845-853, 2008.)
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Influence of TEE on Surgical Decision Making

Surgical Subset

Pre CPB-TEE 
Influenced 

Surgical 
Decisions (%)

Post CPB-TEE 
Influenced 

Surgical 
Decisions (%)

All patients (n = 12,566) 7 2.2

CABG only (n = 3835) 5.4 1.5

Valve only (n = 3840) 6.3 3.3

CABG + valve (n = 2944) 12.3 2.2

From Eltzschig HK, Rosenberger P, Loffler M, et al: Impact of intraoperative transesophageal 
echocardiography on surgical decisions in 12,566 patients undergoing cardiac surgery. 
Ann Thorac Surg 85: 845-853, 2008.

CABG, Coronary artery bypass graft; CPB, cardiopulmonary bypass.

TABLE 
2-10 

KEY POINTS

 TEE is an essential tool for monitoring cardiac function 
in the operating room.

 TEE allows evaluation of ventricular function and filling 
pressures.

 Doppler-derived cardiac output is best calculated using 
velocity and diameter obtained from the left ventricular 
outflow tract.

 Although the calculation of left ventricular contractility 
using TEE is prohibitively complex, the fractional area 
of change provides a useful surrogate and is suited to the 
rapidly changing environment of the operating room.

 TEE assessment of intraoperative RV function is best 
accomplished by visual inspection and semiquantitative 
assessment in both the transgastric and the four-chamber 
views.

 Knowledge of the coronary circulation allows the echo-
cardiographer to inform the surgeon of culprit vessels in 
the setting of ischemic wall motion abnormalities.

 Using TEE, the echocardiographer can guide the surgeon 
in placement of the coronary sinus cardioplegia cannula, 
the intraaortic balloon pump, and other intravascular 
devices.

 After heart or lung transplantation, TEE is important in 
the assessment of overall graft function and anastomotic 
integrity.

 Using TEE, the echocardiographer can guide the surgeon 
in evacuating air from the left ventricle following cardio-
pulmonary bypass.

 TEE is particularly useful for in determining the etiology 
of failure to wean from cardiopulmonary bypass.

From Hofer CK, Zollinger A, Rak M, et al: Therapeutic impact of intra-operative 
transoesophageal echocardiography during noncardiac surgery. Anaesthesia 59:3-9, 
2004.

Preoperative Cardiovascular Diagnoses and Intraoperative 
Transesophageal Echocardiography: Incidence of 
Therapeutic Consequences

Total, N
Vasodilator, n 

(%)
Vasopressor, n 

(%)
Fluid, n 

(%)

CAD 61 36 (59) 28 (46) 11 (18)

CAD + valve 13 7 (54) 5 (39) 5 (39)

Valve 11 4 (36) 3 (27) 2 (18)

SWMA 28 26 (93)* 20 (71)* 9 (32)

EF <40% 15 8 (53) 6 (40) 1 (7)

LHF 10 8 (80)* 3 (30) 1 (10)

PAH 11 8 (73)* 8 (73)* 4 (36)

RHF 10 7 (70)* 5 (50) 2 (20)

Total 99 54 (55) 43 (43) 24 (24)

TABLE 
2-11 

Vasodilator/vasopressor/fluid, new therapy, or changes of therapy with respect to 
vasodilator/vasopressor and fluid management.

CAD, Coronary artery disease; EF, ejection fraction; LHF, left-sided heart failure; PAH, 
pulmonary arterial hypertension; RHF, right-sided heart failure; SWMA, systolic wall 
motion abnormality; Valve, valve diseases.

*P <0.05.
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Harmonic High–Mechanical-Index Intermittent Imaging
(Harmonic) Power Doppler
Low–Mechanical-Index Imaging Schemes

Qualitative and Quantitative Methods of Analysis
Continuous Infusion Imaging
Technical Equipment, Image Processing, and Artifacts

Safety of Ultrasound Contrast
Clinical Applications of Contrast Enhanced Ultrasound

Detecting Acute Ischemia/Risk Area in the Emergency 
Setting

Assessment of Myocardial Viability in the Acute and 
Chronic Setting

Detection of Coronary Artery Disease
Other Diagnostic Applications of Microbubbles

Improved Left Ventricular Cavity Opacification
Doppler Enhancement
Contrast Perfusion Imaging of Other Organs
Molecular Imaging with Contrast Ultrasound
Detection of Carotid Artery Atherosclerosis

Therapeutic Applications of Ultrasound and 
Microbubbles
Drug and Gene Delivery
Thrombolysis

The use of intravenous microbubbles for real-time perfusion 
imaging is now a reality. There is a consensus throughout 
the ultrasound community that ultrasound contrast is safe 
and effective for improving endocardial border delineation 
and should be used for improving left ventricular (LV) wall 
motion and detecting LV apical hypertrophy, noncompaction, 
thrombus, endomyocardial fibrosis, takotsubo, LV aneurysm, 
or pseudoaneurysm.1 Furthermore, multicenter studies have 
demonstrated perfusion imaging with ultrasound contrast is 
comparable to radionuclide imaging, with the potential to 
improve spatial resolution, detect subendocardial ischemia, 
and reduce ionizing radiation exposure to the patient. Single-
center studies have consistently demonstrated the incremental 
clinical benefit of myocardial perfusion imaging during dobu-
tamine, vasodilator, or bicycle stress echocardiography, and 
in the evaluation of acute coronary syndromes. Intravenous 
targeted microbubbles also have a potential role in molecular 
imaging of arteriogenesis and transplant rejection, as well as 
in the detection of remote ischemia. Ultrasound-mediated 
microbubble destruction serves as a mechanism for targeting 
drug and gene delivery. Image-guided targeted microbubble 
destruction with ultrasound is being used to noninvasively 
dissolve intravascular and microvascular thrombi in ischemic 
stroke and acute myocardial infarction animal models either 
with reduced-dose fibrinolytic agents or in the absence of 
fibrinolytic agents. The actual clinical role of contrast echo-
cardiography in these areas remains uncertain, but clearly 
the potential exists for tremendous advances in both the 
detection of cardiovascular disease and prompt noninvasive 
therapies.

Left Ventricular Ultrasonic  
Contrast Agents
CHARACTERISTICS OF MICROBUBBLES

Microbubbles must meet numerous physical and chemical stan-
dards to reach the LV cavity and myocardium following venous 
injection. The first requirement is size. Microbubbles greater 
than 8 µm in diameter are filtered from the pulmonary circula-
tion and will not reach the LV cavity.2 The scattering cross 
section of a microbubble is related to the sixth power of its 
radius, and thus the smaller bubbles that reach the LV are less 
reflective than the bubbles filtered by the pulmonary circula-
tion. To detect the comparatively weak echoes of the bubbles 
small enough for transpulmonary passage, imaging modalities 
have been developed that register the more “microbubble-
specific” resonant frequencies. The resonant frequency of a 
microbubble is inversely related to its diameter.3

Another problem arising with the small microbubble size is 
surface tension. The internal pressure of gases within micro-
bubbles is increased dramatically as the size of a microbubble 
decreases to less than 7 µm. Therefore, the gases within the 
microbubbles are at very high concentration and rapidly diffuse 
into blood. This immediately reduces their size and hence their 
contrast effect, a limitation that becomes most evident when 
attempts are made to obtain myocardial ultrasonographic con-
trast from an intravenous injection. Therefore, a second require-
ment for intravenous microbubbles is to have a method of 
preventing dissolution after exposure to blood. The gas compo-
sition is one of the most important factors for retention of 
microbubble size in circulation. First-generation contrast agents 
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multicenter clinical trials were performed with this unique 
microbubble to detect myocardial perfusion abnormalities 
during dipyridamole stress echocardiography.8 Another 
fluorocarbon-based microbubble, Imagify (Acusphere Inc., 
Lexington, Mass.) also sought FDA approval for a myocardial 
perfusion indication, but also was denied despite completing 
multicenter trials showing accuracy for detecting coronary 
artery disease equivalent to radionuclide imaging.9 This agent 
was used to improve LV opacification and assess myocardial 
perfusion (Fig. 3-1) and had receiver operator characteristics 
identical to those of radionuclide imaging in detecting coronary 
artery disease (Fig. 3-2).

Perfusion Imaging Techniques
Although high–molecular-weight gases have rendered thin-
shelled microbubbles more stable, their detection in the myo-
cardium with echocardiographic equipment is limited with 
conventional imaging techniques. The development of har-
monic imaging, intermittent imaging, harmonic power Doppler, 
and, more recently low mechanical-index (MI) real-time detec-
tion techniques has dramatically enhanced the myocardial con-
trast produced from intravenously injected microbubbles.

HARMONIC HIGH–MECHANICAL-INDEX  
INTERMITTENT IMAGING

Microbubbles in an ultrasonic field have the ability to scatter 
ultrasound not only linearly but also nonlinearly. At peak inci-
dent pressures (above 0.1 megapascals), the microbubbles 
respond in a nonlinear manner. This physical property is attrib-
utable to the fact that gas bubbles are compliant and react to 
insonation at diagnostic frequencies with compression and rar-
efaction, thus emitting radial oscillations. However, the magni-
tude of compression and rarefaction is not the same with each 
oscillation, and therefore both linear and nonlinear returning 
waves occur.10 The nonlinear responses occur in both the fun-
damental and harmonic frequencies and can be received and 
filtered by an appropriate echocardiography system. Because 
tissue and side lobes exhibit a significantly smaller nonlinear 
response to ultrasound, ultrasonic transducers that selectively 
receive the nonlinear responses produce a much better signal-
to-noise ratio and more sensitive detection of microbubbles 
than conventional imaging.11

Microbubbles are destroyed by real-time ultrasound when it 
is transmitted at diagnostic intensities (MIs greater than 0.3). 
Destruction can be reduced by selecting one frame out of every 
one to several cardiac cycles, usually with triggering the frame 
to the electrocardiogram. This has been referred to as intermit-
tent imaging. When the intermittent ultrasound impulse is at a 

contained room air, which is 78% nitrogen. Because nitrogen 
rapidly diffuses, these microbubbles survived only seconds.4 
To overcome this problem, slowly diffusing, high–molecular-
weight insoluble gases were incorporated into the microbub-
bles. The diffusivity of a gas is inversely proportional to the 
square root of its molecular weight (Graham’s law). When less 
soluble gases with a higher molecular weight were incorporated 
inside the microbubble, the microbubbles became more stable 
so that myocardial contrast could be visualized following intra-
venous injections. Perfluorocarbons have the added advantage 
of preferentially remaining a gas instead of becoming a liquid 
at higher temperatures (low Ostwald coefficient). Several types 
of microbubble solutions containing high–molecular-weight 
gases have been developed for potential clinical use (Table 3-1).

CLINICAL CONTRAST AGENTS

Optison (GE Healthcare, Princeton, N.J.) was the first 
perfluorocarbon-containing intravenous ultrasonographic 
contrast agent approved for use in humans. Its indication was 
enhancement of LV opacification from intravenous injection. 
Perfluorocarbon-exposed sonicated dextrose albumin (PESDA) 
is a contrast agent formulated on-site by sonicating 5% dextrose 
with 5% human serum albumin (3 : 1 mixture) after hand agi-
tating this mixture with the perfluorocarbon decafluorobutane. 
Intravenously injected perfluorocarbon-containing sonicated 
albumin microbubbles appear to have a rapid transit through 
the myocardium and do not affect LV function, coronary and 
systemic hemodynamics, or pulmonary gas exchange. Both 
PESDA and Optison have proven to be capable of creating 
consistent myocardial contrast enhancement in animal and 
human studies when used with newer imaging techniques.5-7

Definity (Lantheus Medical Imaging, North Billerica, Mass.) 
has also received U.S. Food and Drug Administration (FDA) 
approval for endocardial border detection. Definity is a lipid-
coated microbubble that is formed from two components: a 
long-chain lipid and an emulsifier. This is typically a saturated 
diacyl phosphatidylcholine and a polyethylene glycol spacer. To 
create stable microbubbles, this mixture must be activated with 
a Vialmix device. In Europe, Sonovue (Bracco Diagnostics, 
Milan, Italy) has been approved as a contrast agent for limited 
clinical applications. This microbubble has a phospholipid shell 
surrounding a sulfur hexafluoride gas.

Two recent ultrasound contrast agents sought FDA approval 
as myocardial perfusion imaging agents. One agent was formu-
lated by altering microbubble shell thickness (CARDIOsphere; 
Point BioMedical, San Carlos, Calif.). This agent has an albumin 
and polylactide shell that is of sufficient thickness that it remains 
stable in the bloodstream even though the encapsulated gas  
is nitrogen. Although it was never approved by the FDA, 

Recent Microbubble Formulations (Approved and Not Approved by the U.S. Food and Drug Administration)

Name Manufacturer Size, µm Concentration Shell Composition Indication Gas Content Availability

AI-700 Acusphere 2.9 — Synthetic polymer Myocardial perfusion Perfluorocarbon Not approved

CARDIOsphere Point BioMedical 4.0 — Polymer bilayer Myocardial perfusion Nitrogen Not approved

Definity Bristol-Myers Squibb 1.1-3.3 1.2 × 1010 Lipid encapsulated LV opacification Perfluoropropane USA

Optison7 GE Healthcare 2.0-4.5 5-8 × 108 Denatured albumin LV opacification Perfluoropropane

SonoVue Bracco 2.5 1.0-5.0 × 108 Phospholipids LV opacification and 
myocardial 
perfusion

Sulfur hexafluoride Europe, Asia

TABLE 
3-1 
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Figure 3-1  Example of a myocardial perfusion defect. These images were produced with the Acusphere contrast agent (Imagify) in a multicenter 
trial, comparing perfusion imaging with real-time perfusion echocardiography precontrast (A), at rest (B), and with stress (C), which shows a decrease 
in apical and lateral myocardial perfusion (arrows), with radionuclide stress (D) and rest (E) images, which show lateral ischemia, and the correspond-
ing angiogram (F) showing circumflex artery stenosis (arrow). (Reprinted, with permission, from Senior R, Monaghan M, Main ML, et al: Detection 
of coronary artery disease with perfusion stress echocardiography using a novel ultrasound imaging agent: two phase 3 international trials in com-
parison with radionuclide perfusion imaging. Eur J Echocardiogr 10:26-35, 2009.)
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(HARMONIC) POWER DOPPLER

Power Doppler images are based on the integrated power in the 
Doppler signal instead of its mean frequency shift, as used in 
conventional color Doppler.19 The amplitude of the Doppler 
signal is related to the concentration of moving scatterers at a 
particular location. This amplitude is much greater in the pres-
ence of microbubbles when compared with the signal of red 
blood cells.20 This type of Doppler signal is more sensitive, not 
subject to aliasing, and independent of the angle of insonation. 
Intermittent harmonic power Doppler, therefore, can be used 
just like intermittent harmonic imaging to examine myocardial 
blood flow changes. It is, however, subject to flash artifacts, 
which occur with movement of the heart. Harmonic power 
Doppler has been successfully employed in animal21 and human 
myocardial perfusion studies, showing satisfactory concordance 
in the comparison between echocardiographic and 99mTc-
sestamibi single-photon emission computed tomography 
(SPECT) stress imaging.22,23

LOW–MECHANICAL-INDEX IMAGING SCHEMES

Significant achievements have been made in low-MI real-time 
visualization of myocardial function and perfusion. Pulse inver-
sion Doppler is a multipulse technique that separates linear  
and nonlinear scattering using the radiofrequency domain.  
The concept is an extension of pulse inversion, in which alter-
nating positive and negative pulses of identical amplitude are 
transmitted into the tissue, the sum signal of which is equal to 
0 (Fig. 3-3). The responses of linear scatterers to this kind of 
pulse, therefore, will be canceled. On the other hand, the signal 
from nonlinear scatterers (which do not react to positive and 
negative pressures in the same way) will not be equal to 0 and 
can be registered as a bubble-specific response.24 Pulse inversion 
Doppler overcomes motion artifacts by sending multiple pulses 
of alternating polarity into the myocardium. This allows one to 
visualize wall thickening and contrast enhancement simultane-
ously at very low MIs (less than 0.2) while maintaining an 
excellent signal-to-noise ratio. Since it can receive only even 
order harmonics, however, there is significant attenuation, espe-
cially in basal myocardial segments in apical windows. Initial 
studies using this technique in humans have demonstrated bril-
liant myocardial opacification from very small bolus injections 
of intravenous Optison.25,26

Power modulation is another technique that improves the 
signal-to-noise ratio at very low MIs. This technique, developed 
by Philips (Andover, Mass.), is also a multipulse cancellation 
technique, only here the power of each pulse is varied. The low-
power pulses create a linear response, whereas the slightly 
higher power pulse results in a linear response from tissue but 
a nonlinear response from bubbles. The linear responses from 
the two different pulses (the amplified low-power pulse and the 
slightly higher power pulse) can be subtracted from each other. 
The transducer then sees only the nonlinear behavior, which 
emanates exclusively from the microbubbles. Both pulse inver-
sion Doppler and power modulation can be used at very low 
MIs to assess myocardial contrast in real time with excellent 
spatial resolution at higher bandwidths.

Contrast pulse sequencing (Siemens Acuson Sequoia; Moun-
tain View, Calif.) extends these multipulse techniques by inter-
pulse phase and amplitude modulation.27 An example of the 
excellent myocardial tissue rejection and increased microbubble 
signal intensity with contrast pulse sequencing in a normal 

high intensity (MIs above 0.9), there is a strong and brief non-
linear echo. This transient scattering produces a large contrast 
signal from the microbubbles.12,13 Interrupting the high-
intensity ultrasound for a short period of time allows for replen-
ishment of microbubbles, which serve to produce contrast 
enhancement for the subsequent triggered frame. When micro-
bubbles are administered as a continuous infusion and the ultra-
sound pulsing interval is incrementally varied, the reappearance 
of bubbles in the myocardium permits the calculation of mean 
microbubble velocity and plateau (or peak) myocardial signal 
intensity.14 Because the background subtracted plateau intensity 
correlates with capillary cross-sectional area, multiplying the 
contrast replenishment rate and plateau intensity allows one to 
quantify myocardial blood flow changes. Therefore, with a com-
bination of second harmonic and intermittent imaging, it has 
become possible to noninvasively examine myocardial perfu-
sion in animals and humans using a wide variety of intravenous 
higher molecular-weight microbubbles.3,15-18

Figure 3-2  Receiver operator characteristic curve for myocardial per-
fusion  imaging  with  the  Acusphere  contrast  agent  and  radionuclide 
single photon emission computed tomography (SPECT) imaging com-
pared to quantitative coronary angiography in 622 chronic, stable, chest 
pain  patients  (top)  and  in  the  492  patients  without  prior  myocardial 
infarction  (bottom).  The  points  on  the  curves  indicate  the  results  for 
each reader  (4  for SPECT and 6  for PSE).  (Reprinted, with permission, 
from Senior R, Monaghan M, Main ML, et al: Detection of coronary 
artery disease with perfusion stress echocardiography using a novel 
ultrasound imaging agent: two phase 3 international trials in compari-
son with radionuclide perfusion imaging. Eur J Echocardiogr 10:26-35, 
2009.)
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intramyocardial microbubble concentrations; with an increase 
of the concentration, however, echocardiographic systems nor-
mally reach a saturation point, where videointensity is no longer 
proportional to the microbubble concentration.28 This becomes 
a factor with bolus injections of microbubbles, in which tran-
sient high concentrations can be reached even in regions with 
reduced myocardial blood flow, leading to a brief period during 
which contrast enhancement falsely appears normal in these 
regions. It is not until microbubble concentration falls during 
the washout period that differences in microbubble concentra-
tion are visually evident. It is during this time period that there 
is a linear relationship between concentration and signal 

patient from the apical four-chamber view is displayed in Figure 
3-4. Table 3-2 summarizes the various perfusion imaging tech-
niques and lists their advantages and disadvantages.

Qualitative and Quantitative Methods  
of Analysis

Regardless of the route of microbubble injection, an accurate 
definition of microbubble concentration in the myocardium 
requires that the relationship between concentration and  
signal intensity be linear. This precondition is fulfilled at low 

Figure 3-3  How pulse inversion is used to sup-
press nonlinear responses from tissue and elicit 
nonlinear responses from microbubbles. Pulses of 
alternating  polarity  (A),  when  transmitted  to  tissue, 
will cancel each other out with the summed response 
shown in B. However, because microbubbles respond 
nonlinearly  to  these  pulses  of  alternating  polarity, 
there is actually a nonlinear response (C) at twice the 
transmitted  frequency.  (With permission from Rafter 
P, Phillips P, Vannan MA: Imaging technologies and 
techniques. Cardiol Clin 22:181-197, 2004.)
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Figure 3-4  Contrast pulse sequencing images. Example of the absence of tissue signal from the LV cavity or muscle (apical four-chamber view 
prior to contrast  in panel A) and the bright LV cavity (B) and myocardial contrast enhancement (C)  in a patient being imaged with the interpulse 
phase and amplitude modulation scheme. (With permission from Contrast Pulse Sequencing; Siemens Acuson Sequoia.)
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Different Low–Mechanical-Index Imaging Techniques

Name Company Manufacturer Tissue Cancellation Nonlinear Activity Advantages/Disadvantages

Pulse inversion Doppler Philips Alternating polarity Even order harmonics Spatial resolution/
Attenuation and low sensitivity

Power modulation Philips Agilent Alternating amplitude Fundamental Sensitivity/
Sensitivity
Poor resolution

Contrast pulse sequencing Siemens
Acuson

Alternating amplitude/polarity Fundamental and harmonics Sensitivity and resolution/
Sensitivity

The methods by which the pulse sequence schemes cancel tissue and the frequency in which enhanced nonlinear response is detected is also shown.

TABLE 
3-2 
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Alternatively, if one is imaging at low MI in real time, brief 
high-MI impulses can be applied to the imaging plane, fol-
lowing which replenishment can be visualized in real time at 
a low MI (Fig. 3-5). The plateau background-subtracted myo-
cardial contrast intensity of a respective myocardial region is 
related to the capillary cross-sectional area. The rate at which 
this plateau stage is achieved (slope) is proportional to the 
blood flow velocity in that region. Because the peak 
background-subtracted myocardial videointensity is directly 
related to capillary cross-sectional area, the slope times peak 
or plateau myocardial videointensity represents a measure of 
myocardial blood flow.13 Although this methodology holds 
much promise, incomplete destruction of microbubbles in the 
ultrasound field could lead to significant underestimation of 
myocardial blood flow abnormalities.32 Models have been pro-
posed and validated that correct the plateau myocardial signal 
intensity (which is subject to regional ultrasound beam inho-
mogeneities) by dividing this value by the adjacent LV cavity 
intensity (Fig. 3-6). The replenishment versus time curve fits a 
one-exponential curve function and has been useful for quan-
tifying myocardial blood flow. The normalized plateau inten-
sities multiplied by the rate of contrast replenishment and 
divided by tissue density are used to compute myocardial 
blood flow.33,34 Continuous infusion techniques can be done 
with infusion pumps or handheld infusions. With either of 
the commercially available contrast agents, one can mix them 
at the bedside with saline and infuse them either as a continu-
ous drip or as a handheld infusion.

TECHNICAL EQUIPMENT, IMAGE PROCESSING, 
AND ARTIFACTS

Processing and analysis play a major role in the quantitative, 
reproducible assessment of echocardiographic myocardial per-
fusion. In most cases, myocardial signal intensity in one or more 

intensity. With bolus intravenous injections of microbubbles, 
the myocardial contrast intensity during this washout period is 
a reflection of myocardial blood volume. Estimates of myocar-
dial blood flow cannot be ascertained from bolus injections, 
because mean transit times cannot be obtained from time 
intensity curves as a result of dispersion of the bolus by intra-
pulmonary filtering. Therefore, with intravenous injections, 
myocardial blood volume (peak intensity) can be estimated, but 
quantification of myocardial blood flow is not possible.

CONTINUOUS INFUSION IMAGING

The difficulties arising with thresholding effect and saturation 
point of echocardiography systems can partly be avoided by 
using a continuous peripheral venous infusion for micro-
bubbles instead of a bolus injection. This method assumes that 
the input of microbubbles into the myocardium is constant. 
The practical advantage of a continuous infusion is that attenu-
ation artifacts due to high contrast intensity in the LV cavity 
can be reduced.29,30 Moreover, the contrast dosage administered 
can easily be adjusted depending on the individual imaging 
conditions of different patients.31

Starting from the presumption that a true continuous 
venous infusion of a constant number of microbubbles can be 
achieved, a quantitative assessment of myocardial blood flow 
is possible. The ultrasound beam destroys these microbubbles 
when a high MI is used, so that insonation at high MIs results 
in almost complete bubble destruction with every pulse. Trig-
gering ultrasound to one frame timed to end-systole in the 
cardiac cycle at a sequence of incrementally longer cardiac 
cycles allows a replenishment of contrast agent corresponding 
to flow to the given region during that time sequence. The 
longer the triggering intervals are set, the more microbubbles 
refill the capillaries and the higher the signal intensity to be 
registered in the tissue, until finally a plateau phase is reached. 

Figure 3-5  Example of myocardial contrast replenishment. After a high-mechanical-index (MI) impulse (depicted as the bright flash in the second 
apical three-chamber image in the top panels) the time curve of myocardial contrast intensity is shown (bottom panel). using a typical low-MI pulse 
sequence scheme. Note that after the high-MI impulse, there is replenishment of myocardial contrast while imaging at a low MI (0.2). This can be 
plotted and fitted to the one-exponential function. (With permission from Rafter P, Phillips P, Vannan MA: Imaging technologies and techniques. 
Cardiol Clin 22:181-197, 2004.)
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intensity and rate of replenishment (A × beta) to detect coro-
nary artery disease.40

Three-dimensional real-time perfusion concepts have been 
developed, which attempt to quantify myocardial blood flow 
changes using volumetric acquisition protocols.41 In this setting, 
high-MI impulses to destroy microbubbles during continuous 
infusions of microbubbles cover a volume of interest (as 
opposed to a single imaging plane). Care must be taken with 
this approach to prevent LV cavity destruction, and thus main-
tain a constant input function. The feasibility and accuracy of 
this approach have yet to be determined.

Safety of Ultrasound Contrast
In October 2007, the FDA issued a Box Warning regard-
ing the use of Definity and Optison, stating that deaths  
had occurred within 30 minutes of contrast administration 
(http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafety
InformationforPatientsandProviders/ucm110260.htm). The 
echocardiographic community was obviously concerned and 
perplexed with this warning, as it seemed to be inconsistent 
with what was observed in routine practice. To study this, 
several single and multicenter experiences were reported, and 
no such increase in mortality was observed when compared 
with an equivalent patient population not receiving contrast 
(Table 3-3). As can be seen in the table, there was no increased 
risk associated with contrast use in well over 100,000 patients, 
including patients in the intensive care setting, patients with 
potential acute coronary syndromes undergoing resting or 
stress echocardiography, or patients following acute myocardial 
infarction.42-54 A rare anaphylactoid reaction may occur in 
response to Definity; this is estimated to occur with a frequency 
of 0.006%.50 More recent publications focusing on the use of 
contrast within the first 24 hours of hospital admission have 
demonstrated that patients receiving contrast may have a 
reduced mortality rate compared to patients not receiving con-
trast, suggesting that the increased diagnostic accuracy afforded 
by the use of contrast may lead to earlier correct diagnoses and 

regions of interest per frame is specified. The regions of interest 
have to be maintained in a constant position, large enough to 
provide the highest signal-to-noise ratio, but without including 
any parts of the brighter endocardial or epicardial border. The 
alignment, manually or by a computer algorithm, should be 
performed at or near end-systole, to reduce contributions from 
contrast in larger intramyocardial arterioles.35 Regions of inter-
est should also corrected by using background subtraction,36 
performed by subtracting any background intensity post 
high-MI impulses from contrast-enhanced pictures. If the 
signal intensity in the regions of interest is measured from video 
data, it can be displayed in a dynamic range of 256 pixels, the 
different values related to the pixel that contains the highest 
signal intensity. Because the ability of the human eye to distin-
guish among many shades of gray is relatively poor, color coding 
is a helpful tool for better detection of perfusion abnormali-
ties.36,37 To prevent the loss of information that comes from 
analyzing video images, digital intensity obtained from return-
ing signals before postprocessing is more commonly used today. 
This information is unprocessed and not affected by the post-
processing functions of the imaging chain. All quantitative 
analyses to date have been shown to be time consuming and 
technically demanding.38 Nonetheless, there is general agree-
ment that visual analysis of myocardial perfusion data will be 
inadequate when quantifying myocardial contrast enhance-
ment from venous infusions of contrast.

Commercially available ultrasound systems and digital review 
stations are now equipped with quantitative signal intensity 
systems that can measure contrast intensity as well as myocar-
dial blood flow changes using the one-exponential function. 
Quantification of myocardial contrast enhancement will require 
that we understand what normal variations in contrast enhance-
ment exist within different regions. Animal and human studies 
have demonstrated that there is a regional heterogeneity in 
myocardial contrast enhancement from microbubbles.33,34,39 A 
recent metaanalysis of quantitative stress myocardial contrast 
echocardiography (MCE) has demonstrated the potential for 
both the rate of replenishment (beta) and the product of plateau 

Figure 3-6  Normalization of myocardial signal intensity for quantitation of myocardial blood flow. Regions of interest are shown in a perfu-
sion phantom (A) and normal human (B). Quantification of myocardial blood flow is performed by normalizing each myocardial signal intensity with 
the adjacent LV cavity to compensate for regional beam inhomogeneities and beam attenuation.  (With permission from Vogel R, Indermuhle A, 
Reinhardt J, et al: The quantification of absolute myocardial perfusion in humans by contrast echocardiography. J Am Coll Cardiol 45:754-762, 2005.)
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isolated ventricular premature depolarizations, but no sus-
tained arrhythmias induced by these transient high-MI impulses 
from diagnostic transducers have been observed.58

Clinical Applications of Contrast 
Enhanced Ultrasound
DETECTING ACUTE ISCHEMIA/RISK AREA IN 
THE EMERGENCY SETTING

In several animal and human investigations, intracoronary 
ultrasound contrast injections have successfully delineated the 
area at risk after acute myocardial infarction, which is defined 
as the complete transmural extent of the perfusion bed supplied 

subsequent reduced mortality.48 These publications have also 
demonstrated the significant value that contrast has even when 
just being used for enhancing LV opacification, where more 
than 35% of patients evaluated had a change in diagnosis when 
contrast was added to the echocardiographic examination or a 
change in medications.55

Although diagnostic ultrasound MIs do have the potential to 
disrupt capillaries and induce both hemorrhage and hemolysis, 
these studies have still only been done in settings where minimal 
attenuation of the ultrasound beam exists.56 Much larger human 
trials using ultrasound and contrast during stress echocardiog-
raphy have confirmed no significant adverse effects occur.54,57 
High-MI impulses (MI up to 1.9) applied during dobutamine 
stress echocardiography (DSE) have the potential to elicit  

Safety of Ultrasound Contrast Agents

Study Year
Contrast 

Agent
Study 

Nature

Total  
No. of 

Patients

No. of 
Contrast 
Patients

No. of 
Noncontrast 

Patients

Contrast Noncontrast

Death MI Death MI

Exuzide et ala 2010 Optison Critically ill 14,500 2900 11,600 38 (1.3%) NA 129 (1.1%) NA

Abdelmoneim 
et alb

2010 Definity 
Optison

Elevated 
RVSP

16,434 6164 10,270 1 (0.016%) 3 (0.03%) 2 (0.03%) 5 (0.05%)

Abdelmoneim 
et alc

2009 Definity 
Optison

26,774 10,792 15,982 1 (0.009%) 3 (0.028%) 2 (0.013%) 7 (0.044%)

Dolan et ald 2009 Definity 
Optison

Stress echo
Resting echo

48,308 42,408 5900
(rest echo)

0 (0%) 
within 
30 min

2 (0.01%) 
within 
24 hr

0 (0%) 
within 
30 min

8 (0.019%) 
within 
24 hr

0 (0%) within 
30 min

1 (0.017%) 
within 
24 hr

Only rest echo

0 (0%) within 
30 min

7 (0.01%) 
within 
24 hr

Only rest echo

Gaibazzi et ale 2009 SonoVue 500 500 NA 0 (0%) 0 (0%) 0 (0%) 2 (0.1%)

Anantharam 
et alf

2009 SonoVue 
Luminity

2775 689 2086 0 (0%) 0 (0%) 0 (0%) 2 (0.1%)

Main et alg 2008 Definity Hospitalized 
patients

4,300,966 58,254 4,242,712 616 (1.06%) NA 45,789 
(1.08%)

NA

Gabriel et alh 2008 Definity 
Optison

9798 4786 5012 2 (0.04%) NA 3 (0.06%) NA

Wei et ali 2008 Definity 
Optison

78,383 78,383 NA 0 (0%) NA NA NA

Kusnetzky  
et alj

2008 Definity Hospitalized 
patients

18,671 6196 12,475 26 (0.42%) NA 46 (0.37%) NA

Shaikh et alk 2008 Definity 
Optison

5069 2914 2155 0 1 (0.03%) 0 0

Timperley  
et all

2005 SonoVue 
Optison

751 751 NA 0 (0%) NA NA NA

Tsutsui et alm 2005 Definity 
Optison

2498 1486 1012 0 (0%) 0 (0%) 0 (0%) 0 (0%)
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within the infarct zone by continuous infusion intravenous 
MCE was highly predictive of regional recovery of function.70 
Restoration of microvascular perfusion was most likely to 
occur if patients demonstrated at least partial perfusion to the 
risk area before primary stenting. In recent comparative studies 
between nitroglycerin-enhanced SPECT and MCE, the assess-
ment of myocardial viability by MCE was superior to that by 
SPECT in predicting patient outcome.71 Multicenter studies 
have recently demonstrated that the extent of microvascular 
damage, assessed on day 1 following reperfusion therapy in 
acute myocardial infarction, is the most powerful independent 
predictor of whether LV remodeling will occur.72 Furthermore, 
MCE performed during dipyridamole infusion 1 week after 
acute myocardial infarction in patients receiving primary fibri-
nolytic therapy has been shown to be useful in both detecting 
a significant residual stenosis within the infarct vessel and pre-
dicting when multivessel coronary disease is present.73

Visualization of collateral myocardial blood flow to the risk 
area before and after revascularization following acute myo-
cardial infarction has been demonstrated with intracoronary 
contrast. In patients with occluded vessels, injection of ultraso-
nographic contrast material into adjacent coronary arteries can 
produce myocardial contrast enhancement in the perfusion bed 
subtended by the occluded vessel.74,75 This phenomenon is clini-
cally relevant because it indicates viability of the perfusion bed 
subtended by the occluded coronary artery.76 Sabia and associ-
ates77 demonstrated that revascularization of an occluded coro-
nary artery after myocardial infarction resulted in improved 
function only when myocardial contrast enhancement was 
observed following ultrasound contrast injection into the oppo-
site coronary artery.78 The spatial extent of collateral blood flow 
as defined by contrast echocardiography correlated closely with 
improvement in regional function within the infarct zone. Table 
3-4 summarizes the clinical studies performed evaluating the 
ability of MCE to detect myocardial viability, both in the post–
myocardial infarction setting and in the evaluation for hiber-
nating myocardium.

In patients with chronic coronary artery disease and LV dys-
function, both the visual and quantitative assessment of MCE 
during a continuous infusion of intravenous microbubbles has 
provided significant independent data on the effects of revas-
cularization to that segment, exceeding that which can be 
obtained with radionuclide imaging.79 In this setting, the 
product of the slope of myocardial replenishment and plateau 
myocardial contrast intensity (an index of myocardial blood 
flow) in dysfunctional segments correlated with contractile 
reserve by low-dose dobutamine, as well as greater than 60% 
thallium uptake with radionuclide SPECT. More importantly, 
this index of myocardial blood flow by MCE was able to identify 
viable myocardium in segments that did not exhibit contractile 
reserve by DSE.80 However, these studies have all had small 
patient numbers and have yet to be verified in multicenter 
studies.

DETECTION OF CORONARY ARTERY DISEASE

With Vasodilator Stress Perfusion Imaging
Until the past few years, radionuclide scintigraphy has been the 
diagnostic tool to address myocardial perfusion during stress 
testing. This method, especially when performed with 99mTc 
rather than 201Tl, provides high sensitivity in identifying patients 
with coronary artery disease. It is limited, however, by poor 
spatial resolution and frequent attenuation artifacts. With 

by an occluded coronary artery.59-61 These studies have shown 
that area at risk measured with intracoronary contrast is supe-
rior to clinical, electrocardiographic, hemodynamic, or angio-
graphic data in determining actual risk area. Intravenous 
microbubbles encapsulating high–molecular-weight gases in 
combination with new imaging techniques have made the rapid 
noninvasive assessment of risk area possible in an acute setting. 
In several animal experiments, the spatial distribution of hypo-
perfusion after coronary artery occlusion and reperfusion has 
been accurately quantified with intravenous myocardial con-
trast echocardiography.5,62-64 Perfusion defects delineated by 
ultrasound contrast have correlated with the extent of wall 
motion abnormality in the corresponding myocardial segment 
and postmortem measurements of risk area.62 Continuous 
infusions of microbubbles have been employed to quantify 
reductions in myocardial blood flow using the destruction-
replenishment techniques described previously.14

Resting MCE data have been used in the emergency depart-
ment in a large number of patients with chest pain and  
nondiagnostic electrocardiograms. In patients with low or 
moderate clinical risk scores, myocardial perfusion assessed 
with intermittent high-MI ultraharmonic or harmonic power 
Doppler imaging provided incremental prognostic information 
to the clinical assessment of risk (Thrombolysis in Myocardial 
Infarction [TIMI] Risk Score). Patients with both abnormal 
regional wall motion and abnormal myocardial perfusion in 
these single-center studies had a significantly worse event-free 
survival when compared to patients with abnormal regional 
function but normal myocardial perfusion.65

ASSESSMENT OF MYOCARDIAL VIABILITY IN 
THE ACUTE AND CHRONIC SETTING

Identification of patients with the “no-reflow” phenomenon 
has proven to be an important clinical application for myocar-
dial contrast echocardiography. This phenomenon, described 
first in an animal setting by Kloner and associates66 in 1974, 
is characterized by a lack of recovery in microvascular perfu-
sion, although the occluded coronary artery is successfully 
reopened by percutaneous intervention or thrombolysis. Ito 
and co-workers67 were the first to systematically examine myo-
cardial microvascular perfusion with intracoronary microbub-
bles in patients with acute anteroseptal myocardial infarction 
immediately following restoration of antegrade flow in the left 
anterior descending artery. Using intracoronary sonicated 
radiographic contrast, they demonstrated that 23% of the 
patients had persistent contrast defects (i.e., no reflow) in the 
area at risk after recanalization. The long-term prognosis of 
these no-reflow patients was impaired, and there was signifi-
cant deterioration in regional and global systolic function at 
follow-up. These findings have been confirmed by other inves-
tigators. Several investigators have succeeded in detecting the 
no-reflow phenomenon from intravenous administration of 
microbubbles in patients with acute myocardial infarction fol-
lowing revascularization. Lepper and colleagues68 studied myo-
cardial contrast enhancement in patients with acute infarction 
undergoing angioplasty immediately before and 24 hours after 
recanalization using intravenous perfluorocarbon-containing 
microbubbles and intermittent harmonic imaging. An 
improvement of myocardial perfusion within 24 hours after 
intervention was predictive of functional recovery verified at 
4-week follow-up.69 In patients undergoing primary coronary 
stenting, homogenous myocardial contrast enhancement 
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intravenous perfluorocarbon contrast agents and nonlinear 
ultrasonographic techniques, detection of underperfused myo-
cardial segments during stress echocardiography has become 
feasible. Initial studies deployed intermittent harmonic or 
power Doppler imaging techniques to detect coronary stenoses 
during vasodilator stress.23,81 Real-time perfusion and other 
lower MI imaging techniques have been applied to vasodilator 
stress as well. Multicenter studies comparing MCE with radio-
nuclide SPECT during dipyridamole stress have demonstrated 
a similar sensitivity and specificity between the two techniques, 
regardless of stenosis severity.82,83 Prognostically, real-time per-
fusion during dipyridamole stress has been shown to be supe-
rior to SPECT in predicting patient outcome.84

Both adenosine and the selective A2A receptor antagonist 
regadenoson have been used as vasodilator stress agents with 
real-time perfusion imaging and have demonstrated excellent 
sensitivity and specificity for detection of coronary artery 
disease.85,86 Regadenoson has the advantage that it can be given 
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Predictive Value of MCE for Detection of Myocardial Viability within 7 Days After Acute Myocardial Infarction, and for 
Identification of Hibernating Myocardium

Study N Follow-up (months) Sensitivity Specificity Reference Standard

Detection of Myocardial Viability Post Myocardial Infarction
 Swinburn et ala 96 3-6 59% 76% RF

 Main et alb 34 2 77% 83% RF

 Hillis et alc 37 2 80% 67% RF

 Janardhana et ald 50 3 87% 78% RF

 Korosoglou et ale 32 1 81% 88% RF

 Huang et alf 34 4 83% 82% RF

 Nunes Sbano et alg 50 6 95% 52% RF

 Abe et alh 21 6 98% 32% RF

 Dwivedi et ali 95 46 80% 76% CO

 Galiuto L et alj 110 6 70% 74% RF

Detection of Hibernating Myocardium
 Korosoglou et alk 43 3 86% 64% RF

 Chelliah et all 39 3 88% 61% RF

 Korosoglou et alm 34 3-6 88% 66% RF

 Shimoni et aln 20 3-4 82% 69% RF

The reference standard was either recovery of regional function (RF) or clinical outcome (CO, defined as death or nonfatal myocardial in farction).

TABLE 
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as a 400-mcg bolus, with immediate real-time perfusion 
imaging, resulting in a 10-minute stress test. An example of an 
inducible perfusion defect following a regadenoson bolus injec-
tion is demonstrated in Figure 3-7. More recently, adenosine 
stress real-time perfusion has been compared with 3-tesla 
cardiac magnetic resonance imaging as a reference standard for 
the detection of functionally significant coronary artery disease. 
It was found to have sensitivity of 85% and specificity 74%.87 
Table 3-5 summarizes all recent studies using vasodilator stress 
MCE to detect coronary artery disease and predict patient 
outcome.

During Dobutamine or Exercise  
Stress Echocardiography
Real-time perfusion techniques have been used to detect coro-
nary stenoses during exercise and DSE. In predominately single-
center studies, real-time perfusion echocardiography has been 
shown to increase the sensitivity of the dobutamine stress test 
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Figure 3-7  Inducible perfusion defect in the inferior wall (arrows) following a regadenoson (Reg) bolus injection. Contrast images at reat 
with stress (left) are shown in the apical two-chamber (A2C) and long-axis (A3C) views. Angiography (Angio) shows a severe stenosis (arrow) in the 
proximal right coronary artery. 

Rest Reg

Rest Reg1

Angio

StressRest

A2C
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Study Year Test N Bolus or CI Mode Sensitivity Specificity Accuracy
Standard 
Reference 

Tsutsui54 2005 Dipy or
Adeno

36 Bolus TRI and RT — — TRI 81%
RT 85%

SPECT

Wintera 2005 Adeno 36 CI RT 81% 67% 79% Angio

Jeetley82 2006 Dipy 123 CI TRI 80% 63% — Angio

Toledob 2006 Dipy 34 CI TRI 83% 67% 75% Angio

Gudmundssonc 2006 Adeno 35 CI RT 83% 93% 92% SPECT

Korosoglou106 2006 Dipy or
Adeno

89 CI RT 83% 72% — Angio

Malmd 2006 Adeno 43 CI RT 77% 69% 73% Angio

Xie85 2007 Adeno 40 CI RT 73% 90% 84% Angio

Wasmeiere 2008 Adeno 24 Bolus RT 67% 67% — Angio

Lipiecf 2008 Dipy 103 Bolus RT 67% 86% 70% Angio

Mor-Avig 2008 Adeno 16 CI RT 71% 94% 90% Angio

Hayat106 2008 Dipy 63 CI RT 92% 95% — Angio

Senior9 2009 Dipy 285*
377*

CI
CI

RT
RT

61%
71%

74%
64%

68%
69%

Angio
Angio

Gudmundssonh 2009 Adeno 50 CI RT 92% 93% 93% SPECT

Abdelmoneimi 2009 Adeno 79 CI RT 78% 73% 72% Angio

Gaibazzij 2010 Dipy 150 CI RT 96% 38-69% 61-87% Angio

Arnold87 2010 Adeno 65 CI RT 85% 76% 82% CMR

Gaibazzik 2010 Dipy 400 Bolus RT 96% 66% 86% Angio
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Vasodilator Myocardial Perfusion Stress Imaging Studies Performed with Intravenous Ultrasound Contrast during Stress 
Echocardiography in the Past 5 Years

TABLE 
3-5 
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Artifacts in Myocardial Perfusion Assessments
One must be able to differentiate potential artifacts that create 
the appearance of perfusion defects. The most comment artifact 
is that due to attenuation. This typically occurs in basal seg-
ments and is differentiated from true defects by its location. 
Attenuation typically masks not only the myocardium but adja-
cent epicardial and endocardial borders as well. Attenuation is 
usually present both at rest and during stress, whereas inducible 
defects are present only during stress and typically involve just 
the subendocardium. Other potential artifacts are lung shadows, 
which will often mask an entire region (e.g., the anterior wall 
in the apical two-chamber view). This can be overcome by 
purposefully foreshortening these views, cutting out the apex 
but permitting better delineation of contrast replenishment 
within the basal to mid segments (Fig. 3-11). A third location 
where artifacts tend to occur is in the apical region. If the near-
field gains (time gain compensation) are set too low, the apex 
will appear hypoperfused (Fig. 3-12, A). Unlike true defects, this 
can be corrected by increasing the near-field potentiometers 
(Fig. 3-12, B). One must be sure under resting conditions and 
in the presence of normal wall motion that apical contrast 
enhancement is similar to basal and mid segments (using 
adjustment of near-field gain settings) and that the myocardial 
contrast disappearance is observed after a high-MI impulse so 
that replenishment can be visualized. Near-field destruction of 
microbubbles can also cause the false appearance of perfusion 
defects in the apex. This can be corrected by moving the focus 

when compared to wall motion analysis88,89 and to improve the 
ability of the test to predict death or nonfatal myocardial infarc-
tion.90 Lonnebaken and co-workers91 has also shown the value 
of dobutamine-induced perfusion abnormalities at intermediate 
stress levels in detecting coronary artery disease. The improved 
detection of coronary artery disease with real-time perfusion 
over conventional stress echocardiography appears to be due to 
the induction of perfusion defects in the absence of wall motion 
abnormalities, but also to the ability of real-time perfusion to 
delineate subendocardial wall thickening abnormalities that 
were detectable only because of the coexistent perfusion defect.92 
Examples of inducible perfusion defects within single vessel ter-
ritories (the left anterior descending and left circumflex) are 
displayed in Figures 3-8 and 3-9, whereas a multivessel inducible 
perfusion defect is displayed in Figure 3-10.

Clinical studies have also demonstrated the incremental 
value of myocardial perfusion assessment using low-MI imaging 
during exercise testing.93 Similar to dobutamine stress, the 
improved detection appears to be related to the ability of  
real-time perfusion to detect subendocardial ischemia.94 Prog-
nostically, the addition of perfusion analysis to wall motion 
during supine bicycle stress has enhanced the power of the  
test to predict cardiac events.95 Table 3-6 lists the clinical 
studies that have been performed in the previous 5 years exam-
ining the sensitivity and specificity of MCE in detecting coro-
nary artery disease during dobutamine and exercise stress 
echocardiography.8,54,73,93,96-105

Figure 3-8  Inducible septal and apical perfusion defect during DSE using real-time contrast echocardiography. In the apical four-chamber 
view,  resting  images  (left)  show  normal  wall  motion  and  myocardial  perfusion.  With  dobutamine  (center,  30  mcg/kg  per  minute  plus  atropine 
0.2 mg), akinesis, and decreased myocardial perfusion of the apical septum is seen (arrows). Coronary angiography showed severe stenosis (arrow) 
in the left anterior descending coronary artery. 
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Figure 3-9  Lateral wall perfusion defect detected with real-time contrast echocardiography during DSE. Resting images in a four-chamber 
view (left) show normal myocardial perfusion, but with stress (right) decreased perfusion in the lateral wall is seen (arrows). 
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Figure 3-10  Multivessel pattern of inducible perfusion defect during DSE in which subendocardial defects are seen in multiple coronary 
artery territories. At rest, the apical long-axis (A) and four-chamber (D) views show normal wall motion and myocardial perfusion. With stress, the 
same views show reduced myocardial perfusion (arrows) in the inferior (B) and lateral apical (E) walls. Coronary angiography shows right coronary 
(C) and left circumflex (F) disease corresponding to the contrast stress study results. 

A B C
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Dobutamine or Exercise Myocardial Perfusion Stress Imaging Studies Performed with Intravenous Ultrasound Contrast during 
the Past 5 Years

Study Year Test N Bolus or CI Mode Sensitivity Specificity Accuracy Standard Reference

Tsutsui90 2005 Dob 1351 Bolus RT — — 84% Angio

Elhendy101 2005 Dob 128 Bolus RT 89% 53% 81% Angio

Xie103 2005 Dob 27 Bolus RT 66% 50% 65% Angio

Elhendya 2006 Dob 64 Bolus and CI RT 74% 79% 77% Angio

Miszalski-Jamkab 2007 EX 42 CI RT 88% 88% — Angio

Hackerc 2008 Dob 32 CI RT 86% 91% — Angio

Xie92 2008 Dob 94 CI RT 91 49 73 Angio

Miszalski-Jamka95 2009 EX 103 CI RT 88% 86% 87% Angio

Lønnebakken91 2009 Dob 37 CI RT 70% 87% — Angio

Dodla94 2010 EX 99 CI RT 97% 73% 85% Angio

Dodla94 2010 Dob 155 CI RT 85% 64% 75% Angio
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Figure 3-11  Purposefully foreshortening an apical two-chamber image can improve the delineation of myocardial contrast enhancement within 
the basal to mid segments of the anterior wall (arrows). 
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Large Arteriolar Contrast Imaging
If a higher MI is used in real time, microbubbles within capil-
laries are destroyed, but those transiting faster through larger 
arterioles (greater than 300 µm) can still be visualized. These 
larger arterioles are not involved with autoregulation, and their 
contrast intensity exhibits a predominately diastolic component 
under normal conditions. As the smaller arterioles (150 to  
300 µm) involved with autoregulation dilate in response to a 
coronary stenosis, a correspondingly greater concentration of 
microbubbles from these arterioles is injected retrograde into 
the larger arterioles during systole. Wei and colleagues35,107 have 
demonstrated that this increase in systolic contrast intensity (or 
increase in the systolic-to-diastolic signal ratio) from these 
larger arterioles can detect when significant stenoses are present 
in the left anterior descending artery under resting conditions.

Other Diagnostic Applications  
of Microbubbles
IMPROVED LEFT VENTRICULAR CAVITY 
OPACIFICATION

The only currently approved indication for the use of ultra-
sound contrast is to improve LV opacification. Several different 
intravenous ultrasound contrast agents have demonstrated 
their ability to improve the diagnostic value of echocardio-
graphic examinations in patients with suboptimal imaging 

to the near field, which decreases the scan-line density in this 
region and reduces destruction.

Real-Time Myocardial Contrast Echocardiography 
in Specific Clinical Scenarios
Patients with left bundle branch block and pacemaker-
dependent patients represent clinical scenarios which both the 
assessment of wall thickening and conventional myocardial  
perfusion imaging with radionuclide SPECT are not helpful  
in the detection of coronary artery disease.106 In these patients, 
there are difficulties with interpretation of wall thickening  
in the septum (in left bundle branch block) or, in pacemaker-
dependent patients, in the septum and entire apex. In patients 
with left bundle branch block, perfusion defects in the inter-
ventricular septum are seen on radionuclide SPECT despite 
normal myocardial blood flow with real-time perfusion and no 
significant coronary artery disease by angiography. The reason 
for this appears to be the partial volume effect, as the false-
positive perfusion defects seen with radionuclide SPECT had a 
normal perfusion appearance with higher resolution real-time 
MCE and were independently associated with smaller septal 
systolic wall thickness measurements.106 Similar wall thickness 
abnormalities encompassing a larger territory (the septum and 
apex) are seen in pacemaker-dependent patients. An example 
of normal perfusion despite septal and apical hypokinesis and 
wall thinning due to chronic right ventricular pacing is shown 
in Figure 3-13.

Figure 3-13  Normal myocardial contrast replenishment within hypokinetic thinned septal and apical segments during DSE in a patient who was 
chronically paced. Therefore, no significant coronary artery disease was present despite the regional wall motion abnormality. 

Pre flash Immediately post flash 2nd cycle post flash 3rd cycle post flash
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Figure 3-12  Slightly increasing the time gain compensation in the near field can permit more homogenous myocardial contrast in the apical seg-
ments during real-time perfusion imaging. Before (A) and after (B) adjusting near-field gains. 
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contrast within cardiac masses following high-MI impulses to 
differentiate among malignant tumors, stromal tumors, and 
thrombi.118

DOPPLER ENHANCEMENT

Intravenous microbubbles affect Doppler recordings because 
the scatter from them is much greater than from red blood cells. 
Microbubbles therefore can markedly increase the signal 
strength in a Doppler examination, which may be helpful in 
patients with suboptimal imaging quality. Von Bibra and associ-
ates119 described a significant enhancement of spectral and color 
Doppler and an increase in the signal-to-noise ratio in the 
quantitative assessment of aortic stenosis, pulmonary venous 
flow, and mitral regurgitation by intravenous injection of  
Levovist. Transthoracic pulmonary venous flow velocities have 
been improved by intravenous contrast enhancement to the 
point that they are comparable to those obtained with trans-
esophageal imaging.120 Moreover, intravenous microbubble 
ultrasound contrast was successful in providing a clear spectral 
signal across stenotic aortic valves in cases in which the echo-
cardiogram would have been nondiagnostic without contrast 
enhancement.121 The gradients determined using contrast-
enhanced Doppler signals correlated well with catheterization 
calculations.121 Okura and colleagues122 studied the effect of 
Albunex in 45 patients with prosthetic aortic valves. They found 
a significant improvement in transvalvular continuous-wave 
Doppler signal intensity with intravenous Albunex, increasing 
the frequency of satisfactory Doppler signals from 64% to 93% 
of patients. More recently, Jeon and co-workers123 have demon-
strated that a 10% air, 10% blood, 80% saline hand-agitated 
mixture is more optimal than the traditional agitated air-saline 
mixture in Doppler enhancement of the tricuspid regurgitant 
jet. They found that brief premixture of the patient’s own blood 
with air and saline produces greater concentrations of small 
microbubbles, which improved the accuracy of the pulmonary 
artery pressure measurement.

CONTRAST PERFUSION IMAGING  
OF OTHER ORGANS

The replenishment curves following microbubble destruction 
that have been used to detect myocardial blood flow changes 
can be applied to solid organs as well. The time versus acoustic 
intensity curve following ultrasound-mediated destruction of 
microbubbles has been validated as a method of measuring 
blood flow changes within the cerebral microcirculation.124 This 
has been applied in traumatic brain injury to document the 
beneficial effect of early decompressive surgery on cerebral 
microvascular blood flow.125 Contrast-enhanced ultrasound has 
also been shown to accurately quantify renal cortical blood flow 
changes in response to flow-limiting stenoses or during dopa-
mine infusion.126

Quantitative measurements with contrast-enhanced ultra-
sound in skeletal muscle have also been used to demonstrate 
that physiologic increases in insulin alter microvascular blood 
volume without altering muscle blood flow.127 Womack and 
colleagues128 used high-resolution contrast-enhanced ultra-
sound to examine forearm skeletal muscle capillary blood flow 
responses to hand grip exercise in diabetic patients. A defective 
capillary blood volume response was observed almost exclu-
sively in the diabetic patients who had developed microvascular 
disease. Unlike microvascular complications, however, this 

conditions. In routine ultrasonographic examinations of 
patients with poor echocardiographic windows, contrast 
enhancement of the LV cavity provides better delineation of the 
endocardial border. Clinically, this could give information 
regarding regional and global systolic function that could not 
be assessed with routine echocardiography. Tissue harmonic 
imaging by itself has significantly improved endocardial border 
definition, often eliminating the need for intravenous ultraso-
nographic contrast agents filled with room air.108 During the 
past few years, however, studies have shown that intravenous 
perfluorocarbon-containing microbubbles, because of their 
consistent LV opacification, have improved border definition in 
the LV of patients with suboptimal tissue harmonic images. 
Although the use of contrast may increase the costs for routine 
transthoracic echocardiograms, substantial cost savings could 
still be achieved in the examination of patients with poor base-
line harmonic image quality because contrast would eliminate 
the need for additional diagnostic studies in these situations.109 
Indeed, recent clinical studies have shown that if contrast were 
used for suboptimal windows, downstream testing would be 
reduced by 33%, resulting in an average cost savings of $122 
per patient.55

Reilly and co-workers110 studied the effect of intravenous 
Optison injections in harmonic transthoracic echocardiogra-
phy in the intensive care unit. Their results indicated a signifi-
cant increase in interpreter confidence in evaluating myocardial 
segments that could not be analyzed without contrast applica-
tion. Furthermore, the ability to estimate LV ejection fraction 
was clearly improved with Optison. Kurt and associates55 
recently demonstrated that significant changes in patient man-
agement occurred when contrast was used in intensive care unit 
patients, and Main and colleagues48 discovered that acutely hos-
pitalized patients receiving contrast to enhance LV opacification 
had 24% lower mortality than patients not receiving contrast. 
Malhotra and co-workers111 compared stress echocardiograms 
performed with both fundamental and harmonic imaging 
modalities with and without intravenous Optison contrast in 
200 patients. They reported that the combination of harmonic 
ultrasonography with Optison resulted in the most consistent 
endocardial border delineation, which significantly exceeded 
the quality of either fundamental contrast imaging or tissue 
harmonic imaging alone. Interobserver agreement with Optison 
and harmonic imaging in this study was 95%. A recent multi-
center study compared the reproducibility and accuracy of 
contrast-enhanced cardiac magnetic resonance imaging, 
contrast-enhanced and unenhanced echocardiography, and 
cineventriculography in quantifying ejection fraction using 
biplane methods. The echocardiographic settings for contrast-
enhanced imaging were an MI of 0.3, gain settings of 60%, and 
compression of 15% (Sonos 5500; Philips, Andover, Mass.). 
These studies demonstrated that the most reproducible method 
(lowest intraclass coefficient) for quantifying ejection fraction 
was contrast-enhanced echocardiography.112 Contrast-enhanced 
echocardiography also had the highest interobserver agreement 
for analyzing regional wall motion.113

Contrast-induced homogeneous opacification of the LV 
cavity could also assist physicians in detecting LV thrombi or 
tumors114,115 and complications of acute myocardial infarction 
such as myocardial rupture and LV pseudoaneurysm.116 This 
technique has also been used during transesophageal echo-
cardiography to delineate false and true lumen in patients  
with aortic dissection.117 Using a continuous infusion of 
microbubbles, one can examine the replenishment patterns of 
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within the myocardium.140 Detection of inflammatory plaque 
has also recently been demonstrated with contrast-enhanced 
ultrasound. Targeted microbubbles have demonstrated vas-
cular endothelial adhesion molecule (VCAM-1) upregulation 
in apolipoprotein-deficient mice with differing degrees of 
plaque inflammation.141 Early detection of plaque in animal 
models has been shown with microbubbles targeted to 
VCAM-1 and P-selectin.142 One question that remains is 
whether the sensitivity of current surface ultrasound systems 
will be able to detect retained microbubbles in larger animal 
models and humans. Retention fractions need to be improved, 
which may require that microbubbles be targeted to multiple 
ligands.

DETECTION OF CAROTID ARTERY 
ATHEROSCLEROSIS

Contrast-enhanced ultrasound has been used in two particular 
areas of carotid imaging. First, it has been used to better define 
intimal medial thickness as well as severity of plaque stenosis.143 
More importantly, contrast-enhanced ultrasound has been used 
to detect the adventitial vasa vasorum and intraplaque neovas-
cularization.144 The presence and extent of vasa vasorum–
derived intraplaque neovascularization has recently been 
correlated with plaque stability and clinical cardiovascular 
outcome, indicating the potential for the assessment of carotid 
plaque neovascularity to identify the vulnerable patient.145

Therapeutic Applications of Ultrasound 
and Microbubbles
A number of studies indicate that ultrasound-mediated micro-
bubble destruction may also be used for therapeutic purposes. 
These applications include targeted drug and gene delivery, 
stimulation of arteriogenesis, and thrombus dissolution.

DRUG AND GENE DELIVERY

The fact that microbubbles are destroyed by the ultrasound 
beam has led to the study of their potential role in depositing 
conjugated drugs or genes to an “ultrasound-targeted” organ.146 
Skyba and co-workers147 studied the intravascular destruction 
of perfluorocarbon-containing microbubbles and the bioeffects 
of this process in the isolated spinotrapezius muscle of rats. With 
just one frame of ultrasound from a diagnostic ultrasound 
transducer (2.3 MHz at 1.1 MI), microbubble destruction was 
observed that caused local microvessel rupture. When the 
bubbles were mixed with colloidal particles, these particles were 
“microinjected” into the interstitial space. The degree of micro-
bubble destruction and resulting “drug delivery” was directly 
related to the MI used.148 Before these observations, it was dem-
onstrated that large quantities of synthetic DNA, in the form of 
antisense oligonucleotides, adhere to perfluorocarbon-exposed 
sonicated dextrose albumin microbubbles.149 These antisense 
oligonucleotides are synthetic gene products that can be used 
to inhibit the translation of messenger RNA into proteins and 
enzymes that regulate pathologic processes such as neointimal 
hyperplasia following vascular injury. In these studies, external 
diagnostic ultrasound released the synthetic antisense into the 
insonified kidney if the antisense oligonucleotide was given 
intravenously bound to microbubbles. Subsequently, it was 
shown that recombinant adenovirus containing β-galactosidase 

defective capillary response was unrelated to the duration of 
disease. This indicates a potential role for defective capillary 
blood flow responses in the pathogenesis of microvascular com-
plications in diabetes.

MOLECULAR IMAGING WITH CONTRAST 
ULTRASOUND

Several potential applications for attaching ligands to the 
microbubble shell (polymer, albumin, or lipid) exist. Ligands 
include monoclonal antibodies, peptides, and glycoproteins,129 
which are typically conjugated to the microbubble shell in a 
manner that attaches them to a molecular spacer that projects 
the ligand away from the shell surface.

Lindner and associates130 hypothesized that during the early 
inflammatory response after reperfusion, activated leukocytes 
adherent to the venular endothelial surface may bind micro-
bubbles and therefore may be responsible for their prolonged 
transit. Using tumor necrosis factor-α injection in an animal 
setting, they showed that both lipid and albumin microbubbles 
attach to activated leukocytes. The binding of the albumin 
microbubbles was mediated by β2-integrins, whereas the inter-
action between leukocytes and lipid microbubbles involved the 
complement pathway.130 In a subsequent investigation, the leu-
kocytes involved were identified to be mostly neutrophils and 
monocytes. Both lipid and albumin microbubbles were phago-
cytosed by these cells, remained acoustically active for up to  
30 minutes, and could be detected in vivo after microbubbles 
from the blood pool had already vanished.131

Microbubbles also can be conjugated with disintegrins,  
which serves to target the microbubbles to αv integrins that 
are expressed on neovascular endothelium.132 Unlike unlabeled 
microbubbles that pass freely through the microcirculation, 
these microbubbles are retained within regions of increased 
arteriogenesis that occur in response to prolonged hindlimb 
ischemia.133 The arteriogenic effects of certain agents, such as 
fibroblast growth factor-2, used to treat ischemic regions can 
therefore be assessed noninvasively by measuring signal inten-
sity following intravenous injections of microbubbles targeted 
to αv integrins. Similarly, phosphatidylserine has been incorpo-
rated into the shells of microbubbles to increase complement-
mediated avidity to activated leukocytes. These microbubbles 
have been shown to be retained within reperfused myocardium, 
and the signal intensity derived from these microbubbles cor-
relates closely with the severity and extent of postischemic 
inflammation.134 The retained signal intensity from microbub-
bles targeted to activated leukocytes or to upregulated leukocyte 
adhesion molecules on the endothelial surface has also been 
used in animal studies to detect rejection following cardiac 
transplantation.135,136 Microbubbles targeted to both αvβ3 integ-
rins and activated leukocytes have been used to assess the effects 
of agents that inhibit endothelial integrin and platelet glycopro-
tein IIb/IIIa receptors in reducing myocardial infarct size.137

Microbubble targeting imaging has the potential to image 
myocardial regions where there has been remote ischemia. 
P-selectin is externalized by endothelium within minutes of 
ischemic territories and persists for up to hours. Therefore, 
it can be detected by microbubbles targeted to P-selectin, 
and preclinical studies have demonstrated ultrasound contrast 
retention within recently ischemic myocardium of rats and 
mice.138,139 In the setting of heart transplant rejection, micro-
bubbles targeted to intracellular adhesion molecules (e.g., 
ICAM-1) have been used to detect endothelial activation 
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bioeffects of hemorrhage or permanent endothelial injury. Most 
of these therapeutic effects of diagnostic ultrasound transducers 
are at peak negative pressures and pulse durations that fall 
within current FDA guidelines.156

Targeted delivery of genes has been explored as a method to 
cure type 1 diabetes. Recent work by Chai and associates157 has 
demonstrated that a modified rat insulin promoter gene can be 
specifically delivered to beta cells in the pancreas using guided 
high-MI impulses from a diagnostic transducer. Specifically, 
using image-guided diagnostic ultrasound targeted destruction, 
these investigators have shown that plasmids containing a mod-
ified rat insulin promoter (termed RIP 3.1) are more effective 
than the full-length rat insulin promoter or a cytomegalovirus 
promoter in delivering the insulin gene to beta and alpha cells 
of the pancreas. Another area where guided ultrasound targeted 
microbubble destruction may be effective is in transiently alter-
ing blood-brain barrier permeability. Transcranial ultrasound 
and intravenous microbubbles have been used in mice to target 
delivery of antibodies directed against the amyloid-beta peptide 
and specifically remove the amyloid-beta plaques that are con-
sidered pathogenetic in Alzheimer disease.158

THROMBOLYSIS

Several investigators have examined the potential of high-
energy ultrasound alone to dissolve thrombi in vitro as well as 
in an animal setting. Transcatheter ultrasound has been shown 
to reduce thrombus weight and possibly recanalize occluded 
femoral arteries.159 Because this process involves cavitation, 
more recent investigations have focused on whether micro-
bubbles could potentiate this phenomenon. When combined 
with intravenous perfluorocarbon microbubbles, low-intensity, 
high-frequency ultrasound significantly increased the throm-
bolytic effect of urokinase in vitro. Even more importantly, 
ultrasound plus perfluorocarbon-containing microbubbles 
(PESDA) alone proved to be equivalent to urokinase in degree 
of thrombus dissolution. Therefore, it appeared that ultrasound 
and microbubbles could produce a localized clot lysis similar to 
a fibrinolytic agent without a systemic lytic state.160 To demon-
strate the potential for this in vivo, acutely thrombosed ilio-
femoral arteries in 10 rabbits received transcutaneous ultrasound 
treatment on one side and no ultrasound treatment on the 
other following intravenous PESDA injections. After ultrasound 
treatment, all arteries that had received PESDA and ultrasound 
were recanalized by angiography, but none of the arteries treated 
with PESDA alone were patent. Ultrasound alone also was 
unable to recanalize any of the thrombosed vessels.161

More recent work has focused on the potential clinical 
applications of using ultrasound and intravenous microbub-
bles to recanalize acutely thrombosed arteriovenous grafts, as 
well as restoring flow in acute intracoronary or intracerebral 
thrombi.162-164 Effectiveness may be reduced in the setting of 
attenuation, but recanalization may still be feasible if platelet 
targeted microbubbles are used (Fig. 3-15). In a porcine model, 
the use of guided high-MI impulses from a diagnostic trans-
thoracic ultrasound transducer and both nontargeted and 
platelet-targeted microbubbles in acute ST segment elevation 
myocardial infarction improved microvascular recovery and 
regional wall thickening independent of whether epicardial 
recanalization occurred.165 The mechanism for improved 
micro vascular flow in the absence of epicardial recanalization 
may be related to nitric-oxide–mediated stimulation of collat-
eral flow.166

could be conjugated to the surface of intravenously injected 
perfluorocarbon-containing albumin microbubbles and suc-
cessfully targeted to the myocardium of rats by diagnostic  
ultrasound at a high MI (1.5). Postmortem analysis showed 
β-galactosidase transgene expression in the myocardium after 
ultrasound antigen delivery, but no expression of the transgene 
in the control groups that had received microbubbles alone, 
virus alone, or virus plus ultrasound.150 Targeted intramyocar-
dial gene delivery has also been reported in vivo with lipid-
encapsulated microbubbles.151 The simultaneous imaging of 
microbubbles appears to be important in targeted delivery, in 
that the highest quantity of delivered agent occurs when high- 
MI delivery impulses are applied only when maximal signal 
intensity from the microbubbles within the region of interest  
is present152 (Fig. 3-14). Current diagnostic transducers are 
equipped with the ability to switch from sensitive low-MI pulse 
sequence schemes, which image the microbubbles, to high-MI 
impulses that destroy drug-carrying microbubbles. Low- 
frequency, high-MI impulses have been shown to create tran-
sient, temporary micropores in the endothelial cells.153 This has 
led to the observation of “microinjections” of drugs conjugated 
to the microbubbles into the subendothelial spaces, even across 
the blood-brain barrier with transcranial ultrasound.154 Ultra-
structural observations following ultrasound-mediated destruc-
tion of microbubbles in the brain has demonstrated increased 
numbers of intracytoplasmic vacuoles within the brain capillary 
endothelium following ultrasound-mediated destruction of cir-
culating intracerebral microbubbles.155 Low-MI pulse sequence 
schemes, therefore, have the advantage of guiding when to apply 
high-MI impulses, and thus could significantly reduce unwanted 

Figure 3-14  Luciferase activity in the anterior and posterior myo-
cardium following intravenous microbubble injections that are con-
jugated with the adenovirus (ADV) encoding the luciferase gene. 
When diagnostic ultrasound  (US) application  is  in a continuous mode 
(yellow bars), there is minimal deposition of the gene into the myocar-
dium. However, when US  is delivered only when a maximum quantity 
of microbubbles is present (triggered US; blue bars), there is a signifi-
cant increase in gene transfer. The liver uptake is maximal (purple bar) 
when the ADV is administered without microbubbles. Activity is so low 
with  microbubbles  but  no  ADV  (absent  green  bars)  that  no  signal  is 
detected.  (With permission from Chen S, Shohet RV, Bekeredjian R, 
et al: Optimization of ultrasound parameters for cardiac gene delivery 
of adenoviral or plasmid deoxyribonucleic acid by ultrasound-targeted 
microbubble destruction. J Am Coll Cardiol 42:301-308, 2003.)
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For a full understanding of cardiac structures, the user of two-
dimensional (2D) echocardiography must be able to mentally 
integrate a series of these views in order to understand the 
three-dimensional (3D) structure of the heart and the spatial 
relations between its components. For example, when perform-
ing 2D echocardiography on a patient with prolapse of a portion 
of the posterior mitral valve leaflet, the echocardiographer indi-
vidually examines each portion of the valve from a series of 2D 
images and mentally reconstructs the entire valve to determine 
which portion of the valve is prolapsing. To accurately perform 
this task, one must know the precise relationship of each 2D 
image to the others. In addition, when quantifying cardiac 
chamber volumes, mass, or function with 2D echocardiography, 
one relies on assumptions about the geometry of the chamber 
to apply specific formulas for calculation of these and other 
parameters. As chambers become distorted in shape, the geo-
metric assumptions about shape become less accurate, as do the 
calculated values using these formulas.

3D echocardiography from both transthoracic (TTE) and 
transesophageal (TEE) approaches eliminates the need for cog-
nitive 3D reconstruction of image planes and the need to use 
geometric assumptions about shape of structures for cardiac 
quantitation (Fig. 4-1). This is particularly applicable to complex 
shapes, such as the right ventricle, an aneurysmal left ventricle, 
an asymmetrically stenotic or regurgitant valve orifice, eccentri-
cally directed regurgitant jets assessed by color Doppler, valve 
annuli, and the complex structural relationships observed in 
congenital heart lesions. The 3D echocardiographic technique 
has the potential to decrease the time required for complete 
image acquisition of the heart. Also, the 3D echocardiogram can 
be viewed from various projections by rotation of the images, 
and thus an improved appreciation of the relationships between 
various cardiac structures can be obtained.

Advances in transducer technology and image processing 
power have helped improve 3D echocardiography acquisition, 
display, and image quality. Whereas initial 3D echocardiography 
required transducer locating systems and labor-intensive offline 
reconstruction, current approaches enable 3D ultrasound (US) 
imaging in real time.

Technical Considerations
The 3D US data set can be acquired either (1) as a series of 2D 
images and then reconstructed into a 3D image (reconstruction 
technique) or (2) as a 3D volume of US data (volumetric tech-
nique). The earliest 3D echocardiograms were obtained using 
the reconstruction technique1,2 and required that the precise 
location and timing of the each image be known to facilitate 
the integration of the images. Whereas the reconstruction 
method is time consuming because of image acquisition, spatial 
registration, offline reconstruction, and image rendering and 
display, this approach has proven accurate and valuable for 
quantitation of left ventricular (LV) size and function,3 right 
ventricular (RV) size and function,4 pericardial effusions,5 and 
valve disease.6 In fact, early 3D echocardiographic reconstruc-
tions demonstrated that the mitral valve annulus is saddle 
shaped, and thus prolapse of the leaflets below the low points 
of the annulus into the left atrium (LA) can only be observed 
in 2D echocardiographic views that display these low points, 
typically the anterior and posterior portions of the annulus as 
seen in the parasternal and apical long-axis views.6 The 3D 
reconstruction approach has mostly been replaced by the volu-
metric 3D techniques that are the focus of this chapter. More 
detailed information about reconstruction techniques can be 
found in earlier editions of this textbook.7

The volumetric approach requires a specialized transducer to 
collect a pyramidal (or 3D) volume of image data. The resultant 
image can then be displayed in many fashions. The surface of 
the structure can be displayed as a solid object. Alternatively, 
the volume can be displayed with varying degrees of transpar-
ency and shading to show different depths, thus allowing visu-
alization of various structures within the volume (Fig. 4-2).

The development of complex TTE and TEE US transducers 
has enabled acquisition of 3D volume data sets in real time or 
“near” real time. To achieve this goal, the transducer elements 
are typically arranged in a rectangular grid or matrix array, and 
advanced electronics enable beam steering in multiple direc-
tions. To scan a volume of adequate size and at a reasonable 
frame rate, multiple US pulses must be emitted from this matrix 
array at the same time and processed in parallel. The earliest 
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large enough to display valves, the RV, complex defects, masses, 
color Doppler jets, the infant LV, or portions of the adult LV. 
To optimally visualize this RT3D US image, one rotates the 
image to view from all perspectives (Fig. 4-3). Display of a 
larger volume can be obtained from a single-beat acquisition 
on specific echocardiographic devices. However, for most 
devices, it typically requires acquisition of component volumes 
from a series of consecutive cardiac cycles, and these are then 
combined to yield a 90° by 90° image set. Color Doppler flow 
mapping by the 3D volumetric technique typically requires 
acquisition of a larger number of component volumes. To 
reduce artifacts that may appear in these “fused” images 

device utilized a sparse-array matrix transducer with 256 ele-
ments and acquired a pyramid-shaped volume of US data 
within a single cardiac cycle.8-10 Although this provided real-
time 3D images, the spatial and temporal resolution were not 
ideal, and volume rendering was not performed on the machine.

Current real-time 3D (RT3D) TTE systems utilize matrix 
array transducers with approximately 3000 elements, whereas 
3D TEE matrix array transducers have a lower number of ele-
ments. A pyramid-shaped 3D US volume of about 30° by 50° 
can be acquired and displayed in real time. With a volume of 
this size, only a portion of the adult heart can typically be 
displayed in real time and three dimensions. However, this is 

Figure 4-1  A, Diastolic frame of a 3D TTE of mitral valve viewed from the LA demonstrating myxomatous anterior leaflet in a patient with anterior 
mitral valve prolapse. B, Diastolic frame of a 3D TEE of mitral valve viewed from the LA demonstrating myxomatous posterior leaflet (*) in a patient 
with posterior mitral valve prolapse. 
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*

Anterior
leaflet

Posterior
leaflet

Figure 4-2  Real-time 3D TTE from an apical view demonstrating an atrial septal defect (ASD) occluder device. The 3D depth is depicted by varying 
degrees of transparency and brightness. Structures closest to the viewer are brightest. IVS, Interventricular septum; MV, mitral valve; TV, tricuspid 
valve. 
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automatically or manually traced to calculate the LV volume 
and systolic function. This is similar to the approach with 3D 
reconstruction methods, except that all images of the heart are 
obtained in the same cycle, and the processing is faster. This 
real-time multiplane approach can be used to ensure that 2D 
images are on axis. For example, while visualizing a parasternal 
long-axis view as a guide, a second imaging plane can be 
directed that is perpendicular to the narrowest opening of the 
leaflet tips of a stenotic mitral valve.

When the 3D US full-volume image is first displayed on the 
echocardiographic machine or a workstation, only an outer 
surface of the pyramidal data set is seen, and it provides little 
information. To visualize the cardiac structures within this 
volume, layers of it must be removed—a process referred to as 
“cropping” (Fig. 4-4). Multiple cropping planes can be created 
to display structures of interest and the relationship of several 
structures to one another.

3D color flow Doppler is acquired in a similar fashion with 
the volumetric technique and displayed in real time simultane-
ously with the gray-scale images12,13 (Fig. 4-5).

In general, the RT3D image is used for visualization of struc-
tures, whereas the offline cropping of the larger or composite 
3D volume sets is used for quantitation or improved resolution 
of structures.

resulting from changes in position of the heart during the 
image acquisition, it is best if the images are acquired with held 
respiration. The frame rates at which these “full-volume” 
images are obtained typically vary from 20 to 40 Hz for both 
3D TTE and 3D TEE. The full-volume frame rate will vary as 
a function of depth and size of the volume. Even though trans-
ducer position is more limited for RT3D TEE compared to 
RT3D TTE, image quality is superior much as 2D TEE image 
quality is typically superior to 2D TTE, and for similar reasons. 
In addition to 3D imaging, matrix array transducers can 
provide unique 2D acquisitions. For example, from a single 
transducer position, the 2D US plane can be adjusted in a 
fashion similar to a multiplane TEE transducer so that multiple 
2D image planes can be obtained over multiple cardiac cycles 
without moving the transducer. This can be of particular value 
when tracking the circumferential extent of a prosthetic-valve 
paravalvular leak.11 Also, multiple image planes of a structure 
can be obtained during the same cardiac cycle. In this scenario, 
rather than transmit and receive from the transducer elements 
to obtain a volume of US data, the pattern of firing of the ele-
ments can be configured to transmit and receive a series of 2D 
planes. This real-time multiplane imaging is of particular inter-
est for quantitation. For example, the endocardial borders from 
a series of simultaneous apical views of the LV can be 

Figure 4-3  Parasternal long-axis view of a real-time 3D TTE demonstrating that for optimal review, the structures included in the volume can be 
viewed from various perspectives (A-D). 

A B
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Figure 4-4  Cropping of a full-volume ultrasound data set. A, Schematic 
of standard cropping in transverse, sagittal, and coronal planes is shown with 
the colors corresponding  to  the  image planes shown below; however, any 
3D cropping plane can be created. B, Individual cropping planes through an 
ultrasound  volume  collected  from  the  apical  transducer  position  demon-
strate  cardiac  structures  from  various  perspectives.  To  visualize  structures 
within the 3D ultrasound volume (B-1), cropping is performed. The transverse 
plane in blue (B-2) yields a short-axis view (B-3) viewed from the LV apex; the 
sagittal plane  in red  (B-4) yields either an apical  two-chamber view viewed 
from  the  RV  (B-5)  or  viewed  from  the  lateral  wall  (B-6)  or  long-axis  view 
depending on depth and angle of the cropping plane; and the coronal plane 
in green (B-7) yields an apical four-chamber view viewed from the front (B-8) 
or from behind (B-9). 
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In clinical practice, most 3D TTE and TEE US imaging is 
performed with matrix array transducers and the volumetric 
methods. Because quantitation of cardiac structure and func-
tion is accurate with the reconstruction approach, it is still 
used in some research applications with both TTE and TEE 
modalities. Although dimensions, volumes, and areas can be 
calculated from cropped 3D US volumes, deriving linear 
dimensions that extend out of these cropped planes remains a 
challenge.

Three-Dimensional Echocardiographic 
Work Flow
The images obtained and cropped from a 3D US volume 
should focus on the goals of the imaging. Assessments of ven-
tricular function, aortic valve function, or an atrial septal defect 
with 3D TTE require reconstructions or volume acquisitions of 
different parts of the heart. With 3D LV volume quantitation, 
for example, the 3D volume is obtained from an apical window 
to ensure that the entire LV is within the volume of acquisition 
while for a 3D assessment of the aortic valve the 3D volume is 
obtained from a parasternal window so that the valve is in the 
near field and frame rate and resolution are optimized. In the 
past, whether or not the 3D US image set was adequate could 
only be determined after cropping. Enhancements are now 
available that display examples of cropped 2D planes during 
acquisitions of the US volume so that image adequacy can be 
assessed in real time. Such modifications increase the likeli-
hood that the 3D US volume obtained will contain the struc-
ture of interest, be free of artifacts, and be of adequate image 
quality.

It is likely that in the future, specific imaging protocols will 
be developed. Ideally this approach will include a rapid acquisi-
tion of the 3D US volume, and then the majority of image 
preparation time will be spent cropping the volume to display 
and quantify cardiac structures, function, and pathology. This 
cropping may be standardized to demonstrate all cardiac struc-
tures in specific orientations. For example, the cardiac volume 
can be cropped in planes sagittal (apical two-chamber or 

ADVANTAGES AND DISADVANTAGES OF 
THREE-DIMENSIONAL ACQUISITION 
TECHNIQUES

Compared to the reconstruction technique, image acquisition 
with the volumetric method is simpler and potentially faster. 
With the RT3D and the real-time multiplane 2D display, there 
is no time needed for offline reconstruction and display. For the 
“near real-time, full-volume” method, offline manipulation 
(cropping) is required, but typically the amount of time required 
compared to reconstruction techniques is short. Image quality 
of the RT3D and full-volume 3D images is a function of matrix 
array transducer characteristics such as frame rate and number 
of transducer elements. The image quality, however, continues 
to improve with advances in transducer technology.

For some of the 3D US methods, quantitation from the 3D 
image requires transfer to a special workstation. Because both 
reconstruction techniques and most of the current full-volume 
method combine multiple images gated to the cardiac and 
respiratory cycle, accurate image display can be challenging 
when the heart rate is irregular, such as during arrhythmias and 
when the patient is breathing at a rapid rate or with varying 
effort. The motion artifacts that may result will be most appar-
ent in the cropped views that include the interfaces of the com-
bined component images. For example, if the LV imaging 
volume is acquired by fusing four sequential volume sets from 
a parasternal short-axis view (medial to lateral) during which 
the patient coughs, when the images are cropped and viewed 
from the perspective of the LA or the LV apex, one will see the 
motion artifact with the appearance that the images are not 
stitched together well. However, if one crops and views this 
same image set from the perspective of the ventricular septum 
to observe a long-axis of the valve (sagittal plane), display of 
such artifacts would be minimized because the stitch artifact 
would not be in the plane displayed (Fig. 4-6).

3D color Doppler has some limitations. For example, Doppler 
interrogation with the volumetric method is subject to low 
frame rates, although this is improving. Importantly, pulsed-
wave and continuous-wave Doppler capabilities have recently 
become available on some matrix array transducers, allowing 
all TTE or TEE imaging to be performed with one transducer.

Figure 4-5  Color flow Doppler demonstrating left to right shunting through a membranous ventricular septal defect (arrows) on 2D (A) and 3D 
(B) TTEs. The 3D image is viewed from the LV outflow tract or lateral wall perspective looking “en face” at the defect. Proximal flow convergence 
area (short arrow). LVOT, Left ventricle outflow tract. 
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shape. Also, methods used with 2D echocardiography are at risk 
to yield underestimations if the images used for the quantita-
tion are foreshortened (Fig. 4-8). With 3D echocardiographic 
data sets transferred to an offline workstation, the volume can 
be calculated by several methods. First is a method of disks, in 
which multiple short-axis planes are derived to create a series 
of component volumes of the LV, which are summed from base 
to apex. This measurement is more accurate when a larger 
number of short-axis planes is used. A second method is to 
directly sum the volumetric picture elements (voxels) enclosed 
by the endocardial borders of the 3D structure (see Fig. 4-8, B). 
Compared to reference standards, the accuracy of 3D echocar-
diographic LV volume by the reconstruction method is a func-
tion of the number of component images used because this 
determines the extent of interpolation of the endocardial 
surface between images.15 The accuracy of the 3D echocardio-
graphic LV volume by the volumetric method is a function of 
the number of elements in the matrix array transducer, the 
voxel size, and the spatial resolution of the image.

Compared to cardiac magnetic resonance imaging (MRI), 
both end-diastolic and end-systolic LV volumes of normal sub-
jects and patients with cardiac disease are smaller when calcu-
lated from 3D echocardiography regardless of the 3D 
echocardiographic acquisition technique. Images obtained 
from the apical transducer position may underestimate the LV 
cavity slightly because of the US point-spread function and 
beam width.16-18 In many of the validation studies, the volume 
of the 3D echocardiogram was calculated from apical (or long-
axis) images, whereas the cardiac MRI used short-axis images; 
this may account for some differences. Another explanation for 

long-axis depending on angle and depth of plane), coronal 
(apical four-chamber), and transverse (short-axis) relative to 
the heart (Fig. 4-7). Although predetermined or automated 
cropping planes can be used to rapidly display and quantify 
structures of interest, in many cases of cardiac pathology the 
anatomic relationships may be altered, and thus it is critical to 
individualize the cropping process to optimize the views of each 
cardiac structure. This is particularly true for color flow Doppler 
assessment in which the paths of regurgitant jets do not respect 
standardized planes.

Evidence-Based Applications of  
Three-Dimensional Echocardiography
LEFT VENTRICULAR VOLUME AND FUNCTION

Validation studies using a variety of reference standards have 
demonstrated the improved accuracy of 3D echocardiography-
derived LV volume compared to LV volumes measured from 2D 
echocardiograms in humans.14 (See Chapter 9.) Initial 3D echo-
cardiographic studies of LV volume involved the reconstruction 
method, and more recent studies have utilized the volumetric 
method. Selected validation studies of 3D LV volume are high-
lighted in Table 4-1.

3D echocardiography provides a more accurate representa-
tion of the LV endocardial surface than the 2D echocardiogram. 
The volume calculation with 2D echocardiograms relies on 
assumptions of the symmetry and geometry of the LV, whereas 
the volume of the LV by 3D echocardiography is calculated 
from the 3D LV endocardial surface without assumptions of 

Figure 4-6  Example of stitch artifact that occurs from patient motion during acquisition of the component subvolumes that are combined for the 
full-volume 3D ultrasound  image. The artifact  is noted  (left) when the cropping plane  includes more than one subvolume.  If  the cropping plane 
does not include multiple subvolumes (right), the artifact is not seen. 
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Left Ventricular Volume Quantitation in Humans by Three-Dimensional Echocardiography Compared to Cardiac Magnetic 
Resonance Imaging

Study 3D Technique Subjects Studied n

Pearson Linear 
Correlation 

Coefficient (r)
SEE 

(mL)

Mean Difference  
± 1 SD of the 

Difference 
(Bland-Altman 
Analysis, mL)

Interobserver 
Variability (%)

Gopala Reconstruction, freehand scanning, 
spark gap transducer locator

Normal 15 EDV 0.92 7 — 5
ESV 0.81 4 8

Buckb Reconstruction, rotational  
scanning

Patients with CAD and aneurysms 23 EDV 0.97 15 −11 ± 15 —
ESV 0.97 12 −3 ± 13

Nosirc Reconstruction, rotational  
scanning

Patients with CAD (31) and normal (15) 46 EDV 0.98 — −1 ± 14 —
ESV 0.98 −2 ± 11

Leed Volumetric Patients with “various cardiac disorders” 25 EDV 0.99 11 1 ± 12 —
ESV 0.99 10 4 ± 10

Kühle Volumetric, semiautomated border 
detection

Patients with cardiomyopathy (14) and 
normal (10)

24 EDV 0.98 18 −14 ± 19 —
ESV 0.98 18 −13 ± 21

Jenkinsf Volumetric Patients referred for echocardiography 50 EDV— — -4 ± 29 —
ESV— -3 ± 18

Corsig Volumetric Normal and patients with CAD, dilated 
cardiomyopathy and other cardiac diseases

16 EDV 0.99 — 3 ± 6 —
ESV 0.99 3 ± 4

Jacobsh Volumetric, semiautomated  
border detection

Patients referred for cardiac MRI 50 EDV 0.96 — −14 ± 17 10
ESV 0.97 −7 ± 16 11

Bui Volumetric Children 19 EDV 0.97 9 −7 ± 10 3
ESV 0.97 3 −2 ± 3 0

Caianij Volumetric Patients referred for MRI: normal (7), 
cardiomyopathy (9), CAD (15), other (15)

46 EDV 0.97 17 −4 ± 15 8
ESV 0.97 16 −4 ± 17 13

van den 
Boschk

Volumetric Patients with congenital heart disease 
referred for MRI

29 EDV 0.97 9 −3 ± 12 —
ESV 0.98 5 1 ± 10

Gutierrez-
Chicol

Volumetric Patients with cardiomyopathy 35 EDV 0.99 — −13 ± 11 —
ESV 0.99 −10 ± 8

Sugengm Volumetric Patients referred for clinical CT angiography 31 EDV 0.94 (r2) — −4 ± 50 11.2 ± 8.6

ESV 0.93 (r2) −6 ± 60 14.2 ± 11.8

Mor-Avin Volumetric Multicenter study, patients referred for LV 
size/function evaluation

92 EDV 0.91 — −67 ± 46 8 ± 8
ESV 0.93 −41 ± 46 13 ± 14

Nikitino Volumetric Cardiac patients LVEF < 45% (40), cardiac 
patients LVEF > 45% (14), normal (10)

64 EDV 0.97 — 7 ± 14 4
ESV 0.98 3 ± 11 6

Jenkinsp Volumetric Patients with past MI 50 EDV 0.70-0.91
ESV 0.84-0.95

— — 7 ± 53

2 ± 23

Solimanq Volumetric, semiautomated  
border detection

Patients with ischemic cardiomyopathy (10), 
dilated cardiomyopathy (10), normal (7)

27 EDV 0.98 (r2)
ESV 0.98 (r2)

— −7.1 ± 19.8
−4.2 ± 8.3

5.2
6.4

CAD, Coronary artery disease; CT, computed tomography; EDV, end-diastolic left ventricular volume; ESV, end-systolic left ventricular volume; LVEF, left ventricular ejection fraction; 
MI, myocardial infarction; MRI, magnetic resonance imaging; SD, standard deviation; SEE, standard error of the estimate.
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which accurate characterization of changes of these parameters 
is critical, such as heart failure risk stratification in post–
myocardial infarction patients25 and LV volume determination 
to guide decisions for valve surgery.26

The use of contrast enhancement in 3D echocardiography 
and acquisitions that reduce stitch artifact may further improve 
volume and ejection-fraction measurements. Contrast-
enhanced 3D echocardiography has shown improved agree-
ment with ejection fraction as measured by cardiac MRI.27 
Two-beat acquisitions of the LV volume yield similar LV 
volumes and ejection fraction as 4-beat acquisitions with fewer 
artifacts, but the current low temporal resolution of single-beat 
acquisition underestimates LV end-diastolic volume and LV 
ejection fraction.28

LEFT VENTRICULAR MASS

LV mass is an important predictor of prognosis. (See Chapter 
9.) It is calculated as the product of the volume of the LV myo-
cardium and the myocardial density (g/cm3). The specific gravity 
of cardiac muscle, a ratio of its density relative to water, is often 
substituted for density. The myocardial volume is calculated 
with 3D echocardiography as the space between the epicardial 
and endocardial borders of the LV. This can be calculated directly 

the discrepancy between 3D echocardiography and cardiac MRI 
is the difference in definition of the endocardial border. For 
echocardiography, the inner border of the endocardial trabecu-
lations is traced, whereas on MRI the outer border of the tra-
beculations is commonly traced (i.e., trabeculae are included in 
the LV cavity), and so a larger volume is measured in the same 
patient.19 A multicenter study examining the differences between 
LV volume by 3D echocardiography and cardiac MRI has shown 
that a 1-mm difference in the position of the endocardial surface 
resulted in a 10% difference in volume.20

Because the LV volumes calculated from 3D echocardio-
grams are accurate, it follows that the derivations of LV stroke 
volume and ejection fraction from these volumes are also accu-
rate.21 The advantages of this technique for assessment of LV 
function is most noticeable in subjects with wall motion abnor-
malities or distorted ventricles such as LV aneurysms.22 LV 
volume can be calculated from either manual or automated 
border tracing throughout the cardiac cycle with the generation 
of volume-time curves as a measure of systolic and diastolic 
function.23,24 Observer variability is low, and change in LV 
volume, stroke volume, and ejection fraction are also more 
precisely determined with 3D echocardiography compared to 
other echocardiographic techniques. Thus, the 3D echocardio-
graphic technique has shown value in clinical situations in 

Figure 4-7  Example of a cropping protocol that yields prespecified standard imaging planes. A, Full volume of data. B, Coronal plane crop 
that results in an apical four-chamber view. C, Sagittal plane crop that results in an apical two-chamber view. D, Transverse plane crop at mid-LV 
level that results  in a short-axis view. E, Four simultaneous short-axis  images obtained when four transverse cropping planes are placed through 
the volume simultaneously. F, 3D image from the volume. 

A B C

D E F



  4  Three-Dimensional Echocardiography 75

algorithms for the detection of the 3D endocardial surface 
allows for direct quantification of LV volumes and has been 
applied to the epicardial (in addition to the endocardial) surface 
to calculate LV mass. Using such algorithms, LV mass is quickly 
calculated and compares favorably to MRI.29

Potential sources of error with 3D echocardiographic mea-
sures of LV mass include the need to include the entire epicar-
dial surface of the LV within the image sector and exact tracing 
of endocardial trabeculations. However, human studies docu-
ment close correlation of 3D echocardiographic measurements 
compared to cardiac MRI LV mass measurements (Table 4-2). 
These studies have been conducted in various patient popula-
tions, including left ventricular hypertrophy,30 various forms of 
cardiomyopathy,31 wall motion abnormalities,32 and congenital 
heart disease.33 Furthermore, regression of 3D echocardio-
graphically measured LV mass with pharmacologic therapy has 
been demonstrated in a small study of hypertensive patients.34 
Because LV mass derived from 3D echocardiography is more 
accurate, more precise, and less variable than that from 2D 
echocardiography, it is expected that fewer subjects will be 
required in clinical trials of LV mass regression using this tech-
nique compared to trials that have used 2D echocardiography 
to measure LV mass change.

RIGHT VENTRICULAR VOLUME

The RV has a complex geometrical shape, and the RV inflow, 
outflow, and apex do not all align within a single 2D plane. This 
makes calculation of total RV area or volume challenging by 2D 
echocardiography. 3D echocardiography can eliminate the need 
for geometric assumptions used in the calculation of RV 
volume. The methods for calculating RV volume from the 3D 
image are the same as described previously for LV volume. The 
RV is typically smaller and more heavily trabeculated than the 
LV surface, and therefore one might expect lower accuracy of 
volume quantitation compared to the LV. However, initial vali-
dation studies for RV volume performed mainly in nonhuman 
models showed correlation coefficients, standard errors, biases, 
precision, and percent interobserver variability similar to those 
for LV volume quantitation.7 Additionally, the accuracy of RV 
volume determination in humans is improving as technical 
factors are optimized35 and new software programs specific for 
volumetric analysis are utilized.36 Selected validation and clini-
cal studies of RV volume assessment by 3D echocardiography 
are highlighted in Table 4-3. For healthy male and female adults 
with a wide age range, the normal reference values for indexed 
RV end-diastolic volume, indexed RV end-systolic volume,  
and RV ejection fraction by 3D echocardiography are 49 ± 
10 mL/m2, 16 ± 6 mL/m2, and 67 ± 8%, respectively.37

As measurement techniques and software programs have 
improved, RV volume assessment with 3D echocardiography is 
being applied in disease states that affect the RV. Specifically, 3D 
echocardiographic quantification of RV volume and function 
has been applied to a small number of patients with arrhyth-
mogenic RV dysplasia/cardiomyopathy.38 Although the correla-
tions with cardiac MRI are lower than noted in other validation 
studies, patients with pathologic RVs could be discriminated 
from normal controls and unaffected family members. 3D 
echocardiographic quantitation of RV volume has also been 
used to assess RV remodeling in secondary pulmonary hyper-
tension39 and has shown that RV volumes are largest and RV 
ejection fraction lowest in patients with pulmonary hyperten-
sion compared to healthy volunteers or patients with other 

as a sum of the voxels in this enclosed space or derived from  
the difference of the epicardial and endocardial volumes. Initial 
3D quantitative LV mass analysis relied on manual tracing of 
endocardial and epicardial borders or semiautomated border 
detection of multiple 2D long-axis planes extracted from volu-
metric data. These processes were time consuming and required 
geometric modeling to convert the multiplanar area measure-
ments into volumes. Subsequently, the development of rapid 

Figure 4-8  The full-volume transthoracic ultrasound data set enables 
positioning of cropping planes so that the true length of the left ven-
tricle is visualized and measured. A, Typical 2D imaging planes for the 
four-chamber  (coronal  plane,  upper left)  and  two-chamber  (sagittal 
plane, upper right) views fail to include an aneurysm at the anterior apex 
of  the  left  ventricle.  B,  Coronal  (green)  and  sagittal  (red )  cropping 
planes adjusted  through  the  true  long axis of  the  left  ventricle  in  the 
same full-volume data set. The endocardial borders are then detected 
and an accurate left ventricular volume quantified. End-diastolic volume 
(yellow shell ) is shown (lower right). 

A
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quantitation of left and right atrial volumes, and the methods 
are similar to that for calculation of ventricular volume by 3D 
echocardiography. LA volume measurement by 3D echocardiog-
raphy compares well against traditional 2D echocardiographic 
measurements,43 and although the number of studies is limited, 
accuracy appears comparable to MRI.44,45 By providing a detailed 
analysis of the phasic changes of LA volume throughout the 
cardiac cycle, 3D echocardiography enables the assessment of the 
reservoir, conduit, and active contraction functions of the LA.46,47

3D echocardiographically derived LA volume measurement 
has been shown to be more sensitive to changes in volume than 
2D echocardiographic measurements48 and is a predictor of 
cardiac events in patients with severe LV dysfunction.49 In a 
study of 178 outpatients, LA minimum volume by 3D echocar-
diography provided prognostic information for the occurrence 
of major cardiovascular events.50 Additionally, 3D echocardiog-
raphy for LA volume and function has been evaluated in spe-
cific clinical contexts, including hypertrophic cardiomyopathy 
and evaluation of the LA appendage.51,52

cardiac disease.36 In patients with various complex and/or surgi-
cally repaired congenital heart diseases, 3D echocardiographic 
assessment of RV size and function was reproducible and had 
good accuracy compared to MRI.40 Further studies in patients 
with a wider range of conditions affecting the RV are warranted 
to confirm the results of these initial studies and to define the 
role of 3D echocardiography in the clinical diagnosis and man-
agement of these patients. (See Chapters 32 and 33.)

ATRIAL VOLUME

LA size is not only a marker of diastolic function but has also 
been shown to be a predictor of adverse outcomes including 
atrial fibrillation, stroke, and cardiac events. In these assess-
ments, LA volume has been shown to be a stronger risk factor 
than LA area or linear dimension,41 thus LA volume calculations 
derived from 2D planes are recommended as the standard mea-
surement technique.42 However, because of lack of symmetry of 
the atria, 3D echocardiography is better suited for accurate 

Left Ventricular Mass Quantification by Three-Dimensional Echocardiography Compared to Cardiac Magnetic Resonance Imaging

Study 3D Technique Subjects Studied n

Pearson Linear 
Correlation 

Coefficient (r) SEE (g)

Mean Difference 
± 1 SD of the 

Difference 
(Bland-Altman 
Analysis, mL)

Interobserver 
Variability 

(%)

Gopala Reconstruction Normal 15 0.90 11 — 13

Leeb Volumetric Patients with “various cardiac 
disorders”

25 0.95 6 5 ± 26 —

Mor-Avic Volumetric Patients referred for echocardiography 21 0.90 — 4 ± 14 0-23

Oed Volumetric Patients referred for MRI for LV 
hypertrophy

21 0.95 20 −14 ± 29 11

van den Bosche Volumetric Patients with congenital heart disease 20 0.94 19 10 ± 19 —

Buf Volumetric Children 19 0.97 9 2 ± 10 5

Qing Volumetric Patients with cardiomyopathy (25) or 
aortic regurgitation (2)

27 0.92 29 −9 ± 33 —

Caianih Volumetric, semi-
automated border 
detection

Patients referred for MRI 21 0.96 — −2.1 ± 11.5 12.5

Yapi Volumetric (using 
biplane and 
multiplane)

Adult patients with congenital aortic 
stenosis and concentric LV 
hypertrophy

18 0.84 biplane
0.90 multiplane

— — —

Pouleurj Volumetric, semi-
automated border 
detection

Patients with aortic valve disease (20), 
severe mitral regurgitation (10), 
previous MI (33); Normal (20)

83 0.94 — 1 ± 28 3 ± 27

Takeuchik Volumetric, surface 
detection algorithm

Patients referred for MRI 55 0.95 — −1.8 ± 19.9 12 ± 9

MI, Myocardial infarction; MRI, magnetic resonance imaging; SD, standard deviation; SEE, standard error of the estimate.
aGopal AS, Keller AM, Shen Z, et al: Three-dimensional echocardiography: in vitro and in vivo validation of left ventricular mass and comparison with conventional echocardiographic 

methods. J Am Coll Cardiol 24(2):504-513, 1994.
bLee D, Fuisz AR, Fan PH, et al: Real-time 3-dimensional echocardiographic evaluation of left ventricular volume: correlation with magnetic resonance imaging—a validation study. J Am 

Soc Echocardiogr 14(10):1001-1009.
cMor-Avi V, Sugeng L, Weinert L, et al: Fast measurement of left ventricular mass with real-time three-dimensional echocardiography: comparison with magnetic resonance imaging. 

Circulation 110(13):1814-1818, 2004.
dOe H, Hozumi T, Arai K, et al: Comparison of accurate measurement of left ventricular mass in patients with hypertrophied hearts by real-time three-dimensional echocardiography 

versus magnetic resonance imaging. Am J Cardiol 95(10):1263-1267, 2005.
evan den Bosch AE, Robbers-Visser D, Krenning BJ, et al: Comparison of real-time three-dimensional echocardiography to magnetic resonance imaging for assessment of left ventricular 

mass. Am J Cardiol 97(1):113-117, 2006.
fBu L, Munns S, Zhang H, et al: Rapid full volume data acquisition by real-time 3-dimensional echocardiography for assessment of left ventricular indexes in children: a validation study 

compared with magnetic resonance imaging. J Am Soc Echocardiogr 18(4):299-305, 2005.
gQin JX, Jones M, Travaglini A, et al: The accuracy of left ventricular mass determined by real-time three-dimensional echocardiography in chronic animal and clinical studies: a comparison 

with postmortem examination and magnetic resonance imaging. J Am Soc Echocardiogr 18(10):1037-1043, 2005.
hCaiani EG, Corsi C, Sugeng L, et al: Improved quantification of left ventricular mass based on endocardial and epicardial surface detection with real time three dimensional echocardiography. 

Heart 92(2):213-219. 2006.
iYap SC, van Geuns RJ, Nemes A, et al: Rapid and accurate measurement of LV mass by biplane real-time 3D echocardiography in patients with concentric LV hypertrophy: comparison 

to CMR. Eur J Echocardiogr 9(2):255-260, 2008.
jPouleur AC, le Polain de Waroux JB, Pasquet A, et al: Assessment of left ventricular mass and volumes by three-dimensional echocardiography in patients with or without wall motion 

abnormalities: comparison against cine magnetic resonance imaging. Heart 94(8):1050-1057, 2008.
kTakeuchi M, Nishikage T, Mor-Avi V, et al: Measurement of left ventricular mass by real-time three-dimensional echocardiography: validation against magnetic resonance and comparison 

with two-dimensional and M-mode measurements. J Am Soc Echocardiogr 21(9):1001-1005, 2008.
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Mitral Valve
As previously discussed, since its early development, 3D echo-
cardiographic approaches have been used to understand the 
complex geometry of the mitral valve (MV) and improve the 
echocardiographic diagnosis of MV prolapse.6 The delineation 
of the nonplanar shape of the mitral annulus has led to identi-
fication of imaging planes and 2D echocardiographic views 
from which it can be seen that the mitral leaflets truly prolapse 
below the annulus into the LA. Studies suggest that with RT3D 
TTE, visualization of the MV is feasible in the majority of 
patients and that the anterior mitral leaflet is visualized better 
than the posterior mitral leaflet.56 RT3D TEE has been shown 
to provide excellent visualization of the MV, as all scallops of 
both leaflets were visualized in approximately 90% of patients.57

Mitral Stenosis
Characterization of mitral stenosis is a strength of 2D echo-
cardiography. (See Chapter 21.) Whereas planimetry and pres-
sure half-time methods with 2D echocardiography and Doppler 
typically provide equivalent assessments of the MV area, there 
are situations, particularly immediately after percutaneous 

3D echocardiographic evaluation of the right atrium (RA) 
has been studied less than that of the LA; however the feasibility 
of RA volume assessment with 3D echocardiography and its 
superiority over 2D echocardiographic measurements have 
been demonstrated.53 Detailed knowledge of RA anatomic fea-
tures (i.e., crista terminalis, cavotricuspid isthmus) is of par-
ticular interest to electrophysiologists performing catheter 
ablation procedures, and 3D TEE is being studied for this appli-
cation.54 A current limitation of studies of 3D echocardiograph-
ically derived atrial volumes is the paucity of comparisons to 
reference standards such as cardiac MRI and CT imaging.

VALVULAR HEART DISEASE

3D echocardiography is especially suited for assessment of valve 
disease because of its ability to image nonplanar valve leaflets, 
demonstrate the spatial relationships of all components of the 
valve and surrounding structures, and depict color Doppler flow 
in three dimensions. Its use is emerging in the preoperative and 
intraoperative US evaluation of patients being considered for or 
undergoing repair and replacement of valves.55 (See Chapter 5.)

Right Ventricular Volume Quantitation by Three-Dimensional Echocardiography Compared to a Reference Standard

Study 3D Technique Subjects Studied n
Reference 
Standard

Pearson Linear 
Correlation 

Coefficient (r)
SEE 

(mL)

Mean Difference 
± 1 SD of the 

Difference 
(Bland-Altman 
Analysis, mL)

Interobserver 
Variability 

(%)

Vogela Reconstruction, 
rotational and fan 

Patients with repaired 
congenital heart disease (13); 

16 MRI EDV 0.95 — 5 ± 4 4
ESV 0.75 6 ± 5 5

Fujimotob Reconstruction, 
rotational scanning

Normal 15 MRI EDV 0.94 — 0 ± 10 8
ESV 0.97 0 ± 6 7

Leibundgutc Volumetric Patients referred for MRI 100 MRI EDV 0.84 — 10.2 ± 21.2 2.7 ± 11.6
ESV 0.83 4.5 ± 14.5 1.9 ± 8.3

Gopald Volumetric Normal 71 MRI EDV 0.9 4.3 — —
ESV 0.8 8.1

Jenkinse Volumetric Patients with LV wall motion 
abnormalities and possible 

50 MRI EDV 0.91 — −3 ± 10 0 ± 10
ESV 0.90 −4 ± 7 1 ± 3

Niemannf Volumetric Patients with congenital heart 
disease (16); normal (14)

30 MRI EDV 0.99 — 0.91 ± 2.0 —
ESV 0.98 0.71 ± 2.1

van der Zwaang Volumetric Patients with congenital heart 
disease

50 MRI EDV 0.93 — 34 ± 65 1 ± 15
ESV 0.91 11 ± 54 6 ± 17

Grewalh Volumetric Patients with severe pulmonic 
regurgitation

25 MRI EDV 0.88 — — —
ESV 0.89

Sugengi Volumetric Patients with heart failure (9), 
pulmonary hypertension (12), 

28 MRI, 
cardiac 

EDV 0.87 — −14 ± 73 7 ± 5
ESV 0.89 −9 ± 53 10 ± 9

CAD, Coronary artery disease; CT, computed tomography; EDV, end-diastolic left ventricular volume; ESV, end-systolic left ventricular volume; MRI, magnetic resonance imaging; SD, 
standard deviation; SEE, standard error of the estimate.

aVogel M, Gutberlet M, Dittrich S, et al: Comparison of transthoracic three dimensional echocardiography with magnetic resonance imaging in the assessment of right ventricular volume 
and mass. Heart 78(2):127-130, 1997.

bFujimoto S, Mizuno R, Nakagawa Y, et al: Estimation of the right ventricular volume and ejection fraction by transthoracic three-dimensional echocardiography. A validation study using 
magnetic resonance imaging. Int J Cardiovasc Imaging 14(6):385-390, 1998.

cLeibundgut G, Rohner A, Grize L, et al: Dynamic assessment of right ventricular volumes and function by real-time three-dimensional echocardiography: a comparison study with magnetic 
resonance imaging in 100 adult patients. J Am Soc Echocardiogr 23(2):116-126, 2010.

dGopal AS, Chukwu EO, Iwuchukwu CJ, et al: Normal values of right ventricular size and function by real-time 3-dimensional echocardiography: comparison with cardiac magnetic 
resonance imaging. J Am Soc Echocardiogr 20(5):445-455, 2007.

eJenkins C, Chan J, Bricknell K, et al: Reproducibility of right ventricular volumes and ejection fraction using real-time three-dimensional echocardiography: comparison with cardiac 
MRI. Chest 131(6):1844-1851, 2007.

fNiemann PS, Pinho L, Balbach T, et al: Anatomically oriented right ventricular measurements with dynamic three-dimensional echocardiography validated by 3-tesla magnetic resonance 
imaging. J Am Coll Cardiol 50(17):1668-1676, 2007.

gvan der Zwaan HB, Helbing WA, McGhie JS, et al: Clinical value of real-time three-dimensional echocardiography for right ventricular quantification in congenital heart disease: validation 
with cardiac magnetic resonance imaging. J Am Soc Echocardiogr 23(2):134-140, 2010.

hGrewal J, Majdalany D, Syed I, et al: Three-dimensional echocardiographic assessment of right ventricular volume and function in adult patients with congenital heart disease: comparison 
with magnetic resonance imaging. J Am Soc Echocardiogr 23(2):127-133, 2010.

iSugeng L, Mor-Avi V, Weinert L, et al: Multimodality comparison of quantitative volumetric analysis of the right ventricle. J Am Coll Cardiol Img 3(1):10-18, 2010.
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anatomic lesions responsible for MR resulting from degenerative 
disease, myxomatous valve disease, congenital lesions, or endo-
carditis. Third, it can provide insights into the mechanisms 
responsible for functional and ischemic MR. Last, by better 
understanding the mechanisms of the regurgitation and the 
shape and anatomical relationships of surrounding supporting 
structures, such as annulus and papillary muscles, 3D echocar-
diography can assist in the design of valve repair techniques and 
prosthetic supports, such as annular rings. (See Chapter 19.)

3D echocardiographic quantification of MR can be per-
formed either by the proximal isovelocity surface area (PISA) 
method or the vena contracta area method.13,66,67 For the PISA 
method, the 3D color Doppler image of the flow convergence 
zone is examined to find the true shape of this region. The true 
radius and the convergence angle correction factor are then 
measured and used in the equations for MR volume and regur-
gitant orifice area. Alternatively, the true flow convergence area 
can be quantified free of assumptions of geometry and used in 
the calculations (Fig. 4-12). This approach is of particular value 
for quantitation of regurgitation from MV prolapse in which 
the jet may be eccentrically directed in the LA and the shape of 
the flow convergence zone may not be a symmetric hemi-
ellipse.68 In recent studies, both 3D TTE and TEE approaches 
have demonstrated accurate calculations of regurgitant orifice 
area and regurgitant volume when compared to MRI.69,70 For 
the calculation of vena contracta area, the best image of the vena 
contracta is obtained, the full-volume color Doppler image set 
is then cropped in a plane parallel to the leaflets, the image is 
rotated to view the vena contracta enface, and finally the previ-
ously cropped portion of the image is added back until the 
largest vena contracta area is depicted. With the improved 
quantification of the complex geometry of the vena contracta 
and flow convergence areas, it is not unexpected that the 3D 
technique has produced more accurate measurements than 2D 
echocardiography71 and has shown better correlations with 
invasive measurements of regurgitant severity than 2D echocar-
diography.13,66 The direct measurement of the regurgitant orifice 
area by 3D echocardiography is feasible when image quality 
permits and may overcome some of the limitations of the cal-
culation of this area by the PISA method.12

Another application of 3D echocardiography has been the 
direct visualization and localization of prolapsed segments of 

mitral valvuloplasty,58 in which only planimetry provides an 
accurate measure. Accurate planimetry of MV area requires a 
parasternal image plane that is perpendicular to the long axis of 
the smallest mitral orifice. This is a time-consuming task, espe-
cially when the valve orifice is asymmetrically narrowed. Devia-
tions from the ideal image plane positioning will lead to 
significant overestimations of the valve area.59 With 3D echocar-
diographic reconstruction techniques, a series of parallel short-
axis planes through the MV is used to identify the smallest MV 
area for direct planimetry.60 With the 3D volumetric technique, 
the best image of the valve can be cropped and rotated to display 
the best plane for planimetry61 (Figs. 4-9, 4-10). Because multiple 
US planes can be created simultaneously with a matrix array 
probe, another method for planimetry of the MV area is to 
obtain a long-axis view of the MV and then position a second 
intersecting imaging plane that is perpendicular to the limiting 
orifice.62 Investigations have shown MV area by 3D TTE to be 
more precise than 2D measures and comparable to that of the 
pressure half-time technique when compared to invasive mea-
sures of valve area.61 In such comparisons, the 3D measurement 
frequently changed the classification of mitral stenosis severity. 
For experienced sonographers, there may not be a significant 
difference in valve area calculation compared with 2D echocar-
diography; however, the time required to acquire the view of the 
MV for planimetry is reduced. The benefits will be observed by 
less experienced personnel. The Wilkins morphology valve score 
by the 3D approach demonstrates less interobserver variability 
than the 2D echocardiographic technique,61 and efforts are 
underway to develop novel scoring systems using 3D echocar-
diography that provide prognostic information that is additive 
to the Wilkins score.63 Studies suggest that 3D echocardiography 
may better quantify the degree of commissural fusion before 
percutaneous mitral valvuloplasty, the leaflet morphology after 
the procedure,64 and the MV area in the period immediately 
following.65 The presence of atrial fibrillation, especially when 
the ventricular response is variable, continues to pose a challenge 
for the application of 3D echocardiography in mitral stenosis.

Mitral Regurgitation
3D echocardiography has been used for several different aspects 
of mitral regurgitation (MR) (Fig. 4-11). First, it can quantify the 
severity of MR. (See Chapter 18.) Second, it can delineate specific 

Figure 4-9  Two images from a full-volume TTE of a patient with mitral stenosis. Sagittal (long-axis) plane through the middle of the LV (left ). 
The stenotic mitral  valve  is  viewed  from a  lateral perspective. A  transverse cropping plane  (red )  is  then positioned orthogonally at  the smallest 
mitral valve orifice at the leaflet tips. The resultant short-axis view (right ) displays the stenotic mitral valve orifice viewed from the LV perspective. 
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Figure 4-10  Full-volume 3D transthoracic echocardiography of mitral stenosis. A, Transverse (short-axis) plane through a stenotic mitral valve 
viewed from the LA perspective. B, Same plane viewed from the LV perspective with planimetry of the orifice in yellow (1.5 cm2 ). 

A B

Figure 4-11  Mitral regurgitation on 3D TTE as seen from cropping planes that best depict the jet direction. Whereas the mitral regurgita-
tion jet appears central at right, which approximates the apical four-chamber view, the eccentric inferior regurgitant jet direction is noted at left, 
which approximates an apical two-chamber view. The asymmetric natures of the proximal flow convergence zone and the vena contracta are also 
appreciated from the 3D echocardiogram. (Courtesy Siemens Medical Solutions USA Inc., Ultrasound.)

mitral leaflets before surgical repair72,73 (Fig. 4-13). Recent eval-
uations with 3D TTE have demonstrated a comparative accu-
racy to 2D TEE for localizing the prolapsing segment.74,75 A 
major determinant of this accuracy is image quality. With this 
technique, the most accurate detection has been for pathology 
of the central portion of the leaflets. For 3D TTE with current 
matrix array transducers, the parasternal transducer position 
typically provides better visualization of the leaflets compared 
to the apical window: The structure of interest is closer to the 
transducer, and thus scan line density will be greater and beam 

spread artifact will be less. 3D TEE improves the detection and 
localization of prolapsing mitral leaflet segments. In patients 
undergoing MV repair for MR, 3D TEE was superior to 2D TEE 
in the diagnosis of bileaflet disease and some specific leaflet 
portions such as P1, A2, and A3 valve segments.76 The use of 
3D TEE for a systematic characterization of the mitral valve is 
becoming more common, and protocols for a complete evalu-
ation have been published.77 Despite the improved performance 
of both 3D TTE and TEE for the morphologic evaluation of the 
MV, studies documenting improved patient outcomes with this 
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Figure 4-12  Full-volume 3D TTE of mitral regurgitation. A, Crop-
ping of the full-volume image set to display the full extent of an eccen-
trically directed jet of mitral regurgitation (white arrow) as viewed from 
the anterior aspect of the RV and similar to an apical five-chamber view 
but with the right heart cut away. B, Transverse plane above the mitral 
valve  viewed  from  the  perspective  of  the  LV  to  display  the  proximal 
isovelocity surface area (orange-blue interface, black arrows). 

A

B

Figure 4-13  3D TTE of mitral valve prolapse. A, Mitral valve viewed 
from the LA demonstrating prolapse (*) of the midportion of the anterior 
leaflet of the mitral valve. B, Same valve viewed from the LV cavity. The 
LV perspective allows visualization of a ruptured chord to the prolapsed 
segment (white arrow). L, Lateral commissure; M, medial commissure. 

A

B

closing leaflets. 3D echocardiography has also shown that, in 
contrast, regional distortion of wall motion and/or distortion 
of the wall shape, such as aneurysm formation, adjacent to a 
papillary muscle will lead to a disruption of the normal spatial 
relationships between a papillary muscle and MV, resulting in 
disruption of normal coaptation and ischemic MR. 3D TTE 
quantification of papillary muscle anatomy can also discrimi-
nate the pathologies of MR, with preservation of papillary 
muscle symmetry occurring in functional MR and unequal 
papillary muscle tethering lengths occurring in ischemic MR.83 
Clinical studies with 3D echocardiography have confirmed 
prior experimental studies and demonstrated that with 

technique are required to help establish the clinical role of this 
modality.

Quantitative analysis of the geometry of the mitral apparatus 
represents another application of 3D echocardiography. Mea-
surements of annular size by 3D TTE in patients with various 
forms of cardiomyopathy have been shown to correlate well 
with MRI.78 In addition, observations from 3D echocardio-
graphy have provided important insights into mechanisms  
responsible for both functional and ischemic MR.79-82 3D echo-
cardiography has shown that as the LV dilates, it leads to dis-
placement of normal papillary muscle position such that the 
mitral leaflets are apically tethered (increased MV tenting area), 
and the resulting functional MR occurs through incompletely 
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measurements.95,102 Studies of aortic valve planimetry by volu-
metric 3D TEE suggest similar benefits.103,104 As noted for mitral 
stenosis, the advantage of 3D imaging in aortic stenosis centers 
on its ability to optimally define an imaging plane through the 
stenotic orifice.105 As the technique continues to evolve, 3D TEE 
aortic valve planimetry is likely to have a role in the assessment 
of aortic stenosis in the operating room, because Doppler 
methods are more difficult there. However, because planimetry 
of the aortic valve from standard 2D TEE is accurate in many 
cases, further studies are necessary to determine in which 
subsets of patients and clinical situations the 3D approach is of 
additive value.

The 3D echocardiographic approach for aortic valve area 
measurement is also expected to be beneficial for continuity 
equation–based measurements, as a growing body of literature 
has documented that the LVOT is elliptical in shape.106 This may 
be a source of inaccuracy in standard continuity equation–
based measurements that assume a circular shape for the 
LVOT.107 Additionally, direct measurements of stroke volume 
derived from 3D LV volumes yield more accurate continuity 
equation–based measurements of aortic valve area than the 
traditional 2D approach.108

Aortic Regurgitation
The vena contracta and PISA methods described for assessment 
of MR can be applied to aortic regurgitation, though experience 
is more limited.109,110 In in vitro models, direct measurement of 
PISA with 3D TTE has been validated and calculation of aortic 
regurgitation volumes with 3D color Doppler has been shown 
to be more accurate than the conventional 2D method that uses 
the hemispheric assumption of flow convergence.111 Further-
more, in the absence of other regurgitant valves, aortic regurgi-
tation can also be accurately quantified as the difference in LV 
and RV stroke volumes calculated by 3D TTE.112 Aortic valve 
repair is feasible for certain etiologies of aortic regurgitation.113 
Measurements of the ascending aorta, the sinotubular junction, 
the perpendicular distance from annulus to coaptation point of 
the leaflet tips, the distance from annulus to sinotubular junc-
tion, and the distance from the sinotubular junction to leaflet 

ischemia and infarction, as the mitral annulus flattens, it 
enlarges predominantly in the anterior-posterior direction and 
annular motion during the cardiac cycle is reduced, especially 
compared to that of the posterior segments.84,85 Based on these 
observations, repair techniques that reduce anterior-posterior 
annular diameter,86 decrease tenting area,87 restore normal ven-
tricular geometry,67,88 and reposition papillary muscles89 have 
each been proposed for treatment of ischemic MR. In contrast, 
maneuvers that reduce global LV dilation and enhance reverse 
LV remodeling are being tested for functional MR.90

Experience with 3D echocardiography for evaluation of pros-
thetic valves is increasing, and the technique appears most accu-
rate for the mitral position.91 In a study of 18 patients with 
mitral valve dehiscence, 3D TEE provided additional informa-
tion about the exact anatomic characteristics of the dehiscence 
and origin of the MR and was used to help plan the most 
appropriate corrective intervention.92 3D TEE to help guide 
percutaneous procedures, such as percutaneous valve repairs 
and paravalvular leak closure, is gaining increased use (See 
Chapter 5).

Aortic Valve
3D echocardiography may have value in the assessment of 
aortic valve disease because all aspects of the three leaflets of 
the aortic valve cannot be visualized in a single 2D plane, and 
the 2D US imaging plane often is oblique through the stenotic 
or regurgitant aortic orifice. Direct planimetry of the aortic 
valve in aortic stenosis, description of valve morphology  
(i.e., number of leaflets) (Fig. 4-14), localization and descrip-
tion of subvalvular obstruction (both discrete membranes and  
hypertrophic septum/LV outflow tract [LVOT] obstruction), 
quantification of aortic regurgitation, and assessment of aortic 
root pathology have all been demonstrated with 3D 
echocardiography.93-101

Aortic Stenosis
Planimetry of aortic valve area by volumetric 3D TTE and  
by intraoperative 3D TEE (reconstruction technique) compares 
favorably with both invasive and by 2D TEE valve area  

Figure 4-14  Bicuspid aortic valve on 3D transthoracic echocardiography viewed from the aortic perspective (A) and LV perspective (B). 

A B
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Figure 4-16  Transverse crop from a 3D full-volume TTE of a tricus-
pid valve vegetation. The vegetation  is  seen  to arise  from  the atrial 
surface  of  the  septal  leaflet.  ATV,  Anterior  leaflet  of  tricuspid  valve; 
LVOT, left ventricular outflow tract; STV, septal leaflet of tricuspid valve; 
V, vegetation. 

coaptation point can provide insights into the mechanisms 
responsible for aortic regurgitation and incomplete aortic valve 
closure.101 These measurements are feasible with 3D TEE and 
may facilitate the development of new repair techniques and the 
assessment of the success of aortic valve repair.

Aortic Prostheses
Similar to the mitral valve, studies investigating the use of  
3D echocardiography in the assessment of prosthetic aortic 
valves are currently limited, although the clinical experience  
is increasing114 (Fig. 4-15). The use of 3D TEE for transca-
theter aortic valve implantation (TAVI) is evolving115 (See 
Chapter 5).

Tricuspid and Pulmonic Valves
The utility of 3D echocardiography for evaluation of the right-
sided valves has not been as well-studied as the left-sided valves 
(Fig. 4-16). Initial reports for 3D echocardiography of the tri-
cuspid valve were in the form of case reports, although a recent 
study comparing 3D TTE to MRI found that measurements of 
the tricuspid annulus are comparable between the two tech-
niques.116 3D echocardiographic studies have shown that the 
tricuspid valve annulus is less saddle shaped and more round 
or oval than the MV annulus.117 This may have implications for 
annuloplasty and/or repair of the tricuspid valve.118 3D echo-
cardiography has also been used to evaluate the tricuspid valve 
in pulmonary hypertension,119 rheumatic disease,120 carcinoid 
heart disease,121 and complex congenital heart lesions.122 For 
example, quantitative 3D TTE has shown that following Fontan 
procedures, bidirectional cavopulmonary shunts, and Norwood 
procedures, significant tricuspid regurgitation can result from 
enlarged annular area, reduced systolic annulus area change, 
systolic annular flattening, and papillary muscle displace-
ment.123 Observations that the tricuspid regurgitation results 
predominantly from annular and ventricular abnormalities, 
rather than from the valve, may facilitate modification of surgi-
cal techniques.

Studies of the pulmonic valve are even more limited, but 
reports are emerging describing the 3D echocardiographic 
assessment of the anatomy of the RV outflow tract and pul-
monic valve,124 the vena contracta and regurgitant volume in 

Figure 4-15  3D TEE of a pericardial aortic prosthetic valve demonstrating diffuse leaflet thickening, as viewed from the ascending aorta. A, Diastole 
(leaflets closed). B, Systole (leaflets open). 

A B

pulmonic regurgitation,125 and the pulmonic valve in carcinoid 
heart disease.126

CONGENITAL HEART DISEASE

3D echocardiography has a potential impact on diagnosis  
and treatment of patients with congenital heart disease because 
of the ability to define and display the complex spatial  
relationships seen in many of these pathologies. In addition, 
the shorter time for image acquisition with volumetric 3D 
echocardiography improves the probability of complete 
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cardiac US imaging assessment of children. A study of 75 
patients with suspicion of congenital heart defects reported 
that 3D TTE image sets were obtained in all cases in less than 
5 minutes, and sedation of infants and children was never 
required.127 In a more recent report of 3D TTE in 70 patients 
with simple and complex congenital heart disease, improved 
depiction of cardiac and lesion morphology compared to  
2D imaging was noted regardless of the experience level of the 
echocardiographer.128 In this study, in at least 30% of the cases, 
the 3D echocardiogram added new information compared to 
the 2D imaging. Other investigators have confirmed that in 
about one third of patients with congenital heart disease,  
3D TTE provided anatomic information not seen on 2D echo-
cardiography that was helpful in clinical decision making.129 
This additive benefit was most prominent in patients with 
atrial septal defect, ventricular septal defect, atrioventricular 
septal defect, and L-transposition of the great vessels. In 
another 29% of this population, the 3D technique provided 
additional information compared to 2D echocardiography, 
but it was deemed not critical to decision making, and in 36% 
of the patients the information was equivalent for the two 
techniques.

Validation studies and evidence supporting the use of 3D 
echocardiography in congenital heart disease are now available 
for numerous measures of cardiac structure and function, 
including LV volume, mass and ejection fraction,130 RV volume 
and function,131 and single ventricle measurements.132 3D echo-
cardiography has also been used to evaluate the mechanisms 
and sites of regurgitation in congenital abnormalities of the 
atrioventricular valves.133 Additionally, there are case reports 
describing the successful use of 3D echocardiography for assess-
ment of cleft MV134 and Ebstein’s anomaly.135

Figure 4-17  3D TTE of a secundum atrial septal defect. Left, Views from three cropping planes. Right, en-face view of the defect from the RA 
perspective. The 3D en-face view clearly depicts the shape of the atrial septal defect (*) and the adequacy of the surrounding septal tissue. (Courtesy 
Siemens Medical Solutions USA Inc., Ultrasound.)

*

The detection and quantification of atrial septal defects is a 
particular strength of 3D TTE and TEE136,137 (Fig. 4-17). The 
area or diameters of the defect can be measured from an enface 
view from either the RA or LA perspective.138 Calculation of 
atrial septal defect shunt volume from 3D TEE reconstructions 
of Doppler color flow through the defect compares favorably to 
other methods.139 Visualization of the extent of septal rim and 
assessment of the proximity of other structures is necessary 
when considering if a patient with an atrial septal defect is a 
candidate for percutaneous closure device, and 3D echocar-
diography may provide value in this assessment (See Chapter 
5). In addition to secundum atrial septal defect, 3D TTE has 
been utilized to assess sinus venosus defects,140 unroofed coro-
nary sinus,141 atrioventricular septal defects,142 and ventricular 
septal defects.143

Currently the role of 3D echocardiography in patients with 
congenital heart disease is still being defined. It is likely that a 
paradigm that integrates 2D and 3D echocardiography in the 
evaluation and treatment of patients with congenital heart 
disease will produce the best patient outcomes.144 Continued 
refinement of 3D technology, including development of higher 
frequency TTE matrix array transducers with smaller footprints 
and faster frame rates, and smaller 3D TEE probes will allow 
this technique to reach its full potential in this unique patient 
population.

GUIDANCE OF INTRACARDIAC CATHETER-
BASED INTERVENTIONS

Percutaneous catheter-based noncoronary procedures are 
gaining acceptance and becoming more commonplace in 
cardiac catheterization and electrophysiology laboratories. 
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utilized. In addition to mitral stenosis, RT3D echocardiography 
also has uses in guiding the treatment of MR. RT3D echocar-
diography has been used to evaluate the impact of a coronary 
sinus-based percutaneous transvenous mitral annuloplasty on 
dynamic changes of mitral annular geometry, demonstrating a 
reduction in mitral annular area and dimensions.153 Percutane-
ous edge-to-edge repair of the MV to reduce MR is a promising 
technology, and RT3D echocardiography may guide perpen-
dicular alignment of the therapy catheter to the MR jet and help 
position devices along leaflet edges.154 Additionally, RT3D echo-
cardiography may help detect the complications that can occur 
in the setting of percutaneous MV repair.155 Paravalvular regur-
gitation in the setting of prosthetic MV dehiscence is another 
clinical situation in which RT3D echocardiography is being 
utilized to select patients and guide percutaneous therapy.156 In 
this setting, the imaging requirements include visualization of 
location and size of the leak, guiding wire position through the 
leak, and determining of the size and number of devices required 
to close the leak(s) (Fig. 4-19). The incremental value of RT3D 
over 2D echocardiography for device closure of paravalvular 
leak needs to be established.

TAVI has been shown to reduce mortality in patients with 
severe aortic stenosis who are not suitable candidates for 
surgery.157 TEE is relied on during the TAVI procedure to assist 
in device sizing, device positioning, adequacy of device deploy-
ment and function, and identification of complications. As with 
guidance of other procedures, RT3D TEE provides better 
display of device and cardiac structures such as the aortic 
annulus compared with 2D TEE.158

Atrial fibrillation is another disease in which RT3D echocar-
diography is used to guide catheter-based therapies. RT3D TEE 
can be used to help guide transseptal puncture in patients 
undergoing atrial fibrillation ablation, allowing for fast and safe 
transatrial access with a single puncture attempt.159 For patients 
with atrial fibrillation who have contraindications to anticoagu-
lation, LA appendage occlusion devices may represent a novel 
treatment option.160 In a study of 66 patients, RT3D TEE for 
visualization and quantitation of LA appendage orifice areas 
was feasible and correlated well with 64-slice cardiac computed 
tomography.52 Thus, RT3D TEE may help select patients suit-
able for LA appendage occlusion, determine device size, and 
assess position during deployment. In addition, color Doppler 
from an en face view of the implanted device as seen from the 
LA perspective can rapidly identify residual flow around the 

Imaging guidance of such procedures has traditionally utilized 
fluoroscopy, which results in radiation exposure and, unless 
large volumes of radiologic contrast are used, has limited ability 
to depict complex anatomy and defects. Intracardiac echocar-
diography and 2D TEE are established modalities to help guide 
catheter-based procedures, although they have limitations. 
RT3D TEE has emerged as a powerful imaging tool because it 
allows the interventionalist a real-time 3D appreciation of 
cardiac anatomy, location of defects, and position of devices 
and catheters relative to the defects. Although these can be 
assessed with 2D TEE, it is easier with 3D imaging to rapidly 
understand the spatial relationships. The feasibility of 3D TTE 
and TEE has been demonstrated for closure of secundum atrial 
septal defect (see Fig. 4-2) and patent foramen ovale (Fig. 4-18), 
MV repair, mitral balloon valvuloplasty for mitral stenosis, 
TAVI, closure of prosthetic valve paravalvular regurgitation, 
closure of ventricular septal defects, LA appendage obliteration, 
and pulmonary vein ablation for atrial fibrillation.145-147 In a 
multicenter evaluation of RT3D TEE for guidance of such 
catheter-based interventions, several distinct advantages of 
RT3D TEE were found.147 Specifically, RT3D TEE allowed for 
visualization of the entire length of intracardiac catheters, 
including the tips of all catheters and the balloons and devices 
they carry, along with clear depiction of their positions in rela-
tion to other cardiac structures. Another advantage of RT3D 
TEE is the ability to demonstrate certain structures in an en face 
view, allowing appreciation of the exact shape of the lesion 
undergoing intervention.

Compared with 2D TTE and fluoroscopy, RT3D TTE has 
demonstrated efficacy in helping to guide RV biopsy, by provid-
ing improved visualization and localization of the bioptome tip 
in the RV.148

Recent evaluations support the use of RT3D echocardiogra-
phy, both TTE149 and TEE,150 for guiding closure of atrial septal 
defects and detection of complications of this procedure, such 
as a torn interatrial septum.151 There is also evidence that use 
of RT3D TEE to assist percutaneous closure of interatrial com-
munications can result in lower radiation exposure for 
patients.152 A true representation of atrial septal defect shape 
with 3D TEE enables more accurate measurement of defect size 
compared to 2D TEE. This can guide selection of the appropri-
ate closure device and reduce residual shunting.137

Catheter-based therapy of valvular heart disease represents 
another major area where RT3D echocardiography is being 

Figure 4-18  3D TEE obtained during percutaneous closure of a patent foramen ovale, as viewed from an LA perspective. A, Guiding catheter 
(arrow) seen traversing the patent foramen ovale. Interatrial septum viewed en face (* ). B, LA septal occluder disk opened (arrow) and in the process 
of being pulled against the LA side of the interatrial septum. C, LA septal occluder disk apposed to the LA side of the interatrial septum. 

A B C
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margin of the device, which may prompt repositioning or 
change in device sizing.

OTHER SELECTED APPLICATIONS

As would be expected, 3D echocardiography can be applied to 
almost any current use of 2D echocardiography. Several of these 
situations are described in this section. When assessing its addi-
tive value, important questions include whether the technology 
provides additional information that alters diagnosis or 
outcome and whether the information is obtained in a simpler 
or faster fashion.

Stress Echocardiography
The use of single cardiac cycle multiplane 2D imaging or 3D 
echocardiography during stress echocardiography offers several 
advantages over the current practice. First, all ventricular seg-
ments are imaged rapidly at each stage, which is particularly 
important at peak stress, so that all myocardial segments are 
visualized before reduction in workload and the resolution  
of transient ischemia-induced wall motion abnormalities  
(Fig. 4-20). Second, if image acquisition is performed properly, 
the entire LV is imaged, and the risk of not evaluating the true 
LV apex due to foreshortening of the 2D view is reduced. Third, 
function of all myocardial segments is assessed at the same 
point in time, enabling accurate comparisons. Fourth, cropping 
of the images enables display and interpretation of image planes 
that are on-axis, thus reducing errors that occur with interpre-
tation of oblique cuts of the ventricular walls or rotational 
motion. Last, cropping of the 3D images from each stage allows 
comparison of reproducible and identical myocardial segments 
at each stage, even if the heart has changed size or shape. 
However, if wall motion of all segments of the LV is accurately 
visualized and interpreted during 2D stress echocardiography, 
then it is unlikely that 3D imaging will improve the accuracy of 
the test.

The feasibility of the integration of 3D echocardiography 
with treadmill and pharmacologic stress echocardiography has 

Figure 4-19  3D TEE obtained during percutaneous closure of a para-
valvular leak associated with a single-tilting disk prosthetic mitral valve. 
An occluder device (black arrow)  is positioned in a portion of the gap 
between valve and cardiac tissue. An area of residual paravalvular leak 
(white arrow) is also seen. The sewing ring of the valve is noted (yellow 
arrow). The highly reflective spot in the middle of the valve is its central 
strut. 

been demonstrated.161-163 Comparisons of 2D and 3D stress 
echocardiography have shown variable results, with some 
reporting comparable sensitivity and specificity for the two 
imaging methods during dobutamine164 while others reported 
a lower sensitivity but higher specificity for the 3D stress echo-
cardiogram during treadmill exercise.165 One study comparing 
multiplane apical views to multislice short-axis views obtained 
from 3D TTE during dobutamine stress echo has demonstrated 
comparable sensitivity but enhanced specificity of the multiple 
simultaneous short-axis views. The improvement appears to be 
due to increased specificity for disease of the right coronary 
artery.166 The time required to perform the 3D imaging during 
both pharmacologic and exercise stress has been reported to be 
approximately 50% shorter than that needed to acquire the 
comparable 2D images.164,167

With present-day 3D echocardiographic systems, several 
factors may influence test accuracy. The low frame rate of current 
3D images might reduce detection of wall motion abnormalities, 
especially when images of rapidly beating ventricles are obtained. 
In addition, poor image quality has been noted in up to 9% of 
the 3D image sets.165 Several 3D image acquisitions from differ-
ent transducer positions may be necessary to acquire adequate-
quality images of all myocardial segments. For example, 3D 
volumes from the standard apical transducer position will 
provide high-resolution images of the apical portions of the LV 
compared to more basal portions, because the resolution of the 
structures in the far field is influenced by the increasing scan line 
separation. However, 3D images from the parasternal transducer 
position can provide higher-resolution images of those basal 
portions. The large size of some matrix array transducers has 
contributed to difficulties in visualizing the anterior and lateral 
walls of the LV due to variable contact of the entire transducer 
footprint on the chest wall, thus resulting in a lack of the antero-
lateral regions of the LV in the volume acquired.168 However, 
improvements in the technology are resulting in smaller trans-
ducers that should resolve this issue. The limitations of image 
quality during stress have been reduced with the addition of 
intravenous contrast for LV opacification.169 The fusion of com-
ponent images from multiple cardiac cycles may lead to image 
artifacts, particularly during stress and recovery when the heart 
rate is changing and patients are breathing rapidly. These arti-
facts can lead to the false impression of dyssynchrony or wall 
motion abnormality.168

Although 3D imaging is ideally suited for stress echocardiog-
raphy, several enhancements are necessary before widespread 
clinical application. These include increases in frame (volume) 
rates that enable visualization of ventricular wall motion at the 
increased heart rates encountered at peak stress and additional 
methods that allow flexibility in the side-by-side display of 
cropped images from different stages.

Left Ventricular Dyssynchrony
In randomized trials of advanced systolic heart failure, cardiac 
resynchronization therapy (CRT) has resulted in a reduction  
in symptoms and improved survival.170 Echocardiography, 
specifically tissue Doppler imaging, has been used to assess  
LV mechanical dyssynchrony (LVMD) in an effort to select 
patients and predict response to CRT. (See Chapter 26.) 
However, results from a multicenter trial highlight the limita-
tions of current tissue Doppler imaging–based measures of 
LVMD for patient selection for CRT, particularly those due to 
interpreter variability.171 Efforts are focused on identifying 
echocardiographic methods for assessment of LVMD that have 
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coronary venous anatomy, this provides a visual display of how 
one may position the LV pacing lead adjacent to the most 
delayed segment. Additionally, techniques such as 3D speckle 
tracking are beginning to be studied for LVMD.181

Hypertrophic Cardiomyopathy
In hypertrophic cardiomyopathy, 3D echo has shown improved 
identification of systolic anterior motion of the MV, improved 
localization of the predominant septal hypertrophy,182,183 and 
usefulness for measurement of LVOT area and quantification of 
LVOT obstruction at rest and after provocation.184 3D echocar-
diography may also have value in the identification and quan-
tification of LVOT and septal remodeling after surgical 
myomectomy and percutaneous alcohol septal ablation.98

Endocarditis
Case reports have highlighted the value of 3D echocardiogra-
phy in infectious endocarditis (Fig. 4-22). These reports 
suggest that 3D echocardiographic assessment may improve 
the detection of valve perforations, in addition to identifying 
the number and location of vegetations on both native and 
prosthetic valves185,186 as well as on pacemaker leads.187 Addi-
tional studies suggest that vegetation size measured on 3D 
TTE is more accurate than on 2D TTE.188 A recent case series 
of 13 patients showed that intraoperative 3D TEE provided 
more information about complications of endocarditis such as 

reduced measurement variability. 3D echocardiography is being 
studied this context.172-174 The advantages of 3D echocardiogra-
phy for the assessment of LVMD and the response to CRT in 
heart failure patients are similar to those noted earlier for stress 
echocardiography—all segments can be assessed simultane-
ously. Specifically, a full-volume data set is acquired and is 
imported into analysis software in which the complete LV endo-
cardial border is tracked through the cardiac cycle. The LV 
volume is then divided into a series of subvolumes, the change 
in each subvolume during the cardiac cycle is calculated, and 
time-volume curves are generated. In LVMD, there is dispersion 
of the timing of the minimum volume point for all the subvo-
lumes (Fig. 4-21). A systolic dyssynchrony index can be derived 
by calculating the standard deviation of the time to minimum 
volume in each of the subvolumes; this index is expressed as a 
percentage of the duration of the cardiac cycle.175 In a recent 
study of 187 patients at two centers, LVMD quantification by 
3D TTE was reproducible between centers and systolic dyssyn-
chrony index was a predictor of response to CRT.176 3D TTE to 
quantify LV reverse remodeling and predict response to CRT 
has also been demonstrated.177,178 Despite these promising 
results, limitations of 3D echocardiography for assessment of 
LVMD do exist.179 Another potential role for 3D echocardiog-
raphy is in the creation of color-coded parametric images that 
provide a spatial display illustrating which LV segments are 
most delayed.180 When incorporated with information about 

Figure 4-20  One type of display of full-volume 3D stress echocardiogram. Nine simultaneous short-axis views (inset) from apex (upper left) to 
base (lower right) of the LV. The distance between each adjacently displayed short-axis image is equal, and positions of these transverse cropping 
planes are shown (white lines) on the coronal and sagittal crops. 



  4  Three-Dimensional Echocardiography 87

be dramatically enhanced with 3D echocardiography.191 In a 
more recent study, comparing 3D and 2D TEE, the assessment 
of entry-site tear size in chronic aortic dissection was enhanced 
and compared favorably to CT.192 Case reports suggest that 3D 
echocardiography can be useful for the imaging follow-up of 
patients with surgically repaired aortic dissection.193

Myocardial Perfusion
3D echocardiographic imaging enables display of myocardial 
contrast perfusion zones in a single cardiac cycle rather than 
reliance on a single image plane as is the common practice of 
2D myocardial contrast echocardiography. The extent of 

abscesses, perforations, and ruptured chordae and that this 
information may be helpful in planning the cardiac surgical 
procedure.189 Systematic studies comparing 3D echocardiogra-
phy (TEE and TTE) to the 2D echocardiographic modalities 
are still required to determine if vegetation detection rate is 
improved and if 3D echocardiography has incremental value 
to guide clinical decision making.

Aortic Dissection
Case reports have demonstrated aortic dissection by 3D echo-
cardiography,190 and a study in a small number of patients sug-
gests that the diagnosis of type A aortic dissection by TTE can 

Figure 4-21  Intraventricular mechanical dyssynchrony of the LV can be assessed by 3D transthoracic echocardiography. LV volume through-
out a single cardiac cycle (top)  is derived from a full-volume acquisition. All segments achieve their minimum volume at approximately the same 
time in the cardiac cycle. The same LV volume calculations in a patient with left bundle branch block and New York Heart Association class III heart 
failure (middle). A wide dispersion of time to minimum volume is observed for the segments representing intraventricular mechanical dyssynchrony. 
A follow-up 3D echocardiogram was performed 1 month after a cardiac resynchronization device was implanted, and the pattern of LV volume over 
time (bottom) now shows synchronous motion of the LV segments. CRT, Cardiac resynchronization therapy. 

Normal

LV dyssynchrony

Post-CRT

Figure 4-22  Full-volume 3D TEE of a mitral valve vegetation in a patient with Enterococcus faecalis bacteremia. The vegetation (*) is seen to arise 
from the atrial surface of the anterior mitral leaflet. Arrow designates base of anterior mitral valve leaflet. A, Valve open in diastole. B, Valve closed 
in systole. 
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Figure 4-23  An image integrating 3D TTE and 3D rotational coronary 
venous  angiography  viewed  from  the  lateral  apex  of  the  LV.  This 
example displays the LV dyssynchrony map (on a 3D echocardiographic 
volume of the LV) and the coronary venous anatomy before placement 
of pacing wires for cardiac resynchronization therapy. The most delayed 
myocardial segments are coded on the LV volume in orange, and the 
earliest  contracting  segments  are  in  green.  GCV,  Great  cardiac  vein; 
LMV,  lateral  marginal  vein.  (Courtesy Francois Tournoux, MD, Massa-
chusetts General Hospital.) 

LMV

GCV

transducers, and this should lead to improved image quality 
and color Doppler display. Such advances have already led to 
larger volume data acquisitions during a single cardiac cycle, 
and thus the current integration of several cardiac cycles for 
full cardiac 3D volume display will be a transition phase for 
the technique. The single cardiac cycle method will remove the 
artifacts observed with arrhythmias, respirations, and patient 
motion.

As 3D echocardiographic full-volume data acquisition 
becomes a routine part of the clinical work flow, there is the 
potential for shortened image acquisition time because a 3D 
volume of US containing all cardiac structures should be able 
to be imaged within just a few cardiac cycles from a few imaging 
windows. Additional time would then be spent on preparing the 
image sets for interpretation, mainly by cropping the views into 
image planes that best display the various cardiac structures. 
Efforts are now being focused on developing 3D TTE and TEE 
imaging protocols and standardized image cropping planes, and 
on training personnel for this image preparation and quantita-
tion. In addition, enhancements to the 3D image display should 
lead to development of novel ways to view the images and the 
ability to perform “virtual dissections” through the image set 
both offline and in real time. Because echocardiography  
has superior temporal resolution compared to other nonin-
vasive cardiac imaging modalities (some of which have superior 
spatial resolution), there is the potential to enhance noninvasive 
diagnostic and therapeutic cardiac imaging through fusion  
of modalities, such as cardiac MRI, computed tomographic 
imaging, or angiography with 3D echocardiography201 
(Fig. 4-23).

Clinical investigations comparing 2D echocardiography  
and 3D echocardiography continue to be required in order  
to demonstrate where there is incremental value of 3D 

perfusion defect and quantification of myocardial perfusion 
have been demonstrated in both experimental preparations and 
humans with volumetric 3D echocardiography.194 3D myocar-
dial contrast echocardiography has been used to assess sub-
endocardial perfusion abnormalities after percutaneous 
intervention for myocardial infarction and was more precise 
than the 2D technique in this setting.195 A potential impediment 
to use of RT3D TTE for myocardial perfusion is that the high 
intensity acoustic power and large number of scan lines that the 
current matrix array transducers transmit enhance premature 
microbubble destruction.

Pericardial Effusion
The size of pericardial effusions can be more accurately quanti-
fied by 3D echocardiography than by 2D techniques. The 3D 
technique does not rely on the assumption that the fluid is sym-
metrically distributed. With the 3D echocardiographic method, 
the pericardial fluid volume is calculated as the difference 
between the volume of the outer pericardial sac (parietal peri-
cardium) and the outer surface of the heart. Experimental 
studies using the reconstruction technique have shown excel-
lent accuracies compared to true volume (r = 0.98; SEE 7.7 mL; 
mean error 1.1 ± 7.8 mL),5 and more recent clinical experiences 
with volumetric TTE have confirmed its benefits.196 For accu-
rate quantitation of the fluid, the entire parietal pericardium or 
outer border of the effusion must be obtained in the image 
volume.

Intracardiac Masses
The detection of masses, including thrombi and tumors, within 
the heart by 3D echocardiography has been documented in 
several case series.188,197,198 3D echocardiography may improve 
the detection of the site of attachment of the mass and the size 
of the mass. (See Chapter 46.) As image quality improves, it may 
have the potential to provide additive information over 2D 
echocardiography to help guide surgical procedures.199 Studies 
are required to determine if serial quantification of thrombus 
volume with 3D echocardiography is an accurate and reproduc-
ible method to assess response to therapy.

Technology Diffusion
Among the impediments to the widespread clinical use of 3D 
echocardiography are availability and cost of equipment, unfa-
miliarity with the technique, and image quality. Studies have 
shown that short, intensive, interactive sessions that incorporate 
supervised training in the cropping of 3D data sets and the 
interpretation of 3D echocardiograms lead to significant 
improvements in user expertise.200 Thus, in addition to identify-
ing specific indications where 3D TTE and TEE are critical, 
continued efforts at sonographer and physician “hands-on” 
training are necessary. Although 3D TTE image quality has not 
always been comparable to that of 2D TTE, the excellent image 
quality of 3D TEE has led to its rapid acceptance for specific 
indications such as assessment of mitral valve disease and guid-
ance of intracardiac catheter-based interventions.

Future Considerations
The key to the future of 3D echocardiographic imaging is con-
tinued technologic enhancements. Enhancements to trans-
ducer technology and computer processing will enable higher 
frame (volume) rate acquisitions with smaller matrix array 
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KEY POINTS

 Understanding the complex shapes and spatial relation-
ships of various cardiac structures is enhanced with 3D 
echocardiography.

 3D echocardiography eliminates the need to assume a 
specific geometric shape of the LV or RV when quantify-
ing volume and ejection fraction.

 3D echocardiography has the potential to reduce the time 
required for echocardiographic image acquisition.

 3D US can be acquired as either a series of 2D images 
requiring reconstruction into a 3D image or more com-
monly as a 3D volume of ultrasound.

 The volumetric technique requires a rectangular (matrix) 
array transducer. A small RT3D volume or a larger 3D 
full-volume composed of component images from several 
cardiac cycles can be displayed.

 Multiple 2D image planes can be obtained simultaneously 
with a matrix array transducer.

 3D echocardiographic quantitation of LV volume, ejec-
tion fraction, mass, and RV volume are more accurate 

than the 2D approaches, and these measurements derived 
from 3D echocardiography have reduced measurement 
variability.

 In congenital heart disease, significant benefits of 3D 
echocardiography compared to 2D echocardiography 
have been noted in patients with atrial septal defect, ven-
tricular septal defect, atrioventricular septal defects, and 
L-transposition of the great vessels.

 Continued enhancements to the current 3D technology 
will include higher volume or frame rate acquisitions to 
improve image quality and resolution. These are required 
for broader clinical application of the technology.

 3D TEE has a role in real-time guidance of intracardiac 
catheter-based interventions such as patent foramen 
ovale/atrial septal defect closures, ventricular septal defect 
closures, LA appendage occlusion, transcatheter aortic 
valve implantation, and transcatheter mitral valve repair.
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the Future

In the past few years, percutaneous interventions have been 
developed as alternatives to open heart surgery for the treat-
ment of many structural heart diseases. Cardiac imaging plays 
a major role in patient selection, procedure guidance, and the 
short- and long-term follow-up of these patients. Both trans-
thoracic (TTE) and transesophageal echocardiography (TEE) 
have unique attributes that facilitate their application in the 
catheterization laboratory, and they have become the main 
imaging tools in the management of most patients with struc-
tural heart disease (SHD).

Guidance of structural heart disease interventions requires 
that the echocardiographer understand the morphology and 
physiopathology of the SHD abnormality, be familiar with the 
catheterization laboratory environment, and recognize the 
echocardiographic and fluoroscopic appearance of the catheters 
and devices being used for the intervention. Images are obtained 
following structured protocols, ensuring completeness of the 
evaluation and facilitating the flow of the intervention. The 
echocardiographer must anticipate the imaging needs at each 
point of the intervention.

Echocardiographic imaging planes are frequently different 
from the fluoroscopic or angiographic planes used in the cath-
eterization laboratory. Therefore, a common language needs to 
be established between the interventionalist and echocardiog-
rapher to designate directionality of the catheters and devices 
as they are advanced and deployed.

In this chapter we emphasize the role of echocardiography 
for guidance of SHD interventions.

Structural Heart Disease
DEFINITION

In its broadest definition, SHD refers to all cardiac disorders 
that are marked by abnormal cardiac structure and function. 
Thus, SHD encompasses valvular heart disease, congenital 
heart disease, and acquired disorders characterized by  
abnormalities of heart chambers, valves, myocardium, and 
cardiac function such as left ventricular (LV) aneurysm/
pseudoaneurysm, pericardial disease, and all forms of myocar-
dial disease1-5 (Fig. 5-1).

STRUCTURAL HEART DISEASE INTERVENTIONS

SHD interventions are distinguished from the two other large 
areas of interventional cardiology: coronary artery intervention 
(percutaneous coronary intervention, or PCI) and peripheral 
artery intervention. SHD intervention is a useful grouping for 
the specialty because these interventions require technical, 
imaging, and hemodynamic knowledge and skills that are dis-
tinctive from PCI and other vascular interventional skills. 
Training programs in interventional cardiology now describe 
SHD interventions as a unique component, continuing medical 
education conferences have separate sessions, and textbooks 
have emerged that are focused on SHD interventions,6 all as a 
consequence of this uniqueness in clinical practice, knowledge 
base, and interventional skills.

SHD interventions involve image guidance that is funda-
mentally different from that used in PCI and other vascular 
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Figure 5-1  Structural heart disease. Typical examples of patients with structural heart disease referred for percutaneous interventions. The first 
patient has a flail posterior mitral leaflet (arrows) and was referred for mitral clip repair. The second patient has a perimembranous ventricular septal 
defect (VSD) (arrows) and was referred for percutaneous VSD repair. The third patient has a periprosthetic mitral valve leak (arrow) and two prior 
open heart surgeries and was referred for percutaneous repair. The fourth patient illustrates an anatomic variant of the left atrial appendage (LAA), 
in this case bilobar (1, primary lobe; 2, secondary lobe), this being an important consideration for the use of an LAA occluder. LSPV, Left superior 
pulmonary vein. 
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Cardiac Ultrasound Properties That Promote Its Use  
in SHD Interventions

Cardiac Ultrasound Properties Importance to SHD Interventions

Excellent temporal and spatial 
resolution of soft tissue

The target of many interventions is soft 
tissue (valves, chamber walls), and these 
are not visualized by x-ray except during 
angiography, which cannot be repeatedly 
used.

No harmful effects of 
ultrasound energy

Efforts to minimize the use of ionizing 
radiation from x-ray are facilitated by 
substituting ultrasound guidance for 
various tasks performed during the 
procedure.

Doppler and 
echocardiographic 
visualization and 
quantification of flow 
abnormalities, chamber 
function, and valve 
function are accurate and 
broadly accepted as gold 
standards

Intraprocedure assessments of cardiac 
function, shunts, and valve function are 
required in most interventions; need to 
be repeated; and may replace or 
complement catheter-based pressure 
measurements, oximetric determination 
of shunt location and quantification, 
and thermodilution measurement of 
cardiac output.

SHD, Structural heart disease.

TABLE 
5-1 interventions. PCI is solely guided by x-ray fluoroscopy and 

coronary angiography. On the other hand, image guidance of 
SHD interventions often requires an additional modality—
typically cardiac ultrasound (Table 5-1). The form of ultra-
sound varies by the procedure being performed, but also by 
local expertise, experience, and the techniques available. TEE 
and intracardiac echocardiography (ICE) are the two forms of 
cardiac ultrasound commonly used, whereas TTE is a third 
form used less frequently in adults because of suboptimal image 
quality in many patient undergoing SHD interventions.

During an intervention, ultrasound imaging and Doppler 
hemodynamic assessment are used diagnostically to assess the 
abnormal structure and function before and after the interven-
tion and assess other relevant structures and physiologic param-
eters. Both techniques are also critical to manage complications.7 
In the flow of most SHD interventions, imaging makes the 
transition back and forth from its diagnostic utility to its true 
image guidance use.
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may be nephrotoxic, and must be injected in large volumes to 
clearly show the features of SHD. Second, it cannot be repeated 
numerous times. Third, it produces 2D projection images that 
often misrepresent the complex three-dimensional (3D) rela-
tionships of key structures in SHD.

The focused use of cineangiography is still common in 
certain interventions such as left atrial appendage occlusion, 
transcatheter aortic and pulmonic valve implantation, and ven-
tricular septal defect closure. Cineangiography is intertwined 
with the use of fluoroscopy to perform certain tasks of the 
intervention. Cineangiographic images provide a road map for 
fluoroscopic guidance and also help determine the optimal pro-
jection that is needed for a specific step of an intervention. Note 
that this function of cineangiography is not readily replaced by 
using ultrasound.

Cineangiography is not a static technique, and important 
developments are leading to a rebirth of angiography in general.8 
Rotational angiography is a new acquisition technique that has 
now been coupled with 3D reconstruction algorithms. The tra-
ditional 2D x-ray tools of fluoroscopy and cineangiography are 
being supplemented by C-arm computed tomographic (CT) 
techniques that convert the imaging system into a CT scanner 
capable of imaging soft tissue. These volumetric 3D data sets or 
preprocedure acquired cardiac CT scan data can be registered 
or fused with fluoroscopy to provide a more powerful imaging 
guidance tool for SHD interventions.9 These developments have 
profoundly changed neurointerventions and many interven-
tional radiology procedures.10 The cardiac applications are 
emerging later because of the challenge of imaging the heart’s 
rapid motion and the precision needed in interventions within 
this complex structure.11

Echocardiographic Guidance of 
Structural Heart Disease Interventions
ECHOCARDIOGRAPHIC MODALITIES

All of the echocardiographic methods used in the echocardio-
graphic laboratory7,12-16 can be used in the catheterization labo-
ratory for the guidance of SHD interventions. The approach to 
obtain this information is through either TTE or TEE. The 
selection of either approach depends on the intervention to be 
performed, the need for endotracheal intubation, and the 
quality of the TTE windows. Because of the increased spatial 
resolution of TEE, we favor its use for all patients who require 
endotracheal intubation and in all patients with suboptimal 
transthoracic windows. The development of real-time 3D echo-
cardiography has opened a new window into the heart and has 
been particularly useful in the guidance of SHD interventions; 
currently all of our TEE-guided interventions are performed 
with 3D TEE. The new 3D TEE technology allows for switching 
from 2D to 3D and color imaging, which is of great value to 
obtain all required information immediately preceding the 
intervention and for procedural guidance (Fig. 5-2).

Assisting with Access Routes
The initial role of echocardiography in the catheterization labo-
ratory for guidance of SHD interventions is in facilitating the 
access of guidewires, catheters, and devices into the appropriate 
vessel and cardiac chamber. Although fluoroscopy is the main 
imaging tool for this purpose, real-time ultrasound guidance 

FLUOROSCOPY AND CINEANGIOGRAPHY

Fluoroscopy is the major real-time imaging modality used in all 
SHD interventions. Transcatheter or percutaneous interven-
tions of the heart require the interventional cardiologist to first 
access the circulation via a peripheral artery or vein and then 
navigate wires, catheters, delivery systems, and other specialized 
tools to the heart. These procedural tasks are almost exclusively 
performed with fluoroscopy. Once the heart is reached, image 
guidance often becomes a multimodality affair for SHD inter-
ventions. Fluoroscopy and echocardiography are used together 
or in an alternating fashion (Table 5-2).

Fluoroscopy remains the major imaging modality for SHD 
interventions for multiple reasons, starting with its ability to 
provide global or large-field guidance for the navigation of 
equipment. With table panning and large field-of-view flat 
detectors, the interventional cardiologist can track the course of 
catheters and devices from the distal access point to any place 
within the heart. In addition, fluoroscopy is essential because  
all diagnostic and interventional supplies are radiopaque. The 
design and choice of material for equipment has historically 
been done to optimize x-ray visualization. Fluoroscopy is also 
the principal imaging modality because it is so widely available, 
physicians have been trained and gained extensive experience 
using it, and the x-ray system has many features and imaging 
tools that further enhance the utility of x-ray imaging.

As an imaging modality, fluoroscopy has many strong fea-
tures. It is real time and provides the continuous feedback 
essential for performing an intervention. It has a high spatial 
and temporal resolution critical for cardiac work. Although 
fluoroscopy is two-dimensional (2D) and produces a projection 
or “shadow” image, in skilled hands it allows the determination 
of device position relative to anatomic landmarks and interven-
tional targets. Certain SHD targets are in fact apparent on fluo-
roscopy (e.g., a calcified aortic valve). Finally, it is a modality 
that is simple to set up and use in the procedure room.

Cineangiography has been used for decades in the diagnosis 
and quantification of many forms of SHD. Ventriculography, 
aortography, and other selective chamber/vessel injections have 
been the first techniques used to diagnose all of SHD. In the era 
of SHD interventions, cineangiography is still used in a focused 
fashion but does not have a central role because of several key 
facts. First, angiographic contrast dye is an acute osmotic load, 

Main Imaging Modalities Used to Assist Structural Heart 
Disease Interventions

Frequency  
of Use Advantages Disadvantages

Fluoroscopy and 
cineangiography

++++ Current gold standard Radiation
No soft tissue 

characterization

Intracardiac 
echocardiography 
(ICE)

++ No radiation
High-resolution soft 

tissue 
characterization

Poor resolution in 
far fields

No 3D rendering

Transthoracic 
echocardiography 
(TTE)

++ Noninvasive
No radiation
Soft tissue 

characterization

Limited echo 
windows

Adds complexity to 
procedure

Additional personnel 
required

Transesophageal 
echocardiography 
(TEE)

+++ No radiation
High-resolution soft 

tissue 
characterization

3D imaging rendering 
possible

Semiinvasive
Adds complexity to 

procedure
Additional personnel 

required

TABLE 
5-2 
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reduces time to access, number of attempts, and complications 
in central venous access, as well as providing improved common 
and superficial femoral artery cannulation.17,18

Transseptal Catheterization
Since the original description of transseptal left heart catheter-
ization as a new diagnostic method by Ross19 more than 50 years 
ago, transseptal catheterization has become an integral part of 
SHD interventions.20,21 The technical aspects on how to perform 
a successful transseptal catheterization have been well described 
in the literature22,23; the role of echocardiography in assisting 
this initial step of SHD interventions has also been demon-
strated and is illustrated in Figure 5-3.

Transapical Catheterization
Direct cardiac puncture to access the LV has been traditionally 
used when operators were concerned about crossing the native 
aortic or mitral valves,24 or more recently in the presence of 
simultaneous mechanical aortic and mitral prosthesis.25 Patients 

Figure 5-2  TEE applications in structural heart disease interventions. With real-time 3D TEE, it is now possible to alternate 2D (x-biplane) and 
3D presentations.  In this patient undergoing percutaneous closure of a secundum atrial septal defect  (*), simultaneous biplane color  images are 
presented in panels A, preprocedure, C, balloon sizing, and E, post–device deployment. Presentations on 3D are illustrated in panels B, prepro-
cedure, D, balloon sizing, and F, post–device deployment. b, Balloon; SVC, superior vena cava. 
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with SHD who are candidates for transapical catheterization 
include those undergoing percutaneous aortic valve replace-
ment and those with paravalvular mitral prosthetic leaks.26

Recognizing and Analyzing Catheters 
and Devices with Echocardiography
The echocardiographer assisting with structural heart disease 
interventions needs to be familiar with the equipment required 
for the intervention. A complete description of each piece of 
equipment required for the performance of SHD interventions 
is beyond the scope of this chapter; however, a general under-
standing of the types, function, and fluoroscopic and echocar-
diographic appearance of these catheters and devices is essential 
for successfully assisting SHD interventions. Table 5-3 summa-
rizes the main items used in percutaneous SHD interventions, 
and Figures 5-4 and 5-5 illustrate the fluoroscopic and echocar-
diographic appearance of selected catheters and devices.

It is also important to recognize pitfalls and common echo-
cardiographic artifacts seen during structural heart disease 
interventions, as illustrated in Figure 5-6.
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Figure 5-3  Septal puncture. Both 2D and 3D methods can be used 
to provide septal puncture guidance. A, 3D TEE view of the interatrial 
septum as seen from the right atrium. The tip of the guiding catheter 
(yellow asterisk) is in the superior vena cava (SVC) and will need to be 
withdrawn to the level of the fossa ovalis (FO). Once in the fossa ovalis, 
biplane 2D imaging (B) permits visualization of the “tenting” (red aster-
isk) and puncture of the membrane of the FO—inferior to the SVC and 
posterior  to  the  aorta.  C,  3D  imaging  illustrates  the  dilator  (yellow 
asterisk) in the LA and microbubbles in the LA cavity, confirming correct 
positioning of the catheter. 
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SHD Interventions of Septal Defects

SHD Intervention 
Category Status 2011

Image Guidance 
Modalities 

Commonly Used

Interatrial Septum Interventions
Secundum atrial 

septal defect
Approved devices Fluoroscopy and 

TEE or ICE

Fenestrated atrial 
septum

Approved device Fluoroscopy and 
TEE or ICE

Patent foramen ovale Approved devices OUS, 
off-label use of 
approved devices in US

Fluoroscopy and 
TEE or ICE

Atrial balloon 
septostomy

Off-label use of approved 
balloon catheters

Fluoroscopy 
alone or with 
TEE, TTE, or 
ICE

Transseptal 
catheterization

Approved catheters, 
needles, and RF 
ablation catheters

Fluoroscopy 
alone or with 
TEE or ICE

Interventricular Septum Interventions
Congenital muscular 

VSD
Approved device Fluoroscopy and 

TEE

Congenital 
perimembranous 
VSD

Experimental, 
predominantly 
preclinical

Fluoroscopy and 
TEE

Post–myocardial 
infarction VSD

Approved device OUS, 
IDE device in US 
available for 
compassionate use

Fluoroscopy and 
TEE

ICE, Intracardiac echocardiography; IDE, investigational device exemption; OUS, outside 
United States; RF, radio frequency; VSD, ventricular septal defect.

TABLE 
5-4 

Common Equipment Used in Structural Heart Disease 
Interventions

Guidewires Soft J-tipped wires
Stiff wires
Glide wires
Steerable wires

Sheath/dilator sets Introductory sheath/dilator sets
Long delivery sheath/dilator sets

Diagnostic catheters Extruded catheters
Floating balloon catheters
Woven Dacron catheters

Transseptal catheterization 
apparatus

Guidewire
Mullins introducer (sheath and dilator)
Brockenbrough needle and stylet

Balloon dilation catheters Inoue balloon

Endovascular stents Large vessel stents (>12 mm)
Medium size vessel stent (6-12 mm)

Closure devices Amplatzer ASD, PFO, PDA,VSD, and vascular 
plug (AGA Medical, Plymouth, Minn.)

CArdioSEAL, STARFlex and BioSTAR (NMT 
Medical, Boston)

Helex (W.L. Gore Associates, Flagstaff, Ariz.)
Premere (St Jude Medical, St. Paul, Minn.)

Retrieval devices Snare retrieval devices
Basket retrieval devices

ASD, Atrial septal defect; PDA, patent ductus arteriosus; PFO, patent foramen ovale; VSD, 
ventricular septal defect.

TABLE 
5-3 

Specific Structural Heart Disease 
Interventions
The general classification of structural heart disease interven-
tions, the approval status of different devices in use, and 
common image guidance modalities are shown in Tables 5-4, 
5-5, and 5-6.

CLOSURE OF INTRACARDIAC 
COMMUNICATIONS

Atrial Septal Defects
The presence of symptoms, echocardiographic findings of right 
ventricular (RV) volume overload, or the presence of shunt-
related pulmonary hypertension are accepted indications for 
atrial septal defect (ASD) closure.27,28 Surgical closure is required 
for patients with ostium primum and sinus venosus ASDs, as 
well as for patients with secundum ASDs whose anatomy is 
unsuitable for device closure. (See Chapter 44.)
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Figure 5-5  Occluders. For three different occluder devices, the enhanced spatial resolution of the 3D TEE images is contrasted with the 2D images 
provided by 2D TEE and fluoroscopy. 

3D TEE  LA view 3D TEE lateral view 2D TEE Fluoroscopy

Helix
device

Amplatzer
ASD

occluder

Amplatzer
plug

occluder

Figure 5-4  Echo (3D TEE) and fluoroscopic appearance of catheters and devices in mitral valve balloon valvotomy. A, Guidewire entering 
the left atrium. Note the lack of soft tissue characterization of the fluoroscopic image. B, Delivery catheter and a guidewire have been advanced 
and rolled into LA. C, Deflated balloon is near the orifice of the mitral valve. D, Inflated balloon is seen dilating the mitral valve orifice. 
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Figure 5-6  3D TEE artifacts during structural heart disease interventions. A, En face view of a stenotic mitral valve. Guidewire in the LA is not 
seen because it is in a plane superior to the selected plane of view. B, By slightly withdrawing the TEE probe, the guidewire comes into view and 
is easily identified (red asterisk). C, Black S-shaped line (yellow asterisk) that on motion appears as a large fissure in the mitral valve, but in reality 
represents a shadowing artifact from a catheter in the LA. D, A slight rotation of the tomographic plane eliminates the artifact. E, The membrane 
of the fossa ovalis appears to have a hole (blue asterisk), giving the illusion of an atrial septal defect when in reality there is none. Changing the 
gain or looking from a different perspective clarifies the problem. F, “Ghost” artifact (green asterisk) with the appearance of two catheters in the 
RA when in reality there was only one. LAA, Left atrial appendage; SVC, superior vena cava. 
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The first percutaneous ASD closure was reported by King and 
colleagues29 in 1976; this method has now become the preferred 
treatment for hemodynamically significant secundum-type 
ASD. Percutaneous ASD closure can be performed safely and 
with minimal risk even in elderly patients.30 They profit in 
terms of symptom reduction, improvement of exercise capacity, 
and right-heart remodeling.31

Echocardiography provides substantial information regard-
ing the characteristics of ASDs.32 TEE is the favored imaging 
tool to select patients for percutaneous ASD closure and to 
guide the intervention. Of particular relevance to ASD closure 
is the characterization of the ASD rims, defined as the interatrial 
tissue surrounding the ASD and named after the cardiac struc-
ture adjacent to it: superior vena cava rim (superior), aortic rim 
(anterosuperior), coronary sinus rim (anteroinferior), inferior 
vena cava rim (inferior), and posterior rim. Inferior rims less 
than 5 mm in length make patients unsuitable for device 
closure. Likewise, an ASD more than 35 to 36 mm in diameter 
has a higher incidence of device embolization, and surgical 
closure is preferred. ASD sizing is an important aspect of intra-
procedural TEE evaluation and is usually accomplished by 
direct measurement of the defect or by measuring the “waist” 
diameter of an ASD sizing balloon inflated until the color flow 
determines absence of shunt.

The TEE protocol we currently use for transcatheter ASD 
closure guidance include 2D imaging, 2D imaging with color, 
and 3D imaging. We use the “zoom 3D” mode to guide catheters 
and the device through the ASD as well as for guidance of the 
initial deployment of the left atrium hemidisk. For the deploy-
ment of the right atrium hemidisk, we use 2D imaging or simul-
taneous biplane (x-plane) 3D imaging. Color 2D imaging is 
used to verify absence of residual shunting before releasing the 
device (Figs. 5-7 and 5-8).

Cardiac CT angiography is an accurate and useful technique 
for preprocedural assessment of ASDs and may be superior to 
conventional TEE in large defects that have deficient inferior 
rims.33

Patent Foramen Ovale
A large body of circumstantial evidence, including reports 
showing an actual embolus traversing the patent foramen ovale 
(PFO), epidemiologic association, and case-control series, links 
PFO to cryptogenic strokes.34 (See Chapter 41.) The echocar-
diographic diagnosis of PFO and the characterization of “high-
risk” subgroups including PFO size and presence of interatrial 
septal aneurysm and embryonic recesses have been well 
described in the literature.35 Recently the added value of 3D TEE 
to define the morphologic phenotypes of PFO has been 



102 PART I Advanced Echocardiographic Techniques

important role in detecting and managing periprocedural com-
plications such as cardiac perforation, device embolization, 
device thrombosis, device erosion, and arm fracture.39

Ventricular Septal Defects
Ventricular septal defects (VSDs) are common congenital heart 
defects in children and adults. The majority (70% to 80%) 
involves the membranous septum and the adjacent portion of 
the muscular septum and are called perimembranous VSDs (see 
Chapter 44). Muscular VSDs account for 10% to 15% of all 
VSDs and can be apical, midseptal, anterior, or posterior defects. 
Although the standard treatment for perimembranous VSD is 
open heart surgery, catheter-based approaches for their closure 
have been shown to be an attractive alternative to surgical 
closure with acceptable mortality and morbidity as well as 
encouraging results.40,41 Yang and co-workers recently reported 
their experience with percutaneous perimembranous VSD 
closure in 848 patients, 110 of whom were more than 20 years 
of age.42 All patients were screened by conventional 2D and 
color Doppler TTE. These authors noted that although TEE is 
the imaging modality most frequently used to guide transcath-
eter perimembranous VSD closure, TEE was used only in the 
early stages of their experience and was gradually replaced by 
TTE combined with angiography.

Development of a VSD is a rare (1% to 2%) but serious 
complication of transmural myocardial infarction. The inci-
dence of post–myocardial infarction VSD has decreased signifi-
cantly with thrombolytic therapy,43 yet morbidity and mortality 

described.36 A PFO is categorized as “complex” when any of the 
following findings is present: long tunnel length (8 mm or 
more), multiple openings into left atrium, atrial septal aneu-
rysm, hybrid defect (PFO and additional defects in the fossa 
ovalis), thick secondary septum (10 mm or more), presence of 
a Eustachian ridge or valve, and presence of a Chiari network. 
If none of these findings is present, the PFO is categorized as 
“simple.”36 In addition, the importance of a structured and 
systematic echocardiographic evaluation of the interatrial 
septum, in patients being considered for percutaneous PFO 
closure, has been described.37,38 The percutaneous closure of a 
PFO can be guided with fluoroscopy, with ICE, or with TTE or 
TEE. At our institution, most PFO closures are done under 
fluoroscopic and ICE imaging. In patients with large or complex 
PFO, TEE is used to define interatrial septal anatomy (Fig. 5-9), 
to determine the size and type of the device to be used, and to 
assist with device deployment.

The TEE protocol we use for PFO closure is similar to the 
one described for ASD closure. Echocardiography also plays an 

SHD Interventions of Valves

SHD Intervention 
Category Status 2011

Image Guidance 
Modalities 

Commonly Used

Aortic Valve Interventions
Balloon valvuloplasty Approved balloon 

catheters and widely 
performed

Fluoroscopy

Transcatheter prosthetic 
valve implantation

Approved OUS, pending 
approval in US

Fluoroscopy and TEE
CTA-fluoroscopy 

overlay

Paravalvular leak closure Fluoroscopy and TEE
CTA-fluoroscopy 

overlay

Mitral Valve Interventions
Balloon valvotomy Approved balloon catheter 

system
Fluoroscopy and 

TEE, TTE, or ICE

Mitral valve repair with 
Alfieri edge-to-edge 
technique

Approved device OUS, 
pending approval in US

Fluoroscopy and TEE

Annular reduction 
techniques

Experimental, some 
technologies in clinical 
trials

Fluoroscopy and, 
depending on 
specific technology, 
TTE or TEE

Percutaneous LV and 
mitral annulus 
remodeling

Experimental, some 
technologies in clinical 
trials

Fluoroscopy and, 
depending on 
specific technology, 
TTE or TEE

Transcatheter prosthetic 
valve implantation

Experimental, 
predominantly 
preclinical

Fluoroscopy and TEE
CTA-fluoroscopy 

overlay

Paravalvular leak closure No FDA-approved devices, 
off-label use of 
approved devices

Fluoroscopy and TEE
CTA-fluoroscopy 

overlay

Pulmonic Valve Interventions
Balloon valvotomy Approved balloon 

catheters and widely 
performed

Fluoroscopy

Transcatheter prosthetic 
valve implantation

Approved in US (Melody 
Valve)

Fluoroscopy and TEE
CTA-fluoroscopy 

overlay

Tricuspid Valve Interventions
Balloon valvuloplasty Off-label use of approved 

balloon catheter system
Fluoroscopy and TTE 

or ICE

Transcatheter prosthetic 
valve implantation

Experimental, 
predominantly 
preclinical

TBD

CTA, Computed tomographic angiography; FDA, U.S. Food and Drug Administration; 
ICE, intracardiac echocardiography; OUS, outside United States; SHD, structural heart 
defect; TBD, to be determined.

TABLE 
5-5 SHD Interventions for Other Abnormalities

SHD Intervention 
Category Status 2011

Image Guidance Modalities 
Commonly Used

Myocardial Interventions
Alcohol septal 

ablation in HCM
Involves no investigative 

devices or drugs
Fluoroscopy and TEE or 

TTE

Stem cell 
implantation in 
cardiomyopathy

Experimental cell-based 
therapy

Fluoroscopy and TEE or 
TTE

CTA-fluoroscopy overlay

Pericardial Interventions
Balloon 

pericardiotomy
Off-label use of approved 

balloon
Fluoroscopy

Miscellaneous Chamber Interventions
Left atrial appendage Approved OUS, active 

clinical trials in US for 
two devices

Fluoroscopy and TEE

Left ventricular 
aneurysm

Experimental, 
predominantly 
preclinical

Fluoroscopy and TEE
CTA-fluoroscopy overlay

Left ventricular 
pseudoaneurysm

Experimental, some rare 
off-label use of 
approved devices

Fluoroscopy and, depending 
on specific technology, 
TTE or TEE

Percutaneous LV 
assist devices

Approved devices, one 
inserted transseptally, 
the other retrogradely

Fluoroscopy alone or with 
TEE or ICE

Miscellaneous Great Vessels Interventions
Coarctation of aorta Off-label use of approved 

stents
Fluoroscopy

Patent ductus 
arteriosus

Approved devices Fluoroscopy

Aortic 
pseudoaneurysm

Off-label use of approved 
devices and coils

Fluoroscopy and TTE, TEE, 
or ICE

CTA-fluoroscopy overlay

Pulmonary artery 
stenosis

Off-label use of approved 
stents

Fluoroscopy
CTA-fluoroscopy overlay

CTA, Computed tomographic angiography; HCM, hypertrophic cardiomyopathy; ICE, 
intracardiac echocardiography; OUS, outside United States.

TABLE 
5-6 



Figure 5-7  Biplane 2D TEE atrial septal defect device (ASD) closure. Real-time x-plane TEE (biplane images derived from 3D data sets) during 
a percutaneous ASD closure. A, Color: Shunt from the LA to the RA. B, The inflated sizing balloon (b) is seen in long and short axis with the “waist” 
marked by arrows. This dimension is used to estimate the device size to be used. C, Both hemidisks of the Amplatzer device have been deployed. 
D, Color Doppler shows small degree of shunting through the device (normal finding) and absence of peridevice shunt. Ao, Aorta; SVC, superior 
vena cava. 
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Figure 5-8  3D TEE guidance of Amplatzer atrial septal defect (ASD) closure device. All views are zoom 3D images of the interatrial septum 
as seen from the LA (panels A through D), from the RA (E), or from an anteroposterior perspective (F). A, Delivery catheter is seen in the LA enter-
ing through the ASD (red asterisk). B, LA disk is being deployed. C, LA disk is fully deployed and catheter is pulled back. D, Catheter is pulled back 
until the left hemidisk abuts the interatrial septum. E, Right hemidisk is deployed and sits in the RA inferiorly to the superior vena cava (SVC) and 
superiorly and anteriorly to the inferior vena cava (IVC). F, Device is seen in profile with one hemidisk in the LA and the other in the RA. 
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morphology of post–myocardial infarction VSDs and cur-
rently is our preferred imaging tool to guide percutaneous 
VSD closures.

AORTIC VALVE INTERVENTIONS

Balloon Aortic Valvuloplasty
Surgical aortic valve replacement is the treatment of choice for 
severe symptomatic calcific aortic stenosis in adults. (See 
Chapter 23.) However, patients with advanced age, hemody-
namic instability, or multiple comorbidities often carry an 
unacceptably high operative risk and can be considered for 
balloon aortic valvuloplasty. There are two different approaches 
to reach the aortic valve for balloon aortic valvuloplasty—the 
retrograde approach by arterial access through the aorta (most 
commonly used) and the antegrade approach by venous trans-
septal access.49

Balloon aortic valvuloplasty has long been used as a treat-
ment modality in children and adolescents with valvular aortic 
stenosis.50 In addition, in children and young adults, the 

remain high. (See Chapter 14.) Surgical repair44 is difficult 
because of friable and necrotic tissue and can be complicated 
by persistent shunt or a recurrent VSD. Percutaneous catheter-
based closure techniques have therefore been developed and are 
now frequently used to treat these patients.45-47 The aim of the 
percutaneous procedure should be complete closure or at least 
a major reduction in the left-to-right shunt with normalization 
of hemodynamics.48

The deployment of a VSD closure device requires the cre-
ation of an arteriovenous wire loop. A guidewire is introduced 
in a femoral artery; it is advanced trough the aorta and aortic 
valve into the LV. Through the VSD, the wire is advanced into 
the RV and right atrium, and it is finally steered into the supe-
rior vena cava and pulled out through the internal jugular 
vein. TEE complements fluoroscopy in guiding the wire to 
create the arteriovenous loop and then advancing the delivery 
catheter and deploying the closure device. TEE is particularly 
helpful in aligning the closing device parallel to the long  
axis of the interventricular septum and outside of the VSD 
tract. We have found that 3D TEE helps clarifying the complex 

Figure 5-9  TEE evaluation of patent foramen ovale (PFO). Key points to be noted in the evaluation of PFOs being considered for device closure. 
A, Red arrows demark the length of the PFO tunnel. A thickened septum secundum (green arrow) next to the superior vena cava (SVC). A prominent 
Eustachian valve (EV ) is seen next to the coronary sinus (CS). B, Interatrial septum (yellow arrow) as it moves into the LA. This excessive excursion 
denotes the presence of an interatrial septum aneurysm. C, Interatrial shunt (white arrow) as seen with color Doppler. D, Microbubbles (*) entering 
the LA from the RA through the PFO. Ao, Aorta. 

A B

C D

LA

LA

LA

RA

RA

RA

EV
EV

SVC SVC

Ao

CS CS

*



  5  Echocardiographic Guidance of Structural Heart Disease Interventions 105

been described as an important adjunct to TEE when selecting 
valve size.68

Masson and colleagues69 have recently reviewed the clinical 
experience of multiple centers with different valve implantation 
systems and techniques and highlighted the recognition and 
management of potential complications. Echocardiography was 
found to be of particular use in the identification of aortic dis-
section, detection of annular and root rupture, recognition of 
mitral valve injury, and detection of paravalvular regurgitation 
and acute structural valve failure. Bagur and co-workers recently 
reported their experience in 100 patients in whom TEE was 
used as the primary imaging technique to guide transapical 
aortic valve implantation.70 They found that TEE provided 
acute and midterm results similar to those of angiography-
guided procedures and significantly reduced use of contrast 
during the procedure.

BALLOON MITRAL VALVOTOMY

Mitral stenosis occurs from commissural fusion, leaflet thicken-
ing, and chordal shortening and fusion, usually as the result of 
rheumatic fever. Because mitral stenosis is primarily a mechani-
cal obstruction to forward flow through the mitral valve orifice, 
the only definitive therapy is mechanical relief of this obstruc-
tion. The current procedures that are effective in providing such 
therapy are balloon mitral valvotomy (BMV) (most commonly 
used approach), open mitral commissurotomy (rarely used), 
and mitral valve replacement (used in patients who are not 
candidates for BMV).71

Suitability for BMV is determined by valve morphology and 
the presence and severity of mitral regurgitation. (See Chapter 
21.) Patients with moderate or severe mitral regurgitation are 
usually not candidates for BMV. The Wilkins score72,73 addresses 
the morphologic suitability of the mitral valve for BMV and is 
useful in patient selection with a lower score (less than 9), pre-
dicting a favorable outcome with BMV.

The basic steps for BMV are74 (1) characterize mitral valve 
morphology and hemodynamics before BMV (to evaluate the 
degree and location of commissural fusion, determine presence 
and severity of mitral regurgitation and measure mean mitral 
valve gradient); (2) guide the transseptal puncture (see Fig. 
5-3); (3) locate and define relationships of atrial appendage and 
mitral orifice and perform visual biofeedback calibration with 
catheters while inside the left atrium (catheter navigation);  
(4) ensure coaxial trajectory orientation while navigating the 
catheter through the mitral orifice (balloon catheter align-
ment); (5) perform precise position and exclude subvalvular 
chordal apparatus involvement before inflation and monitor 
balloon inflation; (6) inspect postinflation commissurotomy 
results (commissure splitting, mean mitral valve gradient); and 
(7) search for potential complications (iatrogenic valvular 
damage, atrial septal defect at site of septal puncture, or peri-
cardial effusion) (Fig. 5-10).

MITRAL REGURGITATION

Surgery is currently the standard of care for patients with severe 
mitral regurgitation. Mitral repair has a distinct advantage over 
mitral replacement because it preserves LV systolic function, 
obviates the need for anticoagulation, and improves survival 
(see Chapter 18). Unfortunately, surgical repair is not always 
feasible, because of advanced age and comorbidities or lack of 
local surgical expertise. This has promoted the development of 

systematic use of Doppler echocardiography guidance for 
balloon aortic valvuloplasty interventions is feasible and is asso-
ciated with high success and very low complication rates. Com-
pared to historical series of balloon aortic valvuloplasty guided 
by angiography, patients who undergo balloon aortic valvulo-
plasty with echocardiographic guidance have a significant 
reduction of fluoroscopic time and a tendency to a lower inci-
dence of significant aortic regurgitation.51

In adults, balloon aortic valvuloplasty is useful as palliative 
treatment for symptomatic relief in elderly patients with severe 
calcific aortic stenosis who are deemed inoperable.52,53 Balloon 
aortic valvuloplasty can be used as a palliation or bridge to 
definitive therapy in patients with severe aortic stenosis who are 
poor candidates for surgery.54 It is associated with good 
medium-term outcomes in this very high-risk population 
group and enables some patients to receive definitive therapy in 
the future.55 In these patients, echocardiography provides infor-
mation regarding preprocedure and postprocedure LV ejection 
fraction, mean gradients, and presence and severity of aortic 
regurgitation.

Transcatheter Aortic Valve Implantation
Transcatheter aortic valve implantation (TAVI) is maturing as 
an interventional technique for the treatment of severe symp-
tomatic aortic stenosis.56-63 The procedural results continue to 
improve, in part through the use of multidisciplinary teams, 
including cardiac surgeons, interventional cardiologists, and 
cardiac imaging specialists. The anatomy of the aortic valvar 
complex and its implications for TAVI have recently been 
reviewed.64

Two TAVI systems are currently in use: the self-expandable 
CoreValve ReValving (CoreValve, Irvine, Calif.) and the balloon-
expandable Edwards valve (Edwards Lifesciences, Irvine, Calif.). 
Retrograde transarterial or antegrade transapical approaches 
are used to implant the aortic valve. To facilitate passage of the 
prosthesis through the stenotic native valve, balloon aortic val-
vuloplasty is performed before valve insertion. With the balloon 
expandable valve, burst ventricular pacing is used to decrease 
transvalvular flow and avoid expulsion of the system toward the 
aorta on deployment.

The central role that echocardiography plays in TAVI has 
recently been reviewed by Jayasuriya and colleagues.65 In addi-
tion, the usefulness and limitations of echocardiography in 
optimizing the outcome of percutaneous aortic valve implanta-
tion have been recently evaluated by Moss and co-workers.66 In 
this study, candidates for percutaneous aortic valve implanta-
tion were evaluated with transthoracic echocardiography to 
assess aortic annular dimension and aortic valve hemodynam-
ics. TTE was found useful in guiding correct device sizing. Fifty 
consecutive patients were deemed suitable for percutaneous 
aortic valve implantation. Seventy-four percent (37 of 50) of 
patients underwent TEE during the procedure. TEE was used 
for the early detection of paravalvular aortic regurgitation and 
complemented fluoroscopy in the detection of complications. 
These authors felt that echocardiography played an important 
role in case selection, in guiding device placement, and in 
detecting complications of percutaneous aortic valve implanta-
tion. The use of 2D and 3D TEE to aid in the positioning and 
deployment of TAVI has been recently reported, demonstrating 
that TEE can be an important adjunct to fluoroscopy for guiding 
percutaneous aortic valve implantation and, therefore, can 
improve the safety and efficacy of the TAVI procedure.67 The 
use of balloon aortic valvotomy sizing of the aortic annulus has 
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and to obtain an acceptable reduction in regurgitant severity. 
The added value of 3D TEE imaging for optimal guidance 
during the procedure and to evaluate the anatomic result and 
residual mitral regurgitation has been reported,81 and 3D TEE 
is our preferred imaging tool for edge-to-edge mitral valve 
repair (Figs. 5-11 and 5-12).

The MOBIUS Leaflet Repair system (Edwards Lifesciences) 
is another catheter-based edge-to-edge technique for the percu-
taneous treatment of mitral regurgitation. In contrast to  
the MitraClip, this system uses a catheter to stitch the free edges 
of the anterior and the posterior mitral leaflets, creating a 
double-orifice mitral valve. A suction catheter is used to adhere 
the leaflets together and facilitate stitch placement. This is 
accomplished under fluoroscopic and echocardiographic 
guidance.82,83

Annuloplasty Approaches Using the  
Coronary Sinus
In patients with functional mitral regurgitation, the surgical 
implantation of an annuloplasty ring reshapes the circumfer-
ence of the annulus and reduces the medial-lateral annular 
dimension. By moving the posterior annulus and posterior  
valve leaflet closer to the anterior leaflet, better systolic leaflet 
coaptation is accomplished.84 Several biomedical companies 
are exploring transcatheter approaches that imitate surgical 
annuloplasty.85-87 The coronary sinus runs just outside and 
roughly in the same plane as the posterior mitral annulus; there-
fore, a device that is placed in the coronary sinus can deform 

a variety of transcatheter technologies to treat mitral regurgita-
tion. Echocardiography plays a central role not only in charac-
terizing the cause and severity of mitral regurgitation, but also 
in determining timing for intervention, providing procedural 
guidance, and evaluating short- and long-term results. (See 
Chapter 19.) In addition to fluoroscopy, TEE is the main 
imaging tool used to assist transcatheter interventions for mitral 
regurgitation.

Percutaneous Edge-to-Edge Mitral Repair
The Alfieri edge-to-edge mitral repair is a surgical technique to 
treat mitral regurgitation by approximating the middle scallops 
of the mitral leaflets, creating a double orifice with improved 
leaflet coaptation.75-77 A percutaneous method to create the 
same type of repair is now available. A transseptal approach is 
used to deliver a clip device (MitraClip, Abbott Vascular, Menlo 
Park, Calif.) that grasps the mitral leaflet edges to improve 
leaflet coaptation and reduce or eliminate mitral regurgita-
tion.78,79 Echocardiographic and hemodynamic measurements 
after percutaneous mitral valve repair with this technique show 
a decrease in mitral valve area, but no evidence of clinically 
significant mitral stenosis.80

TEE plays a central role in guiding the percutaneous edge-
to-edge repair. It helps in determining the best site for septal 
puncture for delivery of catheters to the central area of the 
mitral valve orifice. TEE permits correct positioning of the clip 
device over the mitral orifice perpendicular to the line of leaflet 
coaptation. This step is essential to prevent clip disengagement 

Figure 5-10  3D TEE guided mitral valve balloon valvotomy (BMV). A and B, Stenotic mitral valve orifice in a patient with severe mitral stenosis 
before MVBV. A, Mitral valve as seen from the LA. B, Stenotic mitral valve as seen from the LV. Fused posteromedial commissure  (red asterisk); 
fused anterolateral commissure (yellow asterisk). C and D, Commissural splitting produced by the balloon valvotomy. Note the significant enlarge-
ment of the mitral valve area and the splitting of the commissures. E to H, 3D TEE images obtained during MVBV guidance. E, Deflated balloon 
(b) has been advanced through the interatrial septum and is directed to the mitral orifice. F, Deflated balloon has been advanced through the mitral 
orifice into the LV. G, Deflated balloon is seen along the long axis of the LV. H, Inflated balloon is seen in its longitudinal cross section stretching 
and splitting the mitral valve commissures. LAA, Left atrial appendage. 
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quantitative procedural baseline mitral regurgitation and the 
septal-lateral annular dimension.

Percutaneous Left Ventricular and Mitral  
Annulus Remodeling
Current treatments for functional mitral regurgitation, second-
ary to LV dysfunction, include medical therapy and surgery—
consisting of either mitral valve repair or mitral valve 
replacement. An integrated approach directed to reshape the 
remodeled LV and annulus to treat functional mitral regurgita-
tion is being developed (Coapsys-Myocor, Maple Grove, Minn.). 
Coapsys reshapes the ventricle, compressing the mitral annulus 
and subvalvular apparatus to decrease functional mitral regur-
gitation.88 A surgical trial (RESTOR-MV) with this device sup-
ports the concept of the ventricular reshaping strategy to reduce 
mitral regurgitation.89 Echocardiography was an integral part of 
the protocol in the RESTOR-MV trial. 2D and 3D TEE provided 

the mitral annulus, decrease the intercommissural distance, and, 
by approximating the mitral leaflets, decrease or obliterate the 
presence of mitral regurgitation. Currently there are three coro-
nary sinus annuloplasty devices undergoing clinical trials: (1) 
the Percutaneous Transvenous Mitral Annuloplasty device 
(Viacor, Wilmington, Mass.), which consists of three straight 
and rigid nitinol rods seated in a multilumen catheter, which is 
introduced in the coronary sinus in to the interventricular 
groove85; (2) the Carillon device (Cardiac Dimensions, Kirkland, 
Wash.), which consists of a curved nitinol arc connecting a 
proximal and a distal anchor86; and (3) the Edwards MONARC 
system (Edwards Lifesciences), which is a nitinol assembly with 
a small distal anchor, a larger proximal anchor, and a springlike 
bridging segment.87

In all of these trials, TTE and TEE are used for patient  
selection and procedural guidance. TTE with 3D imaging is 
used to characterize the mitral annulus; TEE is used to measure 

Figure 5-11  TEE guidance of mitral clip repair. (Top left) TEE color Doppler images before (PRE) and after (POST ) mitral valve clip repair. Note 
the presence of severe mitral regurgitation before the procedure and only mild mitral regurgitation after clip repair. A, Point of septal puncture, 
chosen to optimize device delivery. B, Guiding catheter and device delivery system are directed to the area of mitral regurgitation by following the 
mitral regurgitant jet. C, Clip approximates the coaptation point of the mitral valve. D, Device is advanced into the LV near the tips of the mitral 
leaflets. E, Catheter has been withdrawn, and the clip is grasping the free edges of the leaflets. Ao, Aorta; SVC, superior vena cava. 
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In our laboratory, we use real-time 3D TEE both to define 
defect anatomy and to guide transcatheter paravalvular leak 
closure.91 When combined with the information derived from 
existing 2D imaging modalities (echocardiography and fluoros-
copy), 3D echocardiography enhances catheter navigation by 
defining the location of the defect relative to surrounding intra-
cardiac structures. With real-time 3D TEE guidance, we facili-
tate both catheter navigation and defect crossing without the 
need for time-intensive offline reconstruction. In addition, 3D 
echocardiography can be used immediately after paravalvular 
leak closure to assess device stability and interaction with pros-
thetic valve struts and prosthetic leaflets. The added value of 3D 
TEE guidance for paravalvular mitral leak closure has also been 
reported by other laboratories.92,93

Transcatheter Valve-in-Valve Implants
The valve-in-valve implant concept is a novel therapeutic option 
for patients with degenerative failure of bioprosthesis. The 
transcatheter valve-in-valve implantation does not need reop-
eration, potentially reducing morbidity and mortality. However, 
this requires accurate sizing of the transcatheter valve, which is 
currently available in only two sizes. Therefore, 3D imaging 
techniques, particularly CT and potentially 3D TEE, are used to 
provide a more exact sizing of the xenograft ring. Transatrial, 
transcatheter mitral valve-in-valve implantation has been 
shown to be feasible off pump in an experimental sheep 
mode.94,95 Two recent case reports have demonstrated the feasi-
bility of using this approach in humans.96,97

real-time imaging of the LV mitral annulus and presence and 
severity of existing mitral regurgitation. To further reduce the 
invasiveness of the procedure, a percutaneous implantation 
system has been developed 88(iCoapsys, Maple Grove, Minn.). A 
clinical trial (VIVID: Valvular and Ventricular Improvement via 
iCoapsys Delivery) has been launched. The implantation has 
four stages: pericardial access, site identification, device implan-
tation and sizing, and therapeutic evaluation. Echocardiography 
plays a central role in each of these stages.

PROSTHETIC VALVES

Prosthetic Paravalvular Leaks
Paravalvular leaks are a rare but serious complication of valve 
replacement surgery. Most paravalvular leaks follow a benign 
clinical course, but occasionally, and especially if leaks are large, 
patients develop heart failure, endocarditis, or hemolysis. (See 
Chapter 25.) Most clinically significant paravalvular leaks occur 
in association with prosthetic mitral valves, but prosthetic 
valves in any position can be affected. Surgical reintervention is 
associated with high morbidity and mortality; therefore, there 
has been a compelling interest in developing percutaneous 
transcatheter closure procedures. Both LV puncture and retro-
grade transfemoral approaches are used with fluoroscopic and 
transesophageal guidance. Mahjoub and colleagues90 have 
recently described a reference method for TEE and fluoroscopic 
localization and guidance of mitral paraprosthetic transcatheter 
leak reduction.

Figure 5-12  3D TEE guidance of mitral clip repair. These 3D TEE zoom  images depict  the mitral valve as seen  from the LA and LV before, 
during, and after mitral valve clip repair. Note how the 3D imaging facilitates placing the device in the center of the mitral valve orifice and per-
pendicular to the coaptation line. After the device is implanted, a two-orifice mitral valve is noted. 
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Chapter 34). Echocardiography performed 24 hours after per-
cutaneous pulmonic valve implantation shows a reduction in 
RV pressure and RV outflow tract gradient along with a signifi-
cant reduction in the degree of pulmonic regurgitation.105 Pul-
monic valve implantation is usually done with fluoroscopic and 
angiographic guidance.

PERCUTANEOUS INTERVENTIONS IN THE  
LEFT VENTRICLE

Alcohol Septal Ablation for Hypertrophic 
Cardiomyopathy
Hypertrophic cardiomyopathy is a clinically heterogeneous 
autosomal dominant genetic heart disease characterized by 
unexplained LV hypertrophy (see Chapter 27). It is the most 
common cause of sudden cardiac death in the young and is an 
important substrate for heart failure disability at any age.

Alcohol septal ablation is an effective method to treat symp-
tomatic hypertrophic cardiomyopathy (HCM) refractory to 
medical therapy.106,107 Guidance of the procedure by contrast 
TTE or TEE facilitates choosing the appropriate septal perfora-
tor artery to infuse with alcohol and avoid acute complications 
that cannot be anticipated by angiography alone.108 The com-
monly accepted indications for alcohol septal ablation in 
patients with HCM include symptoms that interfere substan-
tially with lifestyle despite optimal medical therapy; septal 
thickness of at least 15 to 16 mm; systolic anterior motion of 
the mitral valve; LV outflow tract gradient of 30 mm Hg at rest 
or 50 mm Hg on provocation; accessible septal branch; absence 
of intrinsic abnormality of the mitral valve; and absence of 
proximal left anterior descending coronary artery stenosis.

Echocardiographic guidance of septal ablation for HCM starts 
with characterization of the degree and location of septal hyper-
trophy, demonstration of systolic anterior motion of the mitral 
valve leaflet, outlining the degree and direction of the associated 
mitral regurgitation jet, and measurement of the resting or pro-
vocable (amyl nitrite or catheter-induced premature ventricular 
contractions) LV outflow tract gradient. In general we use TTE 
guidance unless transthoracic windows are suboptimal, in which 
case we use TEE. The objective of septal ablation is to safely 
administer 100% ethanol into the area of septal hypertrophy 
responsible for outflow obstruction and systolic anterior motion 
of the mitral valve. Therefore, it is critical to identify the septal 
branches of the left anterior descending coronary artery that 
supply the septal myocardium responsible for the obstruction. 
This is best accomplished by the use of myocardial contrast 
echocardiography. A wire is passed into the septal perforator 
estimated to supply the area of septal hypertrophy responsible 
for outflow obstruction, and then a short balloon is advanced 
over the wire into the proximal part of the target vessel. The 
balloon is inflated to completely obstruct the septal artery as 
demonstrated by the absence of reflux of contrast around the 
balloon. About 1 mL of a mixture of radiographic contrast agent 
mixed with blood and agitated saline is injected through the 
balloon catheter and visualized by TTE showing contrast 
enhancement in the thickened septum. Multiple views (apical 4, 
apical 5, apical long-axis view, and short-axis LV views) allow 
characterization of the extent of the contrast enhancement and 
permit recognition of undesirable areas of blood supply of the 
selected septal perforator such as the free wall of the right ven-
tricle and the anterolateral wall of the LV and papillary muscles.

Once the appropriate septal perforator is selected, 1 to 5 mL 
of alcohol is slowly injected through the central lumen of the 

TRANSCATHETER MITRAL VALVE 
REPLACEMENT

Several companies are developing percutaneous mitral valve 
replacement devices. A stent-based bioprosthesis inserted via a 
transseptal or transapical approach is favored. Lozonschi and 
co-workers98 have recently reported an experimental model of 
a self-expanding valved stent created for transapical replace-
ment of the mitral valve. It houses a trileaflet glutaraldehyde-
preserved porcine valve provided with atrial and ventricular 
fixation systems. Ten pigs underwent transapical mitral valved 
stent implantation through a lower ministernotomy. The valved 
stent function was assessed by TEE and contrast left ventricu-
logram. All animals exhibited normal hemodynamics immedi-
ately after mitral valved stent implantation and maintained 
stability for the entire period of monitoring.98

Endovalve (Micro Interventional Devices Inc., Langhorne, 
Penn.) is developing a mitral valve replacement system with a 
foldable nitinol structure that attaches to the native valve appa-
ratus with a gripper and is fully valve sparing. Initially this will 
be used with a minithoracotomy approach. A subsequent truly 
percutaneous delivery catheter using the same valve design is 
planned for later development. Again, TEE will likely play an 
important role in supporting this new technology.

RIGHT HEART VALVE DISEASE

Tricuspid Balloon Valvotomy
Tricuspid stenosis is usually secondary to rheumatic heart 
disease and most commonly occurs in association with mitral 
stenosis (see Chapter 34). Surgical commissurotomy and valve 
replacement are the standard surgical approaches to correct it. 
Percutaneous tricuspid balloon valvotomy can now be used to 
treat tricuspid stenosis in a fashion similar to that used to treat 
mitral stenosis.

Balloon valvotomy for tricuspid stenosis appears to be effec-
tive and associated with low morbidity.99-102 Thus, in symptom-
atic patients refractory to medical therapy, balloon valvotomy 
of the stenotic tricuspid valve should be considered. Echocar-
diography is used to determine the presence and severity of 
tricuspid stenosis, as well as to document the degree of associ-
ated tricuspid regurgitation. The echocardiographic guidance 
for tricuspid valvotomy is similar to the one described for BMV.

Pulmonic Valvotomy
Congenital pulmonic valve stenosis comprises 7% to 9% of all 
congenital heart defects. In the past, surgical valvotomy was the 
treatment of choice; more recently, balloon valvuloplasty has 
become the preferred option for the management of congenital 
pulmonic valve stenosis. Balloon dilatation is usually performed 
only in patients with a peak-to-peak gradient greater than 
50 mm Hg.103 Echo/Doppler methods play an important role in 
the diagnosis and determination of pulmonic stenosis severity, 
as well as in short- and long-term follow-up. Procedural guid-
ance is usually done with fluoroscopy and cineangiography.

Percutaneous Pulmonic Valve Implantation
The most common consideration for percutaneous pulmonic 
valve implantation is in patients who have previously under-
gone surgery of the RV outflow tract during repair of congenital 
heart disease and have symptoms related to RV outflow tract 
dysfunction.104

The RV outflow tract gradient and severity of pulmonic 
regurgitation are evaluated using standard approaches (see 
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pseudoaneurysms are not common, the diagnosis is difficult, 
and they are prone to rupture.109 Most investigators support 
surgery as the appropriate treatment for LV pseudoaneurysm,110 
because untreated pseudoaneurysms have a 30% to 45% risk of 
rupture. However, surgery for repair of LV pseudoaneurysm 
still carries high morbidity and mortality. There are now several 
reports of percutaneous closure of LV pseudoaneurysms with 
encouraging results.111-113

PERCUTANEOUS CLOSURE OF LEFT  
ATRIAL APPENDAGE

Patients with atrial fibrillation have a fivefold higher risk of 
stroke, making this the primary cause of long-term disability 
and one of the leading causes of death in patients with atrial 
fibrillation. (See Chapter 42.) Antithrombotic therapy to 
prevent thromboembolism is recommended for most patients 
with atrial fibrillation, using the CHAD2 guidelines for nonval-
vular atrial fibrillation and the ACC/AHA guidelines for man-
agement in those with coexisting valve disease.114

In patient with atrial fibrillation, most thromboemboli arise 
from the left atrial appendage (LAA). Percutaneous device LAA 
closure has now been developed as an adjunct and as an alterna-
tive to pharmacotherapy in patients with atrial fibrillation.115 
Encouraging randomized data is available with the WATCH-
MAN device116,117 (Atritech, Plymouth, Minn.), and several 
other devices are in various stages of clinical development. 
These include the Amplatzer Septal Occluder and cardiac plug 
(AGA Medical, Plymouth, Minn.), PLAATO (ev3 endovascular, 
Plymouth, Minn.) and the transcatheter patch (Custom Medical 
Devices, Athens, Greece). The deployment in all the devices is 
fairly similar. The left atrium is accessed through a standard 
septal puncture, the sheath is advanced up to the LAA orifice, 

balloon catheter under echocardiographic guidance. After each 
milliliter of alcohol is injected, the presence and severity of 
systolic anterior motion and mitral regurgitation are recorded. 
In addition, the outflow gradient is measured and the degree of 
basal septal hypokinesis is noted. It is very important to con-
tinuously monitor the entire myocardium with echocardiogra-
phy to watch for hypokinesis and myocardial enhancement in 
undesirable areas, which can represent alcohol in those areas. 
The immediate postinjection Doppler gradient is used to 
confirm satisfactory results. The goal is to reduce the resting 
gradient to less than 10 mm Hg or 50% of the preprocedure 
provocable gradient. If this is not achieved, a second potential 
septal perforator is searched for and the process is repeated. At 
the end of the procedure, the presence and degree of systolic 
anterior motion and mitral regurgitation are noted, and a final 
resting and post–premature ventricular contraction gradient is 
recorded (Fig. 5-13).

Echocardiography also plays an important role in detecting 
and managing potential complications during septal ablation 
for HCM. In addition to recognizing wall-motion abnormali-
ties in inappropriate locations, echocardiography is ideally 
suited to detect a new pericardial effusion suggesting cardiac 
perforation, increased degree of mitral regurgitation suggesting 
papillary muscle compromise, and the presence of a new ven-
tricular defect suggesting a large transmural septal infarct.

Percutaneous Closure of Pseudoaneurysm  
of Left Ventricle
LV pseudoaneurysm is an uncommon, often fatal complication 
associated with myocardial infarction, cardiothoracic surgery, 
trauma, and, occasionally, infective endocarditis. LV pseudo-
aneurysms form when cardiac rupture is contained by  
adherent pericardium or scar tissue (see Chapter 14). LV 

Figure 5-13  Alcohol septal ablation for hypertrophic cardiomyopathy (HCM). Resolution of mitral regurgitation (left panels) immediately post 
alcohol septal ablation in this patient with HCM. Drop of left ventricular outflow tract gradient from 100 mm Hg to 10 mm Hg (right panels) with alcohol 
septal ablation. Simultaneous biplane views of the LV (middle panels) from the apical 5 and apical 3 chambers. These planes permit visualizing the 
area of the interventricular septum (*) that is enhanced with the injection of contrast and, later on, alcohol in the appropriate septal perforator. 
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significantly impair the safe performance of an intervention. 
Although image quality with TEE usually is excellent, subopti-
mal images may be seen in patients with a large esophagus  
or with a hiatal hernia that precludes adequate probe-to- 
esophagus contact. In prolonged procedures, there is also the 
potential for dryness in the esophageal mucosa and image dete-
rioration. Adding a lubricant to the esophageal probe at 30- to 
60-minute intervals decreases this problem.

Another limitation of TEE is the relative narrow field of view, 
especially in the near-field structures such as the posterior left 
atrium. Frequently catheters or devices are not visualized 
because they are out of the imaging field. The probe position 
can be adjusted as needed to bring the catheters into view, or, 
if this is not possible, the device or catheter can be advanced 
under fluoroscopic guidance alone until it comes into the echo-
cardiographic field of view.

INTRACARDIAC ULTRASOUND

Echocardiographic guidance of SHD interventions has been 
significantly affected by the development of intracardiac echo-
cardiography.131,132 ICE is now a standard tool in centers per-
forming catheter therapies for SHD (See Chapter 6). The impact 
of ICE has been affected by multiple facets, including the unique 
aspects of the images, the ability of the interventionalist to 
perform ICE, the special skills needed, the costs and reuse of the 
catheter, and the vascular access issues (Fig. 5-14). In addition, 
the list of specific procedures for which ICE has been used con-
tinues to grow and includes both diagnostic use as well as image 
guidance, typically combined in the same procedure. Finally, the 
future of ICE is likely to include more widespread use, the addi-
tion of real-time 3D imaging, enhanced integration into the 
procedure room, and a variety of new catheter designs.

There are four areas in SHD interventions where ICE has had 
its greatest impact. These include the performance of trans-
septal catheterization, closure of interatrial defects (Figs. 5-15 
and 5-16), mitral interventions, and atrial fibrillation ablation. 
ICE provides in-depth understanding of the anatomy, is used 
during balloon sizing of defects, guides the placement of the 
device, and then allows conformation of proper device place-
ment, completeness of closure, and absence of complications.133 
ICE guidance in the performance of transseptal catheterization 
has become routine. With the probe in the right atrium, all key 
structures are visualized by ICE. This has increased the safety 
of the procedure, but also allowed the site of transseptal cross-
ing to be more precisely determined.134 Valvular interventions 
may also be guided by ICE (Fig. 5-17). Mitral balloon commis-
surotomy for mitral stenosis can be greatly facilitated by the use 
of ICE. After guiding the transseptal puncture, ICE can provide 
unique assessment of the subvalvular apparatus, assess the 
placement of the balloon, and monitor the result.135 Atrial fibril-
lation ablation has been a procedure that has moved ICE into 
being a necessary technology in the electrophysiology labora-
tory. ICE provides guidance for the transseptal catheterization, 
but also for the subsequent visualization of ablation in the left 
atrium and pulmonary veins.136

COMPUTED TOMOGRAPHY

SHD interventions can often be planned using cardiac CT angi-
ography. Comprehensive fine resolution of cardiac structure 
and display of 3D relationships to adjacent structures in  
combination with a full field of view are the strengths of  

and a pigtail catheter is inserted into the LAA. The morphology 
of the LAA is characterized by TEE, paying special attention to 
its orifice shape and size, angulation of the orifice and body of 
the LAA, and presence and number of lobules. The device is 
sized, advanced, and deployed into the LAA orifice.118 After 
device deployment, TEE is used to determine device stability 
and presence of any residual flow in the LAA. TEE is also the 
principal modality to evaluate for procedural complications 
such as structural damage, pericardial effusion, and residual 
atrial septal defects.

PERCUTANEOUS CLOSURE OF AORTIC 
PSEUDOANEURYSMS

Pseudoaneurysms of the ascending aorta usually follow previous 
aortic dissection repair, aortic valve replacement, coronary artery 
bypass graft surgery, and cardiac transplantation. Surgical repair 
is the standard form of therapy, but it is associated with signifi-
cant morbidity and mortality. Percutaneous closure of aortic 
pseudoaneurysms is therefore an attractive alternative, and now 
there are several reports with successful outcomes using this 
modality.119-121 Transthoracic and TEE provide useful imaging 
guidance for percutaneous closure of aortic pseudoaneurysms.

Procedures Not Covered in This Chapter
There are several other echocardiographic applications in the 
catheterization laboratory that we have not covered in this 
chapter. This is because they are not, strictly speaking, SHD 
interventions, or they are covered in other chapters of this book. 
We do provide some references for the interested reader to 
review. These include use of echocardiography to guide myo-
cardial biopsy7,122,123; cardiac electrophysiology–related proce-
dures7,124-127; balloon pericardiotomy128,129; and uncommon 
congenital heart disease interventions.130

Limitations and Alternate Approaches
Although echocardiography is the most commonly used 
imaging technique to supplement fluoroscopy during SHD 
interventions, it has some limitations that need to be recog-
nized. Image quality may be compromised by having the patient 
in the supine position instead of the usual left lateral decubitus. 
This problem can be partially corrected by the use of a rotating 
table with mild lateral rotation, or by the use of a pillow under 
the patient’s right shoulder. If image quality remains nondiag-
nostic, an alternative imaging approach, such as TEE or ICE, 
should be considered. An additional shortcoming of TTE 
during interventions for SHD is that not all the standard echo-
cardiographic windows are available during the intervention. 
The easiest window to use is the apical window; the left para-
sternal, subcostal, and suprasternal windows tend to be less 
accessible because they interfere with fluoroscopic imaging.

Because of these problems with TTE, TEE is favored in many 
SHD interventions. Unless general anesthesia is planned for 
other reasons, TEE can be performed under conscious sedation, 
with the added complexity and potential for complications this 
brings to the procedure. To decrease the chances of aspiration, 
the table needs to be somewhat rotated, and a pillow under the 
patient’s right shoulder is used. Continuous oral suction also 
decreases the chances of aspiration. In addition to the standard 
conscious sedation regimen, we favor the use of intravenous 
antiemetic agents to decrease the gagging and vomiting that can 



Figure 5-15  Device visualization using both intracardiac echocardiography (ICE) and fluoroscopy. Appearance of a nitinol mesh device used 
to close a multifenestrated atrial septal defect using ICE (left) and fluoroscopy (right) visualization. LAO, left anterior oblique. 
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Figure 5-16  Intracardiac echocardiography (ICE) assessment of patent foramen ovale (PFO) immediately before closure.  Intraprocedure 
assessment of a PFO in a patient with systemic hypoxemia from right-to-left shunting. ICE placement in the RA is straightforward and yields excel-
lent image quality of interatrial septum. (Left panel ) Visualization of the thin septum primum and septum secundum, which is thick, i.e., lipomatous. 
The PFO tunnel length and width at any point of the tunnel can be measured. (Middle panel ) Color flow Doppler visualization of the right-to-left 
flow in the PFO. (Right panel ) Dense opacification of both the RA and LA from a peripheral injection of agitated saline that immediately traversed 
the PFO. These three findings provide the evidence for the need for closure, including the large volume of shunting producing systemic hypoxemia, 
and the measurements needed for device sizing. 
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Figure 5-14  Steps in intracardiac 
echocardiography (ICE). The four steps 
in  using  ICE  to  guide  structural  heart 
disease  interventions.  1,  Preparation  of 
ICE catheter  for plug and play. 2,  Inser-
tion into vascular access point and navi-
gation  to  the  heart  using  fluoroscopic 
guidance. 3, Navigation within the heart 
for  visualization  of  structures  of  interest 
for the intervention. 4, Display and inter-
pretation of images during intervention. 
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operating room. This advanced multimodality approach 
requires an image workstation and applications on the worksta-
tion that allow the CT angiography and MR images to be 
manipulated and segmented to optimize their use for the inter-
vention. A new team approach must be developed in hospitals 
performing SHD interventions that includes physicians with 
training in advanced imaging modalities and echocardiogra-
phers with specialized knowledge and TEE skills specific for 
image-guided interventions.3

Echocardiography joins fluoroscopy and preprocedure CT 
angiography and cardiac magnetic resonance as the multimo-
dality imaging approaches to SHD interventions. Each brings 
advantages and disadvantages. The available technologies as 
well as expertise at an institution often determine which modal-
ities are used. As the new SHD interventions become available, 
there is a new emphasis on determining the image guidance 
strategy that is optimal for the intervention. Furthermore, the 
multiple modalities used include the differing needs of plan-
ning for the intervention versus its real-time image guidance.

The Catheterization Laboratory  
of the Future
3D imaging has emerged as an important tool to aid in SHD 
interventions. Not only are the 3D relationships between struc-
tures of critical importance to understand before an interven-
tion, but the navigation of delivery systems and the deployment 
of devices are greatly aided by real-time 3D imaging. New 
approaches to 3D imaging will include 3D ICE and also the 

tomographic imaging techniques such as cardiac CT angiogra-
phy and magnetic resonance. Multislice CT scanners have 
become useful in SHD intervention because of faster gantry 
rotation speeds, increased numbers of detectors and dual 
sources, and improved spatial and temporal resolution. CT 
angiography can provide the information to describe the target 
of the intervention, help size the device, and potentially plan 
the pathway to the target and the needed delivery system. Cur-
rently CT angiography is used for planning TAVI,137 paravalvu-
lar leak closure, large ASD closure,138 and VSD closure, and 
whenever any other cardiac structural defect is poorly charac-
terized by echocardiography.

CARDIAC MAGNETIC RESONANCE IMAGING

Cardiac magnetic resonance imaging is a valuable technique 
used in SHD interventions,139-143 but less useful than cardiac CT 
angiography because of the length of acquisition and analysis, 
the somewhat reduced spatial resolution, and the wider avail-
ability of CT angiography. That being said, cardiac magnetic 
resonance is more common in the pediatric patient population 
and has the ability to quantify shunts, regurgitant volumes, and 
many aspects of cardiac function relevant to SHD. Cardiac 
gating and breath-holding are needed.

MULTIMODALITY IMAGING

Preprocedure CT angiography and cardiac magnetic resonance 
can now be imported, segmented, and registered with fluoros-
copy in the SHD interventional lab as well as in the hybrid 

Figure 5-17  Six panels of intracardiac echocardiography (ICE) findings during structural heart disease interventions. A, ICE catheter in the 
RA visualizes the interatrial septum with a “j” wire being navigated to cross a patent foramen ovale before closure. B, ICE catheter in the RV visual-
izes  the mitral  leaflets during a mitral balloon valvotomy. Note  the  thickened anterior  leaflet. C,  ICE catheter  in  the RA visualizes  the  interatrial 
septum, showing “tenting” due to engagement of a transseptal catheter before needle puncture. D,  ICE catheter  in the RV visualizes the mitral 
subvalvular apparatus, which is severely thickened, contracted, and matted. The mitral balloon valvotomy was aborted because of this finding. E, 
ICE catheter in the RA visualizes the LA, which is opacified by bubbles from agitated saline being injected in the left pulmonary artery to document 
a large pulmonary arteriovenous fistula during a closure procedure. F, ICE catheter in the RV visualizes the pulmonic valve immediately after infla-
tion of a balloon in a congenitally stenotic valve. The thin valve leaflets now open widely and no longer dome. 
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ability to generate and immediately use 3D images from other 
modalities.144,145

An important technology development relevant to SHD 
interventions is the C-arm CT approach.146 The standard flat 
detector rotating around the patient with or without contrast 
injection transforms this x-ray machine into a CT scanner 
capable of soft-tissue visualization. This in-room capability 
may be especially useful in TAVI in providing annulus measure-
ments for device sizing, root anatomy to avoid coronary 
obstruction complications during valve implantation, and ori-
entation information for proper device deployment to avoid 
embolization.

Optimization of image display includes large flat screens with 
very high resolution to allow the display and manipulation of 
images from multiple modalities. For preprocedure planning, 
image display on the monitor has been replaced by the ability 

KEY POINTS

 SHD has come into use in the interventional cardiology 
community to designate a group of disorders potentially 
amenable to catheter-based therapies, often involving 
unique devices that act to close defects, plug communica-
tions, and modify cardiac function.

 SHD interventions is a useful grouping for the specialty 
because these interventions require technical, imaging, 
and hemodynamic interpretation knowledge and skills 
that are distinct from those required by percutaneous 
coronary interventions and other vascular interventional 
skills.

 The main imaging tools to guide SHD interventions 
include fluoroscopy, cineangiography, intracardiac echo-
cardiography, and transthoracic and transesophageal 
echocardiography.

 All of the usual echocardiographic methods used in the 
echocardiographic laboratory, including 2D and 3D echo-
cardiography, spectral Doppler, color Doppler, and con-
trast echocardiography, are used in the catheterization 

laboratory to support SHD interventions. Both TTE and 
TEE approaches can be used.

 Echocardiography plays a central role in guiding struc-
tural heart disease interventions by facilitating access to 
the target vessel or chamber and by assisting with catheter 
navigation and device delivery.

 The SHD interventions that have benefited the most from 
echocardiographic guidance include closure of septal 
defects, alcohol septal ablation for hypertrophic cardio-
myopathy, balloon valvuloplasty, edge-to-edge mitral 
valve repair, closure of paravalvular leaks, left atrial 
appendage occlusion, and, more recently, transcutaneous 
aortic valve implantation.

 Advanced imaging modalities to assist in the management 
of patients with SHD include computed tomography and 
cardiac magnetic resonance imaging.

 The cardiac catheterization laboratory of the future will 
have integrated multimodality imaging to assist in SHD 
interventions.

of rapid prototyping147 to take imaging data from CT angiog-
raphy, cardiac magnetic resonance, or 3D echocardiography 
and transform images into physical heart models. The physical-
ity of a model allows the interventional team to examine the 
patient’s heart in a unique fashion and simulate the interven-
tion by trying different device sizes, for example.

SHD interventions have stimulated the development of novel 
devices and interventional techniques, and these unique inter-
ventions have also fundamentally transformed medical imaging, 
including diagnostic imaging, planning for interventions, and 
the actual image guidance process. This chapter on SHD inter-
ventions has emphasized the important role echocardiography 
plays in procedural guidance and highlights the transformation 
of echocardiography, both the technology and the echocardiog-
rapher, to support these interventions. This has occurred in a 
short period of time.
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Equipment and Handling Procedures
Guiding Device Closure of Interatrial Communications
Monitoring of Percutaneous Left Atrial Appendage 

Closure
Guiding Radiofrequency Pulmonary Vein Ablation
Monitoring Transcatheter Aortic Valve Implantation

Perioperative and Periinterventional Imaging of the 
Ascending Aorta

Periinterventional Imaging of the Descending Thoracic 
Aorta

Periinterventional Imaging of the Mitral Valve
Limitations

During the past decade, intracardiac echocardiography (ICE) 
has become a standard guiding approach in interventional 
treatment of structural heart disease,1 such as in device closure 
of interatrial communications, percutaneous transluminal 
septal myocardial ablation, pulmonary vein ablation, percuta-
neous left atrial appendage closure, and recently in transcath-
eter aortic valve implantation (TAVI). With the introduction of 
the 8F AcuNav catheter (Acuson Siemens, Mountain View, 
Calif.), which is also used for ICE,2 intraaortic phased-array 
imaging (IPAI) became feasible. Guidance by fluoroscopy alone 
is limited because it cannot distinguish soft tissues and does  
not allow cross-sectional imaging. Consequently accurate posi-
tioning of devices can be difficult without echocardiographic 
guidance.2a On the other hand, distant posterior areas are dif-
ficult to depict with transthoracic echocardiography, especially 
when the patient is supine. Although transesophageal echocar-
diography (TEE) including real-time three-dimensional (3D) 
imaging is a well established diagnostic tool and provides excep-
tional high-resolution images, TEE’s usefulness for interven-
tional procedures is not always ideal (see Chapter 5). However, 
evidence that ICE guidance can improve the safety of these 
procedures is still lacking.

Miniaturized ultrasound-tipped catheter devices were pri-
marily introduced for intravascular use. The first attempts to 
percutaneously introduce intravenous probes with built-in 
echo transducers for in vivo intracardiac imaging were reported 
in the late 1960s. During the following two decades, several 
intracardiac echocardiographic catheters were developed. Later, 
intravascular ultrasound (IVUS) was employed to image coro-
nary arteries as well as the aorta and peripheral vessels (see 
Chapter 7). IVUS-based intracardiac imaging was also used for 
guiding electrophysiologic procedures. Nevertheless, intracar-
diac IVUS lacks Doppler capabilities and is further limited by 
inadequate ultrasound penetration. For current noncoronary 
percutaneous interventions in structural heart disease, high-
quality near-field images as well as Doppler flow analysis are a 
prerequisite for optimal results and also aid in avoiding and 
detecting complications. Thus, technical advances led from 
IVUS to the development of ICE and IPAI. Using these methods 
as a guiding tool in noncoronary percutaneous interventions is 
justifiable on the basis of improved procedural success and 

reduced complications, although costs of the catheter and reim-
bursement are problematic in many countries. In particular, 
progress in electrophysiologic ablation is clearly linked to the 
advances made with ICE.3 ICE and IPAI are also exciting 
research tools. Transfer of the methodology from the realm of 
research to routine clinical use is ongoing, such as in TAVI.4

Equipment and Handling Procedures
Current devices (Acuson, Mountain View, Calif.) are multi-
modal, phased-array transducer-tipped intracardiac echocar-
diographic catheters. Nowadays, the 8 F AcuNav catheter has 
become the tool of choice for ICE. Other devices have been 
introduced5 but have gained only limited acceptance (Table 
6-1).

Just like conventional echocardiography, the miniaturized 
AcuNav transducer provides a 90°-sector image. The ICE probe 
can be connected to standard ultrasound units (Siemens and 
General Electric) through the SwiftLink Catheter Connector, 
which attaches to the ultrasound unit like any probe. After the 
SwiftLink Catheter Connector is covered with a sterile jacket, it 
is placed into the sterile field at the catheter table, where it is 
connected to the sterile intracardiac echocardiographic probe. 
The catheter steering mechanism and the function of the trans-
ducer should be checked in a water bath before insertion.

In comparison to the 10-Fr version, the 8-Fr AcuNav catheter 
has facilitated ICE and increased patient comfort and probably 
safety as well. After its introduction in pediatric cardiology,2 the 
8-Fr ICE catheter now is also used in adult interventional car-
diology. The catheter possesses the unlimited echocardiographic 
capabilities of its predecessor but is available with more insert-
able length and in a shorter version. Besides two-dimensional 
(2D) and M-mode imaging, the ICE catheter also permits func-
tional analysis. It possesses complete Doppler capabilities, 
including pulsed wave, continuous wave, color flow, and tissue 
Doppler modalities (Table 6-2).

An access sheath is required for introducing the ultrasound 
catheter into the femoral vessels or the right jugular vein. The 
disposable ICE catheter can be navigated through the inferior 
vena cava (femoral venous access) or the superior vena cava 
(SVC) (jugular venous access) into the right atrium (RA). This 
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To permit adequate imaging of the interatrial septum and its 
neighboring structures, two standardized views are used: (1) a 
transatrial longitudinal view showing the extent of the atrial 
septum from cranial to its distal margins—this view is seen with 
the catheter retroflexed inside the RA; and (2) a perpendicular 
transatrial short-axis view for visualizing the anterior part of 
the atrial septum and the transition to the aortic valve and the 
ascending aorta (Fig. 6-1).

The aortic valve is visualized by turning the catheter toward 
the aorta. One may need to straighten or even slightly anteflect 
the catheter. The tricuspid valve and the right ventricle (RV) are 
best displayed in a longitudinal view by anteflexing the probe 
after positioning the tip in the high RA. The left and right pul-
monary veins as well as the left atrial appendage (LAA) are each 
visualized in a modified transatrial longitudinal view. For 
depicting the left pulmonary veins and the LAA, the catheter is 
angulated inferiorly; to visualize the right pulmonary veins, it 
is turned clockwise and advanced superiorly.

Clockwise rotation of the straightened ICE catheter permits 
visualization of the smallest anatomic details in the near field 
as well as to a depth of up to 12 cm. In order to enter the right 
ventricle, the tip of the probe is positioned in the mid to upper 
RA with the piezoelectric crystal facing the free wall of the RA, 
before the probe is gradually deflected anteriorly. From the right 
ventricle, the transventricular long-axis view of the left ventricle 
(LV) is obtained, which shows the interventricular septum 
proximally, the LV outflow tract, and the mitral valve apparatus. 
When the catheter tip is tilted to the right, the transventricular 
short-axis view of the LV comes into view (Figs. 6-2 and 6-3).

Interpretation of LV wall motion from transventricular views 
requires care because the catheter is moving inside the RV. By 
tilting the catheter tip away from the transventricular long-axis 
view, the RV outflow tract and pulmonary valve can be visual-
ized as well (Fig. 6-4).

To avoid ventricular arrhythmias, the catheter has to be care-
fully navigated inside the RV cavity. The catheter should not be 
advanced beyond the pulmonary valve. When using the SVC 

may present a potential risk, although most patients undergo 
ICE as part of an interventional procedure, so the additional 
risk remains minimal. Special caution is needed when navigat-
ing the ICE catheter through the pelvic veins. Although the risk 
of venous injury or perforation is very low, isolated pelvic vein 
perforation and inferior vena cava dissection have been 
described. Adequate handling of the catheter device includes 
use of a long access sheath and fluoroscopy, two recommended 
precautions that enhance patient safety. The long access sheath 
in particular spares the examiner problems associated with 
pelvic vein navigation, thereby increasing patient safety. In 
addition, it is recommended to infuse saline solution before 
ICE. This increases venous pressure and dilates the central veins, 
facilitating venous puncture and insertion of access sheaths and 
the ICE catheter. Even intracardiac navigation becomes easier 
if the heart is well filled. The intracardiac probe does not accom-
modate a guidewire and is therefore fundamentally different 
from IVUS catheters. These require guidewires and are there-
fore relatively safe to manipulate. Obtaining arbitrary views 
may be difficult, however, especially in the near field. Particu-
larly in the vicinity of the RA, the guidewire can restrict full 
visualization of lumen and wall, and it will frequently not allow 
adequate views of structures of interest, such as the transition 
into other chambers or vessel orifices.

PRACTICAL TIPS

•	 Use	long	access	sheaths	to	avoid	injuring	the	pelvic	
veins	during	navigation.

•	 Use	fluoroscopy	as	a	precaution	to	safely	advance	the	
bidirectionally	steerable	(but	guidewireless)	catheter	into	
the	heart.

•	 Infuse	500	mL	saline	solution	to	dilate	the	veins	and	to	
facilitate	catheter	passage.	Added	benefit:	reduced	
tendency	for	vagal	responses	when	both	the	left	and	
the	right	femoral	veins	need	to	be	punctured.

Figure 6-1  Standard transatrial views for intracardiac imaging are 
obtained with the catheter tip in the RA. Two image planes are shown 
in  blue—a  short-axis  view  of  the  aortic  valve  and  interatrial  septum 
atrium, and a longitudinal view through the interatrial septum. 

Presently Available Intracardiac Echocardiographic Devices

Catheters Company Features

UltraICE Boston Scientific Rotational, nonsteerable

EP Med View Flex St. Jude Medical Side-looking, 10 Fr, 2-8 MHz

ClearICE St. Jude Medical Side-looking, steerable, 3D 
localization

AcuNav Siemens/Biosense-Webster Side looking, steerable, 8 Fr 
and 10 Fr

SoundStar Siemens/Biosense-Webster Side-looking, steerable, 10 Fr, 
3D localization

TABLE 
6-1 

Doppler Imaging Modes and Frequencies of the 
Intracardiac Echocardiographic Catheter Family

Catheter versions 10 F 8 F

Insertable length 90 cm 90 cm (formerly 110 cm)

Steering Four-way Four-way

2D imaging frequency 5.0-10.0 MHz 5.0-10.0 MHz

Color Doppler frequency 4.0-7.0 MHz 4.0-7.0 MHz

CW Doppler 5.0 MHz 5.0-5.2 MHz

PW Doppler 4.0-5.0 MHz 4.0-5.0 MHz

Recommended access 
sheaths

11 Fr 8 or 9 Fr

Penetration 15 cm 15 cm

PW, Pulsed wave.

TABLE 
6-2 
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approach, inadvertent catheter passage into the coronary sinus 
has to be avoided by all means. A certain expertise in intracar-
diac catheter manipulation is essential to safely advance the 
catheter into the right heart, to orient oneself inside the heart, 
to obtain standardized views, and to adequately visualize the 
cardiac anatomy6 (Table 6-3; also see Fig. 6-1).

Although the diagnostic potential and limitations of this 
imaging modality have not been fully evaluated, ICE may find 
an adequate place in operating rooms and catheterization labo-
ratories for online monitoring of complex intracardiac inter-
ventions. Nonsurgical cardiac procedures require real-time, 
high-quality, and near-field views for optimal results. Moreover, 
continuous progress in the field of percutaneous interventions 
warrants more effective imaging guidance without compromise 
to patient comfort and safety. ICE has been proven an impor-
tant diagnostic tool for depicting expected or unanticipated 
aberrant anatomy in patients with congenital heart disease. 
Tissue motion, intracardiac devices, and their relation to the 
surrounding structures can be very clearly delineated.

Guiding Device Closure of  
Interatrial Communications
Device closure of interatrial communications is performed for 
treatment of severe left-to-right shunts associated with atrial 
septal defects (ASDs) (see Chapter 44) and for prevention of 
recurrent paradoxical embolism in patients with a patent 
foramen ovale (see Chapter 41). Some complications with 
closure of interatrial communications are due to suboptimal 
device performance.7 Others, however, may be related to dis-
continuous echocardiographic monitoring, because supine 
patients do not tolerate continuous monitoring with TEE well 
unless they are sedated or under general anesthesia. More than 
10 years of experience make us believe that some specific com-
plications of transcatheter closure can potentially be avoided 
with improved echocardiographic monitoring. In that respect, 
ICE can be recommended as the method of choice for guiding 
percutaneous device closure, especially of ASDs.

Before passing instrumentation through the interatrial com-
munication, the ICE catheter is advanced through the inferior 
vena cava into the RA. The transducer is aimed at the left atrium 
(LA) to obtain the transatrial longitudinal view. As a first step, 

Figure 6-2  Transventricular  long-axis  view  of  the  LV  and  the  LA  in 
patient with pericardial effusion. PE, Pericardial effusion. 

LA

LV

PE

Figure 6-3  Transventricular  short-axis  view  of  the  LV.  IVS,  Interven-
tricular septum. 

IVS

LV

Figure 6-4  Catheter positioned in the RV provides a view of the right 
ventricular outflow tract  (RVOT ) and the pulmonic valve (PV ). PA, Pul-
monary artery. 

PV
RVOT

PA

Standardized Views

Window
Catheter 
Position Standardized Cut Plane

Transatrial RA Longitudinal, craniocaudal view of IAS, LA, LAA
RA Short-axis view of the anterior IAS, aortic valve, 

and ascending aorta
RA Longitudinal view of the RV, showing TV, RV

Transventricular RV Long-axis view of the LV, IVS, LVOT, LA 
including LAA

RV Short-axis view of the LV

Transvenous IVC Aortic view of the abdominal aorta and its side 
branches

SVC/RA Aortic view of the ascending aorta and aortic 
valve

Intraaortic Aorta Imaging from inside the whole aorta including 
aortic arch

Aorta Long-axis view of the aortic valve seen from the 
aortic arch

IAS, Interatrial septum; IVC, inferior vena cava; IVS, interventricular septum; LAA, left 
atrial appendage; LVOT, left ventricular outflow tract; TV, tricuspid valve.

TABLE 
6-3 
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With the occluder device positioned but still connected to the 
delivery cable, the “wriggle maneuver” is monitored. Aiming to 
ensure that the counteroccluder cannot tilt or slip to the con-
tralateral side, the occluder device is pushed and pulled before 
release. This will guarantee that the atrial septum is optimally 
engaged. Details of this maneuver, which is considered the best 
technique to avoid unsatisfactory device orientation or embo-
lization, can be nicely shown by ICE. The wriggle maneuver 
should be visualized in the transatrial longitudinal view and 
again in the transatrial short-axis view. In the short-axis view, 
any compression of the aortic bulb by the occluder device can 
be ruled out. It is sensible to also use ICE for monitoring device 
disconnection from the delivery cable.

Once it is released, the device lines up with the atrial septum, 
reaching its definitive orientation. The final position of the 
device should be visualized to ensure that the counteroccluder 
completely encloses the rims of the interatrial communication. 
After device deployment, color flow imaging can depict any 
residual shunt. During deployment of the occluder device, the 
device and the intracardiac echocardiographic catheter do not 
interfere with each other. As a precaution, the intracardiac 
echocardiographic catheter should be kept at least 1 cm from 
the occluder device. A closer position would impair optimal 
imaging of the occluder device. As elucidated, continuous ICE 
imaging during each stage of the procedure allows optimal 
device positioning, a prerequisite for safe percutaneous closure 
of interatrial communications. Real-time 3D ICE imaging will 
be available soon.

Several investigators demonstrated that ICE can safely guide 
interventional therapy in interatrial communications and that 
ICE monitoring is superior to conventional TEE.9-12 TEE 
requires general anesthesia with or without endotracheal intu-
bation, whereas ICE permits unlimited echocardiographic 
viewing in fully conscious and compliant patients. This is of 
utmost importance, because malposition and migration of the 
device into the systemic or pulmonary circulation or perfora-
tion of the cardiac wall and rapid thrombus formation on the 
device are known to happen on occasion.7,13,14 ICE provides 
better image resolution than TEE and therefore facilitates the 
procedure, particularly when long continuous or repeated 

adequate position of a long guidewire in the left superior pul-
monary vein is demonstrated. The left superior pulmonary 
veins are depicted by angulating the probe from the longitudi-
nal view inferiorly. The stretched size of ASDs can be adequately 
measured by ICE; however, sizing balloons must still be used—a 
mandatory step for estimating the size of the communication 
before ASD device closure.8

Next, the long access sheath required for occluder device 
application is inserted over the guidewire. Fluoroscopic 
imaging during that part of the procedure can be reduced to 
very short intermittent checks because placement of the tip of 
the sheath into the LA can be primarily guided and docu-
mented by ICE. Simultaneous echocardiographic and fluoro-
scopic viewing is recommended during deployment of the 
closure device.

PRACTICAL TIPS

•	 ICE	displays	release	of	the	left-sided	counteroccluder	
opening	in	the	LA.

•	 The	whole	system	including	the	long	access	sheath	with	
the	delivery	cable	inside	and	the	opened	left-sided	
counteroccluder	is	slightly	pulled	back	until	the	open	
counteroccluder	applies	some	traction	on	the	atrial	
septum.	ICE	depicts	the	moment	when	the	left-sided	
counteroccluder	is	closely	aligned	with	the	atrial	septum.

•	 With	the	delivery	cable	still	under	traction,	the	long	
access	sheath	is	further	withdrawn	to	release	the	
right-sided	counteroccluder.	ICE	demonstrates	release	of	
the	right-sided	counteroccluder	inside	the	RA	and	the	
left-sided	counteroccluder	remaining	on	the	left	side	of	
the	septum.

•	 While	monitoring	the	opening	of	the	right-sided	
counteroccluder,	the	delivery	cable	is	carefully	pushed	
forward	until	the	counteroccluder	also	fits	tightly	into	the	
atrial	septum,	but	from	the	right	side.	Viewing	two	
perpendicular	cut	planes	(transatrial	longitudinal	and	
short-axis	views)	is	mandatory	to	confirm	the	result	and	
to	rule	out	jamming	of	one	of	the	counteroccluders	in	
the	interatrial	communication	(Fig.	6-5).

Figure 6-5  Device  closure  of  an  atrial 
septal  defect  (ASD)  guided  by  intracar-
diac echocardiography. A, ASD. ASD II, 
Secundum atrial septal defect. B, Signifi-
cant  left-to-right  shunt.  C,  Long  access 
sheath  with  indwelling  wire.  1,  Long 
sheath crossing the septum; 2, tip of long 
sheath;  3,  wire.  D,  Unfolded  left-sided 
counteroccluder.  1,  Sheath  with  folded 
right-sided  counteroccluder  inside;  2, 
unfolded  left-sided  counteroccluder.  
E,  Unfolded  counteroccluders  with  the 
device  being  pulled.  1,  Unfolded  right-
sided  counteroccluder;  2,  left-sided 
counteroccluder.  F,  Final  device  posi-
tion.  1,  Device  after  release  from  the 
delivery cable; 2, aorta  (Ao)  is shown to 
be unaffected. 
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certain limitations. In many cases, angiographic guidance of 
circular mapping catheters is not sufficiently accurate. After 
initial puncture of the interatrial septum, high-quality images 
provided by ICE are capable of guiding transseptal pulmonary 
vein ablation, a treatment option in atrial fibrillation. Delinea-
tion of the endocardium and direct visualization of the pulmo-
nary venous ostium facilitate mapping and radiofrequency 
ablation by depicting the target area, ensuring electrode-tissue 
contact, and helping with energy titration (Fig. 6-7).

Angiography-guided placement can result in poor contact 
between the ablation catheter and the endocardial surface. 
Inadequate contact reduces heat transfer to the tissue and allows 
convective heat loss into the circulating blood.

In the transatrial longitudinal view, the left pulmonary veins 
can be imaged by advancing the probe without tension or steer-
ing forces. Clockwise rotation of the catheter and insertion into 
the SVC allows the right pulmonary veins to be visualized in a 
cross-sectional view. Left or right steering permits longitudinal 
views of the right pulmonary veins. Thus, accurate anatomical 

echocardiographic viewing is required or when complications 
begin to develop. ICE results in much less procedural stress to 
the patient, and fluoroscopic and procedural times can be 
shortened.9,12 Because many patients with interatrial communi-
cations are of reproductive age or younger, reduction of radia-
tion exposure has to be considered a major advantage of ICE. 
In that respect, patients who undergo ASD closure benefit more 
from ICE than patients undergoing closure of a patent foramen 
ovale, because ASD closure is more complex and more time 
consuming. Employing ICE in the pediatric population is also 
recommended. Several years’ experience show that ICE is a 
practical and straightforward approach for guiding device 
closure in children and adolescents.2,11 The overall risk related 
to ICE appears to be low. Moreover, it is likely that ICE improves 
the safety of interventional device closure in interatrial com-
munications. From an economic point of view, savings from 
shorter procedural time and from avoiding general anesthesia 
need to be weighed against the cost of the ICE catheter. After a 
brief learning curve, interventional cardiologists who are famil-
iar with echocardi ography can fully benefit from the advantages 
of ICE.

Monitoring of Percutaneous Left Atrial 
Appendage Closure
ICE guidance for LAA device closure has only been described 
in a few cases.15,16 It is an option in patients with atrial fibrilla-
tion in whom oral anticoagulation is contraindicated. Anatomi-
cal variation of the LAA, exclusion of thrombi, and the diameter 
of the ostium are usually assessed by TEE, which is also used 
for intraprocedural monitoring. As in any other percutaneous 
transseptal catheter interventions, one needs to establish access 
to the atrial appendage by septal puncture before LAA closure. 
This is best done under ICE guidance. Before atrial septal punc-
ture, anatomic anomalies should be ruled out. When tenting of 
the fossa ovalis identifies contact with the transseptal needle, 
the pressure on the needle can be slightly increased until the 
needle perforates the atrial septum. For device closure, using 
novel placement of an intracardiac echo probe via a Mullins 
sheath in the RV outflow tract and pulmonary artery16 seems 
to be advantageous over viewing from the LA. This allows near-
field visualization of device deployment in the LAA. This tech-
nique may increase the spectrum of patients who benefit from 
the procedure by decreasing procedure time, fluoroscopy, and 
procedure-related morbidity (Fig. 6-6).

Transseptal crossover and advancement of the dilator and 
sheath are adequately imaged and the ostium of the LAA is 
easily delineated and measured by ICE. Device positioning, 
release, potential periprosthetic leaks, and especially the spatial 
relation of the device to the surrounding structures can be 
continuously monitored in the transatrial longitudinal view. In 
some patients, the transventricular long-axis view can represent 
an alternative (see Table 6-3).

Guiding Radiofrequency Pulmonary  
Vein Ablation
The rapidly evolving field of interventional electrophysiology 
creates a demand for guidance by imaging. This is particularly 
true in view of the fact that currently available techniques, such 
as fluoroscopy and endocardial ECG, may be helpful but have 

Figure 6-6  Intracardiac echocardiographic  imaging depict “tenting” 
of  the  fossa ovalis  (arrow) while a Brockenbrough needle  is advanced 
from the RA. 

RA

LA

Figure 6-7  Transatrial longitudinal view. Left atrial appendage (LAA) 
and transmitral flow into the LV. 

RALA

LAA

LV
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useful for monitoring bubble formation during the phase of 
radiofrequency energy delivery, allowing radiofrequency dose 
titration to prevent overheating of the catheter tip. After effec-
tive ablation, transvenous flow velocities should be interrogated 
using continuous-wave Doppler in order to identify the poten-
tial presence of a gradient,20 which can occur as a complication. 
This illustrates that ICE contributes to the safety of the ablation 
procedure and to prevention or early detection of potential 
complications associated with electrophysiologic interventions, 
that is, thrombus formation21 and development of pulmonary 
vein stenosis.20 Periinterventional monitoring depicts each step 
of the ablation process, improves efficacy, and also reduces early 
and late complications.22 As demonstrated for device closure of 
interatrial communications, ICE can lower fluoroscopy time 
and shorten the ablation procedure.

Monitoring Transcatheter Aortic  
Valve Implantation
Generally, potential alternative sound windows are available for 
ICE-based intrainterventional assessment in TAVI. These 
include the transaortic window for viewing from inside the 
ascending aorta23 and the transventricular window for trans-
septal viewing from the right ventricle.24 Views from inside the 
aorta are inconvenient because the ICE catheter is prone to 
interfere with procedural catheters. In many individuals, it is 
also challenging to keep the ICE catheter stabilized in the  
RV (transventricular approach) throughout the procedure. 
However, longitudinal views from the lower SVC and the upper 
RA supplemented by RA short-axis views seem to be most suit-
able for continuous guidance, because the catheter position 
remains stable and the catheter does not interfere with the TAVI 
procedure24a (Figs. 6-9 and 6-10).

positioning of the ablation catheter tip in relation to adjacent 
endocardial structures is supported17 (Fig. 6-8).

Doppler measurements of pulmonary vein flow velocities 
before and after ablation are recommended. During the proce-
dure, the ablation zone can be directly visualized, including the 
evolving tissue injury. Visualization permits assessment of 
shape, cross-sectional area, wall thickness, and lesion forma-
tion18 and depicts lesion size and continuity.19 ICE is also 

Figure 6-9  Longitudinal transcaval/transatrial (A) and short-axis transatrial (B) standard intracardiac echocardiographic views for transcatheter aortic 
valve  implantation. Ao, Ascending aorta; AC, AcuNav catheter; AVP, aortic valve prosthesis; DA, descending aorta;  IVC,  inferior vena cava; SVC, 
superior vena cava. (From Bartel T, Bonaros N, Müller L, et al: Intracardiac echocardiography: a new guiding tool for transcathter aortic valve replace-
ment. J Am Soc Echocardiogr 24:966-57, 2011).

AVP

Ao

SVC

AC IVC DA

LV

RA

RV

A B

Figure 6-8  Modified transatrial longitudinal view.  Flow  from  left-
sided pulmonary veins  into  the LA. LIPV, Left  inferior pulmonary vein; 
LSPV, left superior pulmonary vein. 
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to obtain appropriate TEE views. Consequently, TEE provides 
only episodic monitoring on the one hand. On the other hand, 
repeated repositioning of the TEE probe may cause several 
interruptions of TAVI work flow. Although real-time 3D TEE 
represents a feasible guiding tool and may improve spatial ori-
entation, it nevertheless remains a variant of TEE with all dis-
advantages inherent in this technique when applied to TAVI.

In contrast to TEE, the ICE catheter can be left in place with 
the probe aimed at the aortic valve during the entire TAVI pro-
cedure. Slight readjustments of the catheter may be occasionally 
required. Simultaneous and uninterrupted echocardiographic 
guidance by ICE is an ideal method for assisting predilatation, 
final adjustment, and deployment of the valve prosthesis; for 
ruling out potential complications as early as possible; for con-
firming proper prosthetic valve function without a need for 
repeated angiography; and for checking LV function imme-
diately after implantation. Decreased use of contrast agents is 
meaningful, because renal failure has been reported to be the 
commonest short-term complication after TAVI.31 In compari-
son to TEE, ICE provides a more coaxial view of the ascending 
aorta and may therefore help to improve coaxiality between the 
valve-balloon system and the ascending aorta. ICE also assists 
wire crossing of the native valve in the majority of patients and 
better depicts the coronary ostia than TEE, which helps to 
rapidly exclude any obstruction by displaced debris from the 
calcified native valve (Fig. 6-11).

Both ICE and TEE approaches can be considered equivalent 
with respect to determining annulus size and LV function. Mea-
suring annulus size is particularly critical and essential for 
selecting the correct size valve prosthesis. The ICE catheter is 
maneuverable by the interventional operator, who can adjust 
the transducer as needed and independently from a noninvasive 
cardiologist or anesthetist, while the ultrasound unit is operated 
by an ultrasonographic technician. Operated by an interven-
tional cardiologist also experienced in echocardiography and 
especially in ICE application, this tool has some potential in 
minimizing procedural risks by avoiding and, whenever possi-
ble, detecting TAVI complications32 at the earliest possible time.

TAVI can also be completed under local anesthesia and mod-
erate sedation,33,34 provided patients are selected accordingly. 

Even in asymptomatic patients, aortic stenosis is known to 
be associated with a poor prognosis.25 An increasing number of 
patients cannot undergo surgical aortic valve replacement 
owing to high perioperative risk due to comorbidities and 
advanced age.26 The periinterventional risk of TAVI must be 
weighed against these facts.27 Especially in extremely high-risk 
patients, each step of the procedure can cause life-threatening 
complications.28 Although periprocedural echocardiography is 
regarded as an important means of lowering the rate of com-
plications, and although TEE monitoring is frequently used in 
those patients exposed to extreme risks to assist with the inter-
ventional steps and to detect complications, current guidelines 
for TAVI do not include any detailed methodologic suggestions 
for intraprocedural use of echocardiography.29

Echocardiography also qualifies as a tool for guiding TAVI 
with the purpose of increasing its benefit-to-risk ratio.30 Intra-
procedural TEE has become an established method,29 although 
it is not necessarily an ideal guiding tool, one reason being the 
difficulty of aligning the Doppler beam with transvalvular flow 
in the deep transgastric view. Transgastric measurement of 
aortic valve blood flow cannot be considered a routine approach 
and is known to require a significant learning curve. It also may 
not depict the maximum transvalvular or transprosthetic gradi-
ent because the TEE approach results in a non-parallel Doppler 
angle. In contrast, the Doppler beam can be nicely aligned with 
transvalvular flow in the transcaval/transatrial longitudinal ICE 
view, and determination of transvalvular pressure gradients is 
therefore much easier than with TEE. The gradient not only 
gives an estimate of the effectiveness of predilatation, but helps 
to avoid unnecessary additional dilatations. This is meaningful 
for risk management because each balloon dilatation is associ-
ated with the risk of annulus dissection and significant aortic 
regurgitation.

When positioned at the level of the aortic valve, the TEE 
probe impedes posterior-to-anterior fluoroscopic viewing, 
which is mandatory for angiography, balloon dilatation, final 
adjustment of the prosthesis, and its subsequent implantation. 
This is another drawback of TEE. The only workaround is 
repeated TEE probe withdrawal at crucial points of TAVI work 
flow, subsequent repositioning of the probe, and new alignment 

Figure 6-10  Longitudinal transcaval (A) and short-axis (B) intracardiac echocardiographic views of aortic valve prosthesis after deployment and at 
end-diastole. 1, Minimal paravalvular leak; Ao, aorta; AVP, aortic valve prosthesis; RCA, right coronary artery. (From Bartel T, Bonaros N, Müller L, 
et al: Intracardiac echocardiography: a new guiding tool for transcathter aortic valve replacement. J Am Soc Echocardiogr 24:966-57, 2011).
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flow is mostly aligned with the Doppler beam of the catheter, 
permitting color flow and pressure gradient recordings of 
highest image quality. Therefore, ICE might be of clinical inter-
est immediately after aortic valve surgery or surgery of the 
ascending aorta (Fig. 6-12).

Intraoperative cannulation of the ascending aorta with surgi-
cal devices can also be monitored with IPAI views from the SVC. 
Further development of right-heart assist devices could create 
another potential application. Nevertheless, clinical experience 
with the transjugular approach is limited.

Periinterventional Imaging of the 
Descending Thoracic Aorta
TEE adds incremental information, improving the safety of 
stent-graft placement in type B aortic dissection. In addition, 
IVUS is considered helpful in patients with complex dissection 
including abdominal extension.35 With respect to aortic dis-
eases, the main limitation of IVUS is attributable to its inability 
to perform Doppler analysis. Flow detection by TEE is also 
limited if the flow is not aligned with the Doppler beam. In 
consequence, detecting flow from true to false lumen and vice 
versa by TEE depends on the alignment of the dissection flap. 
Therefore, TEE has a low sensitivity for detecting small entries 
and reentries (Fig. 6-13).

On the other hand, sonographic approaches may help lower 
the current complication rate of percutaneous stent-graft 
implantation,36 thus opening up new opportunities for moni-
toring interventional therapy in aortic diseases using IPAI. In 
that respect, IPAI not only combines advantages of TEE and 
IVUS, but adds capabilities.

The descending thoracic aorta cannot be viewed from any 
venous approach. Periinterventional sonographic diagnostic 
methods need to clarify which lumen supplies the side branches, 
a difficult feat with TEE and even with IVUS images. Thus, the 
need to navigate the aorta with the echocardiographic catheter 
turns from a disadvantage into an advantage, because the 
Doppler beam can be aligned with any flow between true and 
false lumen and with blood flow into small branches. Thus, 
intraaortic monitoring by IPAI has great potential to become a 
tool for the effective guidance of aortic stent-graft implantation, 
in such a manner that all entries are closed. First case reports 
also suggest that IPAI is capable of safely guiding other diag-
nostic intraaortic procedures in aortic diseases.37

Since the approval of the 8-Fr ICE catheter, its intraaortic 
use has added to the diagnostic spectrum in aortic disease.37 
For intraaortic employment of the echocardiographic catheter, 
a very long access sheath is definitely recommended so that 
only the tip of the catheter with the transducer sticks out of 
the sheath. Sheath and indwelling catheter are then jointly 
pulled back while imaging is performed. The catheter can be 
rotated intermittently and aimed at the region of interest by 
tilting its tip.

In type B aortic dissection, the echocardiographic catheter is 
placed into the true lumen and IPAI performed carefully. IPAI 
provides scans of the dissection flap when the device is rotated 
and withdrawn. Detection and precise localization of tears in 
the dissection membrane must be considered important for 
therapeutic decision making. In most cases, there are obviously 
more entries than are demonstrable by angiography, IVUS, or 
TEE. The fact that such data form the basis for optimal stent-
graft placement, which aims to close all entries to the false 

However, prolonged TEE imaging requires deeper sedation. The 
availability of ICE as an adjunct for TAVI lets the operator 
decide whether to use local anesthesia plus sedation or general 
anesthesia independently of the need for echocardiographic 
guidance.

Perioperative and Periinterventional 
Imaging of the Ascending Aorta
When a high transesophageal image plane—also known as 
“banana view”—is used, TEE depicts the caudal part of the 
ascending aorta anteriorly to the right pulmonary artery. Unfor-
tunately, ascending aortic flow is not aligned with the Doppler 
beam in this plane. For that reason, perioperative functional 
assessment of the aortic valve and the ascending aorta by TEE 
is limited to regurgitant flow detection. Perioperative IPAI and 
ICE from the RA and the SVC may become alternative 
approaches for complete morphologic assessment of the ascend-
ing aorta and functional evaluation of the aortic valve. In order 
to display the proximal ascending aorta, the ICE catheter is used 
as described for TAVI. Alternatively, it can be inserted via a 
jugular venous access and advanced through the SVC into the 
upper RA. In contrast to transfemoral access, no fluoroscopic 
guidance is needed with the jugular venous approach because 
the access sheath guides the catheter sufficiently, making direct 
catheter navigation superfluous. From the superior RA, the 
aortic bulb and aortic valve can be displayed in the long-axis 
view and, after tilting the tip of the catheter, also in a short-axis 
view. After the catheter is pulled back into the SVC, a longitu-
dinal cut plane of the whole ascending aorta reaching up to the 
innominate artery can be obtained. In contrast to TEE, systolic 

Figure 6-11  Longitudinal  intracardiac  echocardiographic  view  dem-
onstrates both coronary arteries branching off above the opened aortic 
valve prosthesis. Ao, Aorta; LCA, left coronary artery, RCA, right coro-
nary  artery.  (From Bartel T, Bonaros N, Müller L, et al: Intracardiac 
echocardiography: a new guiding tool for transcathter aortic valve 
replacement. J Am Soc Echocardiogr 24:966-57, 2011).
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result of effective pressure separation between true and false 
lumen, can be also displayed.

IPAI can also be used to safely guide percutaneous biopsies 
of intraaortic masses suspected to be tumors. To accomplish 
that, the transducer is aimed at the mass and the radial-jaw 
biopsy forceps (Fig. 6-14).

Under continuous ultrasonographic imaging, targeted biop-
sies are taken from the depth of the mass. Opening, pushing, 
and closure of the biopsy forceps can be precisely guided and 

lumen, mandates a detailed analysis of the sensitivity of con-
ventional diagnostic approaches. If overlooked or not properly 
closed by interventional treatment, even small tears can lead to 
significant flow into and inside the false lumen, impairing the 
desired thrombus formation in the false lumen and thereby 
impeding healing of the dissection. IPAI depicts more entries 
than one would expect from conventional diagnostics and dem-
onstrates which abdominal vessels originate from the true and 
the false lumen. Thrombus formation in the false lumen, a 

Figure 6-12  Aortic valve and ascending aorta seen from the superior vena cava: measurement of pressure gradients (PG) before transcatheter 
aortic valve replacement (A), after predilatation (B), and after valve deployment (C). This approach allows full intraoperative hemodynamic assess-
ment as well. 

PGmax 68 mm Hg
PGmean 41 mm Hg

PGmax 42 mm Hg
PGmean 27 mm Hg

PGmax 18 mm Hg
PGmean 8 mm Hg

A B C

Figure 6-13  Intraluminal phased-array  imaging  from  the  true  lumen 
(TL) to the false lumen (FL): thrombus formation in type B aortic dissec-
tion. E, Entry. 
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E

Figure 6-14  Intraluminal phased-array imaging of an intraaortic mass 
(M). 1, Flow around the mass; AW, aortic wall. 
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After balloon deflation and withdrawal, immediate two-
dimensional and Doppler analyses are recommended to show 
the split commissures and to exclude any injury of the commis-
sures or the mitral valve apparatus. In addition, the degree of 
mitral regurgitation is reassessed. Intraprocedural ICE viewing 
may be considered an optional imaging modality, especially if 
the transthoracic acoustic window is very poor. It allows analy-
sis of the valvular anatomy and is ideal when enhanced views 
are required.40 ICE is capable of providing excellent imaging 
and guidance, which results in low radiation exposure and 
minimizes the need for contrast angiography.15

One would expect the more sophisticated interventional pro-
cedures to derive more benefits from ICE. Thus, there is great 
potential for ICE in percutaneous valve implantation tech-
niques and other catheter-based “valvular repair” procedures 
currently under development. Another future application may 
arise from the increasing importance of minimally invasive and 
reconstructive mitral valve surgery.

Limitations
Adequate handling of the ICE catheter requires a learning 
curve, even for an interventionalist familiar with left and right 
heart catheterization and IVUS. Additionally, the relatively  
large probe may limit its use in infants. In addition, the  
multifrequency probe does not provide harmonic imaging 
capability. ICE does, however, eliminate the need for general 
anesthesia and intubation, thereby lowering costs and increas-
ing patient comfort. On the other hand, the high price for  
one AcuNav catheter remains an important shortcoming. Today, 
the catheter is no longer a disposable device. The lumenless 
catheter can be resterilized with gas. Vanguard AG Medical  
Services for Europe (Berlin, Germany) is an approved 
CE-certified company licensed to resterilize ICE catheters.  
Technical and medical safety and compliance with appropriate 
legal regulations governing health care products are guaranteed. 
After more than 2 years of experience, we can recommend 
resterilization as a safe procedure that permits each catheter to 
be reused approximately three times. Although the image 
quality may slightly deteriorate from resterilization, each cath-
eter can eventually be used four times, markedly lowering the 
costs for each use, even when the cost of resterilization is 
accounted for.

documented.37 With careful handling, interference between 
the echocardiographic catheter and the lesion can be avoided. 
Nevertheless, there is some risk of peripheral embolization 
during the procedure.

Percutaneous device closure of patent ductus arteriosus is 
another interventional approach nicely guidable by use of IPAI. 
It may help to reduce procedural time, limit radiation exposure, 
and lower the amount of contrast agent administered. It is 
conceivable that IPAI can contribute to the safety and success 
of this nonroutine procedure38 (Fig. 6-15).

Periinterventional Imaging of the  
Mitral Valve
Percutaneous transseptal balloon mitral valvotomy (BMV) 
(see Chapter 21) can be performed in concentric stenosis 
when the commissures are fused because of rheumatic heart 
disease without significant calcification and mitral regurgita-
tion. Suitability of mitral stenosis for BMV can be assessed 
using the Wilkins score and a commissural score. As described 
for interventional left atrial appendage closure, atrial septal 
puncture is guided by the ICE transatrial longitudinal view. In 
that view, tool positioning in the LA can also be monitored. 
After introduction of a special guidewire into the LA, the 
transventricular long-axis view of the LV is obtained. Mitral 
ring diameter and intercommissural distance are measured, 
and the fused commissures are visualized. A balloon of appro-
priate size is selected. The same view is also useful for guiding 
a balloon through the stenotic mitral valve into the LV. Adher-
ing to the double balloon technique, the distal balloon is 
inflated. Inflation should be monitored with ICE and fluoros-
copy simultaneously. The next steps must be completed 
quickly to avoid prolonged LV inflow occlusion. Simultaneous 
echocardiographic and fluoroscopic viewing and documenta-
tion are recommended to accomplish this goal. The distal 
balloon is first inflated, and then pulled back toward the ste-
notic valve. Not until this step is completed is the proximal 
balloon inflated and valvotomy performed. At this time, ICE 
demonstrates that the balloon fits tightly into the stenotic 
valve orifice. The newer single-balloon technique39 may require 
even closer echocardiographic guidance to precisely position 
the cylindrical balloon into the stenosis.

Figure 6-15  Intraaortic viewing: device closure of patent ductus arteriosus (PDA). Ao, Aorta; PA, pulmonary artery; PDA-O, patent ductus arteriosus 
occluder. 
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Finally, the relation between advantages and disadvantages of 
using ICE and IPAI depends mainly on the expenditure and the 
risk of the specific interventional procedures. Increasing famil-
iarity of interventional cardiologists with this technique may 
also affect its use in clinical practice (Table 6-4).

KEY POINTS

As an alternative to TEE and IVUS and in conjunction with 
fluoroscopy, ICE can guide a variety of noncoronary percu-
taneous interventional therapeutic interventions:

Interventional Procedure Guidance by ICE
1. Device closure of interatrial 

communications
View from the RA

2. LAA occlusion View from the RA 
(and RV)

3. Radiofrequency pulmonary  
vein ablation

View from the RA

4. Percutaneous transluminal  
septal myocardial ablation in 
hypertrophic cardiomyopathy

View from the RV

5. Imaging of the ascending aorta  
and aortic valve

View from the SVC 
and RA

6. Imaging of the descending  
thoracic aorta

Intraaortic view

7. Imaging of the abdominal aorta View from the IVC
8. Mitral valve angioplasty and repair View from the RA 

and RV
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Technical Background
GRAY-SCALE INTRAVASCULAR ULTRASOUND

Gray-scale intravascular ultrasound (IVUS) utilizes one or more 
miniaturized transducers secured at the end of a flexible catheter 
that is inserted into arteries for in vivo tomographic visualiza-
tion of vascular anatomy. Intracoronary ultrasound has become 
the most commonly used form of intravascular imaging and is 
regularly employed to delineate plaque morphology and distri-
bution, to assess angiographically ambiguous lesions, to assess 
atherosclerosis progression and regression, to guide transcath-
eter coronary intervention, and to assess mechanisms of reste-
nosis (Fig. 7-1).1-2 The IVUS catheter is attached to either a 
portable or installed ultrasound machine through an interface 
that ensures sterility of the catheter and allows for motorized 
pullback. Motorized pullback of the IVUS catheter (or of the 
transducer within the catheter) at 0.5 mm/s or 1.0 mm/s allows 
calculation of lesion length and plaque volumes (necessary for 
progression/regression studies), ensures adequate time to visu-
alize the lesion, and allows comparison between IVUS “runs” 
done at different times but with similar pullback speeds.

There are two types of transducers used in IVUS catheters: 
mechanical and phased array. The mechanical catheter uses a 
single transducer that is mounted at the tip of the catheter and 
rotated quickly (at 1800 rotations per minute [rpm]). Because 
the IVUS transducer is oriented at a 90° angle to the length of 
the catheter, the images are displayed as cross-sectional views of 
the artery. The mechanical transducer has the advantage of a 
simple design and a greater signal-to-noise ratio. These proper-
ties account for its high image quality with an overall resolution 
(with current 40- to 45-MHz transducers) of appro ximately 100 
to 120 µm. The primary disadvantage of mechanical transduc-
ers is that they require a central drive shaft to rotate the 

transducer on the tip of the catheter. This drive shaft decreases 
catheter flexibility. If a mechanical transducer is placed within a 
tortuous vessel, the drive shaft may be constricted, resulting in 
nonuniform rotation of the distal transducer, thus creating an 
artifact of the image termed nonuniform rotational distortion.

The phased array transducer uses multiple, tiny transducer 
elements. Each transducer element is permanently mounted 
around the circumference of the catheter tip and sends and 
receives ultrasound from a small sector. The multiple imaging 
sectors are then “added together” to produce a cross-sectional 
image of the artery. Because the phased array transducer is 
permanently fixed with no moving parts, it is more flexible  
and transverses torturous vessels more easily. These transducers 
do not produce nonuniform rotational distortion artifacts. 
However, the 20-MHz phased array transducer does require 
more complex programming to add the sectors together and 
thus has a lower temporal resolution (a function of computa-
tional speed) and lower spatial resolution.

IMAGE FORMATION

An IVUS image is formed when ultrasound bounces off the 
multiple layers of the artery and returns to the transducer.3 The 
coronary artery is a muscular vessel composed of three basic 
layers: intima, media, and adventitia (Fig. 7-2). The intima, only 
a few cells thick at birth, is the site of atherosclerotic plaque 
accumulation. The intima is directly surrounded by the media, 
a layer of predominately homogeneous smooth muscle cells 
that provides the artery with its vascular tone. The outermost 
layer is the adventitia. Each of these layers tends to have a  
different acoustic property, allowing each to be visualized sepa-
rately. When ultrasound encounters the intima, there is a large 
change in acoustic impedance; and much of it is bounced back 
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Figure 7-1  A, Pictorial  representation of an  intravascular ultrasound catheter  inserted  into a coronary artery after  stent deployment. B, Actual 
intravascular ultrasound image of a well-deployed coronary stent. 

A

B

Figure 7-2  Center image was magnified and displayed at right and left. (Right) Typical “three-layered” appearance indicating intima, media (dark 
band), and adventitia. (Left) “Mono-layered” appearance indicating very thin intima below intravascular ultrasound resolution, media (not visible), 
and adventitia. 

Mono-layered

IVUS catheter

Three-layered

Media Adventitia

Intima

Adventitia

to the transducer and displayed as a single concentric echo. 
Unless the intima becomes extremely hard, such as with the 
formation of a calcified plaque, some ultrasound penetrates 
through to the media. Because the media is composed of homo-
geneous smooth muscle cells, it passes through with minimal 

reflection; thus the media appears as a dark zone devoid of 
echoes. The adventitia has numerous layers of collagen fibers 
and therefore is a highly reflective structure that appears bright. 
As a result of the different acoustic properties of each layer, the 
normal coronary artery has a three-layered appearance, which 
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The amount of ultrasound that reflects off of tissue depends 
on the acoustic impedance (density) of the tissue. This property 
provides IVUS with some ability to differentiate plaque of dif-
ferent compositions. Hard material (calcium or fibrotic plaque) 
will reflect more ultrasound and appear brighter, whereas soft 
plaque (fat) will not reflect the ultrasound and will appear dark. 
Calcium is so dense that no ultrasound penetrates to the deeper 
tissues and, thus, produces acoustic shadows; shadowing, along 
with the bright echoes is the hallmark of calcification. A con-
ventional approach is to compare the overall brightness of the 
plaque to the surrounding adventitia. Plaque is typically char-
acterized as hypoechoic if less dense than the adventitia, hyper-
echoic if more dense than the adventitia, calcified if bright with 
acoustic shadowing, or mixed. IVUS can detect dense calcium 
with high sensitivity and specificity,4-6 but its accuracy in iden-
tifying high-risk lipid rich plaque or even thrombus formation 
is poor.7 As shown in Figure 7-3, gray-scale IVUS can also detect 
two other types of high-risk plaques: (1) noncalcified attenu-
ated plaque (which correlates with fibroatheroma) and (2) 
calcium nodules (calcium with a convex shape and irregular 
surface).8-10

includes (1) a bright echo from the intima, (2) a dark zone from 
the media, and (3) bright echoes from the adventitia. Because 
the resolution of IVUS is approximately 100 to 120 µm, the 
intima has to be at least this thick to be visualized as a distinct 
structure. In Western society, most patients presenting to the 
cardiac catheterization laboratory have some diffuse thickening 
of the intima. But if the intima is truly disease free, as in a 
newborn, child, or adolescent, then the intima will be much 
thinner and below the resolution of IVUS so that the artery will 
appear as a monolayer (see Fig. 7-2).

IMAGE INTERPRETATION

The interpretation of an IVUS image involves only a few simple 
steps: (1) identify the IVUS catheter in the center of the screen, 
keeping in mind that the IVUS catheter is traveling down the 
blood-filled lumen; (2) identify the dark stripe of the media that 
tells the size of the artery in the absence atherosclerotic disease; 
(3) remember that all of the echoes within the media stripe 
represent intima or intimal (atherosclerotic) disease and (4) all 
of the echoes outside the media are adventitia (see Fig. 7-2).

Figure 7-3  Both intravascular ultrasound (IVUS) and corresponding histology (Russell-Movat’s pentachrome staining) are shown. (Top) IVUS image 
shows  typical  “attenuated  plaque”—non-hyperechoic  plaque  with  attenuation.  Corresponding  histology  shows  advanced  fibroatheroma  (black 
arrows). Intravascular ultrasound image (bottom) shows “calcified nodule,” which has convex irregular surface with acoustic shadow. Corresponding 
histology shows cluster of calcified nodules (black arrows). 

Attenuated plaque

Calcified nodule
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To appreciate and apply IVUS in clinical practice, one needs 
to have a full understanding of how IVUS and angiography 
differ. Angiography is often referred to as a “shadowogram”  
of the lumen because a silhouette of the arterial lumen is 
obtained by injecting radiopaque dye into the lumen and pro-
jecting the shadow from the dye on to cineangiographic film. 
The shadow-o-gram is then used to extrapolate a luminal nar-
rowing to a plaque accumulation. It is common to detect ath-
erosclerosis in an artery that appears “normal” by angiography. 
Although it may appear to be a discrepancy at first, it is not, and 
both the angiography and the IVUS studies are providing com-
plementary and accurate information. The primary difference 
is that angiography is visualizing just the lumen, whereas IVUS 
visualizes both the lumen and arterial walls. If the assumption 
is that all angiographic stenoses are from plaque, then it would 
make sense to conclude that an angiogram displaying a lumen 
without any narrowing is free of plaque. However, that may not 
be true (and usually is not). Conversely, an angiogram of an 
artery can be free of any stenosis, but that artery can still have 
many areas of plaque. This is true because of three phenomena: 
(1) atherosclerotic plaque is often diffusely distributed, (2) 
arteries can undergo vascular remodeling, and (3) complex ath-
erosclerotic plaques are not appreciated by the two-dimensional 
silhouette.

It has been verified in autopsy studies and other IVUS studies 
of healthy donors that most people have diffuse atherosclerotic 
disease throughout their arteries by midlife, and this disease 
often remains angiographically silent because of its diffuse 
nature. In addition to diffuse plaque, vascular remodeling is also 
responsible for the high prevalence of angiographically silent 
disease. Both pathology and IVUS studies have documented 
that coronary arteries will enlarge to accommodate focal plaque 
deposition in an attempt to maintain luminal integrity. Com-
pensatory dilation of the arterial wall occurs in direct response 
to the accumulation of atherosclerotic plaque. An absolute 
reduction in lumen dimensions typically does not occur until 
the lesion occupies approximately 40% to 50% of the area 
within the internal elastic membrane (40% to 50% cross-
sectional narrowing).16 As a result, most of the atherosclerotic 
burden is contained within angiographically normal reference 
segments.17

Complex luminal shapes can result from irregular plaques or 
the disruption of a plaque (from balloon angioplasty). Although 
such a lesion may appear hazy, it may not demonstrate a luminal 
stenosis when viewed from only one or two views and projected 
as a silhouette. This may be similar to an eccentric lesion, which 
can fool inexperienced angiographers, unless a large number 
and variety of views are obtained, each displaying a different 

RADIOFREQUENCY IVUS

Standard gray-scale IVUS is limited, in part, because it uses only 
the amplitude of reflected ultrasound to formulate the image. 
In an effort to improve on the qualitative assessment of the 
reflected ultrasound signal, Kawasaki and coworkers developed 
a plaque characterization algorithm called integrated backscat-
ter IVUS using time domain information directly from the 
radiofrequency signal. This process has resulted in improved 
plaque characterization with a reported in vitro sensitivity of 
90% and specificity or 92% for lipid-rich plaque.11

In a similar effort to improve plaque characterization, spec-
tral analysis (virtual histology [VH]-IVUS) combines signal 
frequency and amplitude analysis to create an algorithm that 
detects fibrous tissue (dark green), fibrofatty (light green), 
necrotic core (red), and dense calcium (white). Reported sensi-
tivity and specificity of VH-IVUS are 91.7% and 96.6% for 
identification of the lipid-rich necrotic core.12-14 However, 
VH-IVUS cannot detect thrombus (in fact, thrombus appears 
as either fibrotic or fibrofatty plaque depending on the age of 
the thrombus) and has not been validated for assessment of 
stent metal or intimal hyperplasia. VH-IVUS lesion phenotype 
has been classified as (1) VH thin-cap fibroatheroma, (2) thick-
cap fibroatheroma, (3) pathologic intimal thickening, (4) 
fibrotic plaque, and (5) fibrocalcific plaque (Fig. 7-4). Fibrotic 
plaque has mainly fibrous tissue with less than 10% confluent 
necrotic core, less than 10% confluent dense calcium, less than 
15% fibrofatty. Fibrocalcific plaque has mainly fibrous tissue 
with greater than 10% confluent dense calcium, but less than 
10% confluent necrotic core. Pathologic intimal thickening has 
a mixture of all plaque components, but dominantly fibrofatty 
with less than 10% confluent necrotic core and less than 10% 
confluent dense calcium. Fibroatheroma (both VH thin-cap 
fibroatheroma and thick-cap fibroatheroma) has greater than 
10% confluent necrotic core. Because the resolution of VH-IVUS 
is 150 to 250 µm, it is not possible to detect fibrous cap thick-
ness less than 65 µm (the typical pathologic definition of a thin 
fibrous cap). Therefore, if there is greater than 30° of necrotic 
core abutting to the lumen in three consecutive slices, the fibro-
atheroma is classified as VH thin-cap fibroatheroma; otherwise, 
it is classified as thick-cap fibroatheroma.15

IVUS VERSUS ANGIOGRAPHY

Angiography permits the measurement of only luminal diam-
eters and typically in only two or three views. Because of its 
tomographic presentation and high resolution, IVUS is far 
more accurate than angiography in assessing atherosclerotic 
plaque extent, morphology, and distribution.

Figure 7-4  Virtual histology (VH) IVUS classification. (red, necrotic core; white, dense calcium; light green, fibrofatty; dark green, fibrous tissue) 
VH-TCFA, VH thin-cap fibroatheroma; ThCFA, thick-cap fibroatheroma; PIT, pathologic intimal thickening; fibrotic plaque; and fibrocalcific plaque. 

VH-TCFA ThCFA PIT Fibrotic Fibrocalcific
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STANDARD IVUS ACQUISITION PROTOCOL

IVUS imaging should include careful uninterrupted imaging of 
(1) at least 10 mm of distal reference, (2) the lesion site(s), and 
(3) the entire proximal reference back to the aorta. Advantages 
of motorized pullback are (1) controlled catheter withdrawal so 
no segment of the vessel is skipped or imaged too quickly by 
pulling the catheter back too rapidly, (2) the ability to concen-
trate on the images without having to simultaneously pay atten-
tion to catheter manipulation, (3) the ability to make length and 
volumetric measurements, and (4) uniform and reproducible 
image acquisition for multicenter and serial studies. Disadvan-
tages of motorized pullback are the following: (1) even at slow 
pullback speeds, it is possible to skip over focal lesions; (2) not 
enough attention may be paid to important regions of interest; 
and (3) it is not possible to have the transducer “sit” at one 
specific site in the vessel.

However, motorized transducer pullback does not preclude 
the addition of careful, manually controlled interrogation of the 
lesion. Manual transducer pullback should be at a slow rate 
similar to motorized pullback. Advantages are that it is possible 
to concentrate on specific regions of interest by having the 
transducer sit at a specific site in the vessel. Disadvantages 
include the following: (1) it is easy to skip over significant 
pathology by pulling the transducer back too quickly or 
unevenly, (2) length and volume measurements cannot be per-
formed, and (3) antegrade and retrograde manual catheter 
movement can be confusing when the study is reviewed at a 
later date.

When interrogating ostial lesions, it is important that the 
guiding catheter be disengaged from the ostium. If not, the true 
ostial lumen dimensions may not be identified. In all cases, at 
least one continuous uninterrupted imaging run should be per-
formed from approximately 10 mm beyond the target lesion to 
the ostial junction of the ostium with the aorta.

SAFETY

Three large studies have evaluated the safety of IVUS. Other 
than transient spasm, complications appear to be rare (Table 
7-1).18-20

ASSESSMENT OF STENOSIS SEVERITY

Coronary angiography underestimates stenosis severity most 
markedly in vessels with 50% to 75% plaque burden (plaque 
area divided by arterial area) at necropsy and in patients with 
multivessel disease.21-25 Clinical events are determined by lumen 
size, not by the amount of plaque. Therefore, it is important to 
focus on accurate measurement of lumen dimensions and not 
to be distracted by the plaque burden. Plaque burden in patients 
with atherosclerosis tends to be large even in the absence of 
lumen compromise.

severity. However, a lumen with highly irregular borders may 
not be fully appreciated, even in multiple views. The tomo-
graphic images of IVUS are necessary to appreciate the true 
luminal shape. Therefore, diffuse plaque, vascular remodeling, 
and irregular plaque can all lead to an inability of angiography 
to appreciate the plaque that is seen on IVUS. This is predomi-
nately because angiography only visualizes the lumen and does 
so in limited views using silhouettes of the dye.

Finally, angiography may contain areas that are hazy or 
lesions that are ambiguous. These hazy or ambiguous lesions 
may result from irregular plaque, a focal area of calcium, a dis-
section, or an intraluminal thrombus. IVUS is particularly 
useful for ambiguous lesions because each of the causes (plaque 
irregularities, calcium, dissection, or thrombus) appear differ-
ent on IVUS.

Clinical Applications
The concepts involved in the use of IVUS to guide coronary 
interventions are not different from the concepts involved in 
the use of angiography to guide interventional procedures. 
From a practical standpoint, the primary uses of IVUS are to 
assess the severity of a coronary artery stenosis including left 
main coronary artery (LMCA) disease, to measure lesion length, 
to measure reference vessel size, to identify complications, to 
optimize final results, and to assess causes of stent failure 
(including stent underexpansion, stent fracture, and late 
acquired stent malapposition).

INTEGRATION INTO PRACTICE

Many practical aspects of IVUS imaging are facilitated by des-
ignating specific IVUS technologists who become responsible 
for all practical aspects of IVUS imaging: (1) equipment and 
catheter setup, (2) image optimization, (3) proper recording 
of IVUS imaging runs, (4) accurate voice and onscreen alpha-
numeric documentation, (5) patient and procedure logs, and 
(6) equipment maintenance. With time, technologists can be 
trained to interpret images accurately, to provide the iterative 
feedback necessary for IVUS-based decision making, and to 
answer questions posed by the primary operators. Measure-
ments should be made offline (from hard drive after the 
imaging run is complete), not when the catheter is in the 
vessel; this saves procedure time and minimizes patient 
ischemia.

The angiographic (i.e., “road-map”) monitors can be “wired” 
to display IVUS images. Angiographic monitors offer superior 
resolution, are convenient and readily visible to the operator, 
and allow the IVUS machine to be placed in a position away 
from the patient table and out of the way of the nurses provid-
ing patient care.

In a busy laboratory with multiple operators, it is important 
to standardize image acquisition and analysis. The use of a 
motorized transducer pullback device aids (in fact, enforces) 
discipline and acquisition standards; there is no question 
whether the transducer is being advanced or withdrawn. The 
preferred pullback speed is 0.5 mm/s; this is the fastest rate at 
which the trained eye can assimilate the information. Standard-
ization of image acquisition facilitates offline image analysis 
and comparison of serial (preintervention versus postinterven-
tion or postintervention versus follow-up) studies; it is essential 
for multicenter studies.

Studies Evaluating the Safety of Intravascular Ultrasound

Study

Number 
of 

Patients

Number 
of 

Centers

Transient 
Vessel 

Spasms
Major 

Complications

Hausmann and 
colleagues18

2207 28 2.9% 0.4%

Batkoff and Linker19 718 12 0.6% 0.6%

Gorge and colleagues20 7085 51 3.0% 0.14%

Data from references 18, 19, and 20.

TABLE 
7-1 
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LMCA.44 Hernandez and co-workers evaluated 354 angiograph-
ically intermediate (diameter of stenosis 25% to 60%) unpro-
tected LMCA lesions by IVUS. Of the patients evaluated, 186 
had an MLA of at least 6 mm2, and only 7 patients were revas-
cularized.45 In 2 years, percentages for survival free of cardiac 
death (97.7%) and revascularization (96.5%) were very high, 
suggesting a MLA of 6 mm2 or greater as a safety cutoff to defer 
the revascularization of LMCA disease.

LESION LENGTH AND REFERENCE 
DIMENSIONS

The two most important measurements for stent size selection 
are lesion length and reference dimension. Motorized trans-
ducer pullback is essential for length measurements and has 
been validated in vivo.46 A comparison of IVUS and QCA ref-
erence lumen measurements in 3311 nonostial native coronary 
arteries or saphenous vein graft lesions showed a QCA proxi-
mal reference lumen diameter of 3.05 ± 0.68 mm and an IVUS 
proximal reference lumen diameter of 3.41 ± 0.62 mm (p less 
than 0.0001 versus QCA). The difference between the IVUS 
and QCA measurements was 0.36 ± 0.64 mm or 15 ± 24%. 
This difference was greatest in the smallest vessels, decreased 
asymptotically with increasing vessel size, and was zero at a 
QCA reference of approximately 4 mm shown in Figure 7-6. 

Studies performed more than 10 years ago suggested that an 
IVUS minimum lumen area (MLA) greater than 4 mm2 was a 
valid criterion for deferring an intervention based both on com-
parisons to physiologic measures and on follow-up data.26-29 
This cutoff only applied to major epicardial vessels excluding 
the LMCA and excluding saphenous vein grafts. However, it was 
necessary to interrogate the lesion carefully to identify the image 
slice with the smallest lumen, especially in very focal stenoses. 
Once the smallest lumen is identified, careful measurement was 
required. Recently this cutoff has come under criticism for a 
number of reasons including the size of the vessels (studies were 
done mostly in large 3.5-mm vessels), the average MLA of the 
intermediate lesions studied (4 mm2), and the fact that these 
studies have been misinterpreted to suggest that lesions with an 
MLA below 4 mm2 justify stent implantation. For this reason, it 
is recommended that for major epicardial vessels excluding the 
LMCA, physiologic lesion assessment (using an intracoronary 
pressure wire and maximum hyperemia with intravenous ade-
nosine to measure the fractional flow reserve) is a complemen-
tary approach to assess lesion severity.30

ASSESSMENT OF LMCA DISEASE

A high percentage of patients with angiographically “normal” 
LMCA with only nonsignificant stenosis have substantial 
disease by IVUS.31-34 Reasons for the discrepancy between angi-
ography and necropsy or IVUS assessment of LMCA disease 
include the following: (1) diffuse atherosclerotic involvement 
affects the angiographic diameter stenosis (DS) calculation 
because of the lack of a normal reference segment; (2) a short 
LMCA also makes identification of a normal reference segment 
difficult; (3) unique geometric issues exist in LMCA disease (the 
correlation between angiography and necropsy or IVUS appears 
to be somewhat better in non-LMCA stenoses); and (4) there 
is significant interobserver and intraobserver variability in the 
angiographic assessment of LMCA disease.35-42 In fact, the 
LMCA is the coronary arterial segment with the greatest vari-
ability in angiographic assessment.

We reported 122 patients who underwent angiographic and 
IVUS assessment of the severity of LMCA disease, who did not 
have subsequent catheter or surgical intervention, and who were 
followed for 1 year.43 There were three distinct predictors of these 
cardiac events: diabetes; a major epicardial vessel or bypass graft 
with a quantitative angiography (QCA) DS greater than 50% 
that was left untreated; and LMCA lesion site minimal lumen 
diameter measured by IVUS. An example is shown in Figure 7-5.

Jasti and colleagues reported that an IVUS MLA of 5.9 mm2 
or a minimal lumen diameter of 2.8 mm corresponded to phys-
iologic ischemia (fractional flow reserve less than 0.75) in the 

Figure 7-5  Normal left main coronary artery (LMCA) compared to LMCA with severe disease. 

No significant LMCA disease Severe disal LMCA disease

Reference Lesion

Figure 7-6  Correlation between reference diameter by quantita-
tive angiography (QCA) and intravascular ultrasound (IVUS).    At 
smaller  vessel  sizes,  IVUS  dimensions  are  larger  than  QCA;  at  larger 
vessel sizes, the difference is small. 
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carries a greater risk of acute complications such as stent edge 
dissection.

UNUSUAL LESION MORPHOLOGY

IVUS is useful in understanding lesions with an unusual angio-
graphic appearance including filling defects, haziness, aneu-
rysms, ulceration, myocardial bridge, and spontaneous 
dissection.49-53 Examples are summarized in Figure 7-7 and 
shown in Figures 7-8 through 7-11.

This analysis suggests that, especially in the smaller arteries 
(which have higher restenosis rates), (1) the angiographic 
assessment of reference lumen dimensions is flawed and (2) 
an IVUS measurement would indicate that a larger device 
could be used that could result in larger final lumen dimen-
sions without having to resort to midwall or media-to-media 
device/vessel sizing.47,48 Alternatively, some authorities have 
advocated the use of IVUS “true vessel,” “media-to-media,” or 
midwall dimensions for device sizing; however, this should 
only be done by highly experienced IVUS users because it 

Figure 7-7  Summary of preintervention quali-
tative  assessment  by  intravascular  ultrasound 
(IVUS).  If  the angiogram shows a filling defect, 
IVUS  will  show  either  thrombus  or  calcium 
nodule. If the angiogram shows haziness, IVUS 
will  show  thrombus,  calcified  plaque,  myocar-
dial bridge, normal site, or spontaneous dissec-
tion.  Causes  of  an  angiographic  aneurysm 
include true aneurysm, false aneurysm, plaque 
rupture,  or  just  a  normal  site  that  appears 
aneurysmal. 
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Figure 7-8  Angiogram shows filling defect in the proximal right coronary artery. Intravascular ultrasound shows calcified nodule. 
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Figure 7-9  All angiograms have the appearance of an aneurysm.  Intravascular ultrasound can differentiate true (three-layered) or pseudoan-
eurysm, plaque rupture, or just normal segments with adjacent stenoses. 

True
aneurysm

Pseudo-
aneurysm

Plaque
rupture

Normal site with
adjacent stenoses

Figure 7-10  Angiogram shows diffuse stenosis with haziness in mid to distal left descending artery. Proximal segment of haziness appears 
as calcified plaque, and distal end appears as myocardial bridge by intravascular ultrasound (surrounded by low echoic band). 
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prespecified definitions and methodology. Plaque burden and 
luminal area as prospectively measured by gray-scale IVUS and 
plaque composition (thin-cap fibroatheroma) as assessed by 
VH-IVUS were determined to be independent predictors of 
future adverse cardiovascular events (Fig. 7-12).

PREDICTION OF NO-REFLOW DURING  
INTERVENTIONAL PROCEDURES

IVUS guidance may also be useful to identify high-risk lesions 
before intervention, such as those that cause no-reflow or peri-
procedural myocardial infarction, particularly noncalcified 
attenuated plaque.54-57 Noncalcified attenuated plaque may be a 
gray-scale indication of a larger necrotic core and/or fibroath-
eroma (96% of attenuated plaques contained a fibroatheroma 
vs. 52.3% on nonattenuated plaques, p <0.0001).9 In support 
of this, multiple VH-IVUS studies have shown that a larger 
necrotic core is related to distal embolization during percutane-
ous coronary intervention in both acute coronary syndromes 
and stable angina patients.58-61

ASSESSMENT OF INTERVENTIONAL 
COMPLICATIONS

IVUS detects poststent dissections or other complications more 
often than angiography.

One type of dissection, intramural hematoma, appears as an 
angiographic dissection in 60%, as newly developed stenosis 
that does not disappear after nitroglycerin (i.e., not a spasm) in 
11%, and as no angiographic abnormality in 29%.62 Similarly, 
perivascular trauma appears as an angiographic perforation in 
24%, as angiographic dissection in 33%, as new stenosis in 5%, 
and as no abnormality in 38%. Angiographic “haziness” at the 
stent edge may demonstrate an edge dissection or residual 
plaque, especially a calcified eccentric plaque, when studied  
by IVUS.

An IVUS classification of angiographic coronary artery aneu-
rysms has also been created.50 Of 77 aneurysm-containing 
lesions, 21 (27%) were classified as true aneurysm; 3 (4%) were 
classified as pseudoaneurysms (all having previous interven-
tion); 12 (16%) were complex plaques; and the other 41 (53%) 
were normal arterial segments adjacent to one or more stenoses. 
Examples are shown in Figure 7-9. In a study of 300 consecutive 
IVUS-defined plaque ruptures, 91% were categorized as 
complex by angiography: ulceration in 81%, intimal flap in 
40%, thrombus in 7%, and coronary aneurysm in 7%.51 Approx-
imately one quarter of patients had IVUS-detectable myocar-
dial bridges in the LAD coronary artery; only 3% (11 of 331) 
were diagnosed by angiography. In 13% of cases, IVUS-
detectable myocardial bridges appeared as mild (diameter of 
stenosis less than 25%) fixed lesions and/or angiographic hazi-
ness (see Fig. 7-10).52 Spontaneous dissections are an intramu-
ral process that appears as a medial dissection with an intramural 
hematoma occupying the dissected false lumen without intimal 
tears and without a communication between the true and false 
lumens.53 An example is shown in Figure 7-11.

ASSESSMENT OF VULNERABLE PLAQUE

PROSPECT (Providing Regional Observations to Study Predic-
tors of Events in the Coronary Tree) was a prospective study of 
the natural history of coronary atherosclerosis using angiogra-
phy and VH-IVUS to identify the clinical and lesion-related 
factors that predicted future coronary events.15 It was performed 
at 37 sites in the United States and Europe. Patients with acute 
coronary syndromes were enrolled after undergoing successful 
percutaneous coronary intervention of all culprit lesions 
responsible for the acute event. Angiography was performed of 
the entire coronary tree followed by gray-scale and VH-IVUS 
of the proximal 6 to 8 cm of all epicardial arteries. All baseline 
angiograms and gray-scale and VH-IVUS images were prospec-
tively analyzed without knowledge of subsequent events using 

Figure 7-11  Angiogram shows diffuse mild stenosis in mid to distal left descending artery (A-D). Corresponding intravascular ultrasound images 
shows spontaneous dissection (with intramural hematoma). 
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Figure 7-13 summarizes the percentage of neointimal hyper-
plasia (%NIH = NIH volume divided by stent volume) and late 
acquired malapposition in various multi-center randomized 
trials.73-83 In BMS, %NIH averaged (approximately) 30% of 
stent volume, and %NIH was consistently greater in diabetes 
than nondiabetes.84 In the DES era, %NIH was reported as 2.7% 
to 3.1% in SES, 2.5% to 6.9% in everolimus-eluting stents, 7.4% 
to 12.2% in PES, and 16.1% to 17.6% in zotarolimus-eluting 
stents. Though NIH varied among DES, the clinical efficacy 
(target vessel revascularization) and safety (stent thrombosis) 
were similar in noncomplex lesions.

IVUS predictors of either drug-eluting acute/subacute stent 
thrombosis or restenosis are stent underexpansion and residual 
edge “problems,” such as GM, adjacent secondary plaques, or 
significant edge dissections—but not acute malapposition.85-87 
Stent underexpansion was more diffuse in stent thrombosis 
than restenosis.88

IVUS studies have documented late-acquired stent malap-
position in approximately 5% of BMS in non-STEMI (ST eleva-
tion myocardial infarction) patients, about 5% to 15% of BMS 
in STEMI patients and DES in non-STEMI patients, and about 
25% to 30% of DES in STEMI patients.73-83,89-92 Late-acquired 
stent malapposition is typically the result of positive vessel wall 
remodeling and/or thrombus dissolution behind the stent struts 
(especially in myocardial infarction patients). Cook and col-
leagues reported that 10 of 13 very late stent thrombosis patients 
(mean 1.8 years after stent implantation) had stent malapposi-
tion with a malapposition area twice as large as in control 
patients with malapposition, but without very late stent throm-
bosis (mean = 8.3 vs. 4.0 mm2).93 Alfonso and co-workers 
reported 15 (1.3%) patients with an angiographic aneurysm  
9 months post-DES implantation; subsequently, 3 patients 
(with significantly larger aneurysms than others) suffered late 
stent thrombosis.94 One metaanalysis suggested that there was 
an increased frequency of very late stent thrombosis in the 
setting of large areas of late malapposition.95 In a second report, 
Cook and colleagues correlated the presence and size of the 
malapposition area with inflammatory cells from intracoronary 
aspirates, suggesting that it was not just the malapposition, but 
malapposition in the setting of vessel wall inflammation, that 

RESTENOSIS, LATE MALAPPOSITION, STENT 
FRACTURE, AND STENT THROMBOSIS

In the bare metal stent (BMS) era, serial IVUS studies in humans 
showed (1) that tubular-slotted stent designs exhibit almost no 
chronic recoil, (2) that in-stent restenosis was almost entirely 
neointimal hyperplasia, (3) that there was no predilection for 
tissue accumulation within any one segment, and (4) that neo-
intimal thickness was independent of stent size.63,64 It is for 
these reasons that many studies have reported that the absolute 
minimum stent area (MSA) by IVUS was the strongest quanti-
tative predictor of clinical and angiographic in-stent 
restenosis.65-67

Because drug-eluting stents (DES) have less neointimal 
hyperplasia, the MSA necessary to minimize restenosis can be 
smaller than with BMS. Using the data from SIRIUS, Sonoda 
and coworkers reported that the best cutoff to predict an MLA 
at follow-up of 4 mm2 was an MSA of 5 mm2 for sirolimus-
eluting stents (SES) and 6.5 mm2 for BMS.68 A similar study by 
Hong and colleagues showed that the MSA that best separated 
angiographic restenosis from no restenosis was 5.5 mm2 in 
SES.69 We combined various TAXUS studies and reported that 
the best cutoff to predict angiographic binary restenosis for the 
paclitaxel-eluting stent (PES) was 5.7 mm2.70 However, “bigger 
is better” is still true; also, (1) a larger MSA is still associated 
with a lower restenosis rate, whereas (2) an MSA of 5.0 to 
5.5 mm2 may not be achievable in small vessels that are increas-
ingly stented.

On the other hand, full lesion coverage may be more impor-
tant in the DES era than in the BMS era. Costa and colleagues 
reported that longitudinal geographic miss (GM)—injured or 
diseased segment not covered by SES—was observed in 47.6%,; 
axial GM—balloon-artery size ratio less than 0.9 or greater  
than 1.3—was observed in 35.2%; and both GM in 16.5%.71 
One-year target vessel revascularization rates were 6.1% in  
the longitudinal GM group versus 2.6% in the no-longitudinal 
GM group (p = 0.001); the GM was the independent predictor 
for target vessel revascularization. In support of this, Liu  
and co-workers reported that the stent edge plaque burden  
that best separated restenosis from no restenosis was approxi-
mately 50%.72

Figure 7-12  Event rates for lesions with and without 
thin-cap  fibroatheromas  (TCFAs)  at  a  median 
follow-up of 3.4 years. MLA, minimum lumen area; PB, 
plaque burden. (From Stone GW, Maehara A, Lansky 
AJ, et al: A prospective natural-history study of coro-
nary atherosclerosis. N Eng J Med 364:226-235, 2011.)
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implantation procedure. Because most stents are radiolucent, 
some lesions, especially aortoostial lesions, can be missed. 
Incomplete stent expansion during implantation can be missed 
angiographically because stents are porous and contrast can 
flow through and around them. Chronic stent recoil is rare.63,105 
If the guidewire is accidentally removed and, in recrossing the 
freshly placed (and presumably not fully implanted) stent, it 
courses adjacent to the stent and enters the stent through one 
of the diamonds, subsequent adjunct balloon dilation can crush 
part of the stent against the vessel wall. These mechanical prob-
lems constitute a minority of in-stent restenoses. However, the 
treatment of in-stent restenosis must begin by excluding these 
problems and, if they are present, by correcting them. Examples 
are shown in Figures 7-15 and 7-16. In an analysis of more than 
1000 consecutive in-stent restenosis lesions, the frequency of 
these mechanical complications was found to be 4% to 5%.106

BIOABSORBABLE STENTS

The first generation of bioabsorbable everolimus-eluting stents 
(BVS) implanted in 30 simple de novo lesions showed higher 
acute recoil than conventional metallic platform stents. At  
6 months, the 11.8% reduction in scaffold area (chronic recoil) 
and a small neointimal response of 5.5% resulted in a total 
24.3% decrease in MLA by IVUS.107 However, at 2 years, the 
lumen area increased because of decrease in plaque size without 
change in vessel size.108 The second-generation BVS had an 
improved scaffold that had only a 2% chronic recoil.109

DOES IVUS GUIDANCE REDUCE STENT  
RESTENOSIS AND THROMBOSIS?

A number of randomized and nonrandomized studies  
compared IVUS versus angiographic guidance of BMS 
implantation.110-112 A metaanalysis of the seven randomized 
IVUS versus angiography trials showed that IVUS improved 
final BMS dimensions to reduce BMS restenosis and repeat 
revascularization.112 In the DES era, Roy and co-workers 
reported that IVUS guidance reduced stent thrombosis both 
within 1 month and from 1 to 12 months (0.7% vs. 2.0% at  

contributed to very late stent thrombosis.96 In addition, in-stent 
neoatherosclerosis and subsequent rupture causing very late 
stent thrombosis has been reported by IVUS, VH-IVUS, optical 
coherent tomography, and coronary angioscopy.97-100

More recently, stent fracture is being implicated as a cause of 
DES failure, especially with SES. In a prior retrospective IVUS 
study of 17 non-STEMI patients with 20 stent strut fractures, 
18 (90%) occurred in SES and 2 (10%) in BMS, but none in 
PES.101 Of note, 5 of 20 stent fractures were accompanied by 
coronary aneurysm formation with two very late stent throm-
boses (Fig. 7-14). It has been proposed that biologic reactions 
to the eluted drug cause positive vessel remodeling with aneu-
rysm formation and malapposition that allow motion and/or 
kinking of the stent within the aneurysm, leading to strut frac-
ture. Angiographic data from three PES trials in nonacute coro-
nary syndromes revealed a 1.1% rate of stent fracture associated 
with restenosis and/or stent thrombosis.102 In the Nordic IVUS 
study, stent malapposition and stent fracture were found in 43% 
(37 of 87) and 16% (14 of 87) of DES thrombosis cases and 
27% (10 of 37) and 27% (10 of 37) of BMS thrombosis cases.103

TREATMENT OF IN-STENT RESTENOSIS

The uses of IVUS in evaluating patients with in-stent restenosis 
include (1) determining whether in-stent restenosis is severe 
enough to treat, (2) identifying occult mechanical problems 
with the stent that (presumably) occurred at the time of implan-
tation, (3) assessing the patterns of in-stent restenosis, and (4) 
assessing the acute results. Using integrated TAXUS data (331 
treated with PES and 304 treated with BMS who did not require 
revascularization in the first 9 months postintervention), we 
reported that the optimal thresholds of MLA that best predicted 
subsequent target vessel revascularization-free survival during 
the subsequent 3 years were 4.2 mm2 for PES and 4.0 mm2 for 
BMS.104

There are a number of technical and mechanical complica-
tions of stent implantation that can remain unrecognized until 
the patient presents with in-stent restenosis. These include (1) 
missing the lesion, (2) stent underexpansion, (3) stent “crush,” 
and (4) having the stent stripped off the balloon during the 

Figure 7-13  Summary  of  %NIH  (neointimal  hyper-
plasia  volume  divided  by  stent  volume)  in  various 
drug-eluting  stent  randomized  trials.  BMS,  bare 
metal  stent  (gray);  ZES,  zotarolimus-eluting  stent 
(green); PES, paclitaxel-eluting stent  (lavender); EES, 
everolimus-eluting  stent  (orange);  SES,  sirolimus-
eluting  stent  (dark blue).  The  numeric  values  above 
each  bar  indicate  the  incidence  of  late-acquired 
malapposition. 
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Figure 7-15  The implanted stent is crushed against the vessel wall. 
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Figure 7-14  An example of late-acquired aneurysm with stent fracture and very late stent thrombosis. 
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1 year, p = 0.014), supporting the use of IVUS during interven-
tional procedures.113 The improvement of major adverse cardiac 
events, particularly mortality, has been supported by Park and 
colleagues in unprotected LMCA-treated arteries.114

PRACTICAL RECOMMENDATIONS

In practical day-to-day terms, how should IVUS be used during 
stenting procedures? The following is one suggested algorithm 
for routine use of IVUS. It begins with preintervention IVUS 
and concludes with iterative IVUS to optimize the final result. 
Perform preintervention IVUS to assess lesion characteristics 
and measure reference vessel size and lesion length. From the 
maximum reference lumen diameter, determine the maximum 
achievable stent dimension. Select stent length based on dis-
tance between proximal and distal references.

After the stent is implanted, repeat IVUS imaging to assess 
the MSA. If the MSA is adequate, stop. If the MSA is inadequate, 
perform additional high-pressure inflations, if necessary using 
a larger balloon. If additional balloon inflations are performed, 
recheck the IVUS results. If IVUS detects a complication such 
as a major dissection, an intramural hematoma, or perforation, 
treat appropriately and repeat IVUS to ensure that the compli-
cation is corrected. Conversely, if, despite the angiographic 
appearance, IVUS imaging shows a good acute result, stop.

If the interventional cardiologist wants to selectively used 
IVUS, it will be especially useful in the following three 

Figure 7-16  Chronic stent underexpansion in a saphenous vein graft. 

KEY POINTS

 IVUS provides a unique, tomographic view of the artery 
from the inside out with high resolution.

 Standardization improves the clinical utilization of 
IVUS.

 IVUS images all components of the arterial wall, provid-
ing information beyond the luminal profile displayed by 
angiography to include plaque burden and distribution, 
remodeling, true vessel size, high-risk plaque morphol-
ogy, and so forth.

 IVUS can guide stent implantation to optimize the acute 
results and reduce late complications.

 The added information from IVUS is particularly helpful 
for angiographically ambiguous lesions, unusual lesions, 
and complex clinical scenarios.

situations: (1) when you expect a good result, but flow is 
limited (IVUS can identify a correctable cause such as flow-
limiting dissection or intramural hematoma); (2) any patient 
presenting with stent failure in which IVUS may identify a 
mechanical problem such as simple stent underexpansion or a 
crushed stent; and (3) with LMCA lesions or small-vessel 
stenting.
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Although technology has transformed almost all aspects of our 
daily lives, the bedside cardiac physical examination uses tech-
nology that is almost 200 years old. In 1816, embarrassed to 
examine an obese young woman by putting his head to her 
chest, René Théophile-Hyacinthe Laennec rolled a sheet of 
paper, then placed one end over her precordium and the other 
to his ear. Thus, the stethoscope was born.1 The sphygmoma-
nometer for measurement of blood pressure dates back to 1881, 
when it was invented by Samuel Siegfried Karl Ritter von Basch. 
It is with these two ancient tools that most physicians approach 
a patient at the bedside to this day. In the interim, the explosive 
growth of medical technology has spawned relatively inexpen-
sive, miniature ultrasound machines, which can be taken to the 
bedside and allow immediate imaging across several medical 
specialties.

Smaller ultrasound systems are now routinely used, and often 
required, for safe placement of central venous lines, as well as 
for applications such as bladder size determination, wound 
loculations, paracentesis, thoracentesis, and arthrocentesis. 
Some smaller ultrasound devices are also configured to allow 
cardiac examination. These hand-carried cardiac ultrasound 
(HCU) devices are being used for diagnostic cardiac imaging in 
many different locations, in and out of the hospital, by cardiolo-
gists and noncardiologists alike. Because of their relative ease of 
use, portability, and affordable cost, HCU systems have made 
point-of-care (bedside) echocardiography available to all 
medical personnel as an “ultrasound-stethoscope.” Currently, 
the appropriate training, scope of practice, and credentialing for 
point-of-care echocardiography by various health care provid-
ers is an area of active investigation and ongoing discussion.

Background
In 1978, J. R. Roelandt proposed the first miniaturized HCU 
system.2 Since that time, bulky keyboards, large monitors, and 
video recorders have now been replaced by touch pads, flat 
screens, and digital storage devices. The American Society of 
Echocardiography defines an HCU device as a small ultrasound 
machine typically weighing less than 6 pounds that can obtain 
images and data.3 Since that publication in 2002, advances in 

ultrasound technology have incorporated all the capabilities 
expected of a full sized system into these small machines  
(Fig. 8-1).4-6

TYPES OF ECHOCARDIOGRAPHIC 
INSTRUMENTS

Currently, there are four basic types of echocardiographic 
systems (Table 8-1):
1. Large, very expensive systems carrying the most advanced 

instrumentation, capable of two-dimensional (2D), M-mode 
imaging, designated contrast settings, color flow Doppler, 
pulsed-wave (PW) and continuous-wave (CW) Doppler, 
tissue Doppler imaging, tissue harmonic imaging, speckle 
strain imaging, stress echocardiography formats, and broad-
band multifrequency imaging with image processing and 
digital storage, as well as volumetric (three-dimensional [3D], 
four-dimensional [4D]) imaging and transesophageal, intra-
vascular, and intracardiac echocardiography. These systems 
typically are based in a hospital echocardiography laboratory 
or large office practice, with an instrument cost over $250,000.

2. Compact, smaller version of the full-sized systems that are 
more portable and less expensive, but have most of the fea-
tures available on larger systems. Some are capable of trans-
esophageal echocardiography (TEE) but lack volumetric 
(3D) imaging. With a compact system, resolution and pen-
etration may be less robust with a lower cost between 
$100,000 and $150,000. These systems are usually located in 
an echocardiography laboratory or cardiology office but also 
are offered in smaller, battery-powered options that can be 
attached to a cart or separated and carried for portability.

3. Handheld or hand-carried ultrasound (HCU) devices are 
small, light, battery powered, less expensive systems with 
good 2D imaging quality and full Doppler capabilities, often 
with digital and wireless communication, some with stress 
and TEE options. These systems can be cart mounted or 
hand carried and may be in an office, emergency depart-
ment, or hospital setting to provide “point-of-care” ultra-
sound with multiprobe capability. HCU systems cost between 
$50,000 and $100,000, depending on options.
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of the examination, the skill and experience of the persons 
performing the imaging, and its interpretation (Table 8-2). 
Typically, complete and compact echocardiography systems are 
used by cardiologists in the context of an echocardiography 
laboratory. The focus of this chapter is the use of hand-carried 
and palm-sized echocardiography systems outside the echocar-
diography laboratory by health care providers in other special-
ties. The two most important considerations in the clinical use 
of these smaller, readily accessible, heavily promoted systems 
are (1) the technical performance of the imaging device and (2) 
the appropriate level of skill and training to acquire and inter-
pret the images.

RELIABILITY AND ACCURACY

The reliability and accuracy of the hand-carried ultrasound 
devices have been validated in studies comparing their perfor-
mance to full-size systems with images obtained by skilled tech-
nicians or physicians. Vourvouri and colleagues7,8 demonstrated 
greater than a 90% concordance between results using an HCU 
and a standard full-size system in the echocardiographic evalu-
ation of LV size and function with older-generation hand-
carried devices including the OptiGo (Philips Healthcare, 
Andover, Mass.) and Sono-heart (Sonosite, Bothell, Wash.). 
Vourvouri and co-workers9 also imaged 300 consecutive patients 
referred to a cardiologist with a hand-carried device. Agreement 
between the HCU device (OptiGo) and the standard system for 
the detection of major abnormalities was excellent (98%). 
However, even this level of agreement may be suboptimal in the 
clinical setting, because the HCU did miss 4% of the major 
findings.

Because of limitations in penetration and resolution, HCUs 
may underestimate severity of wall motion abnormalities in 
patients with poor ultrasound tissue penetration, which is often 
a problem in overweight or obese patients. In general, the 
quality of the images obtained with an HCU device correlates 
directly with the skill and experience of the personnel acquiring 
and interpreting the images. Cardiology fellows had 100% 
agreement between HCU and conventional echocardiography 
on qualitative assessment of LV systolic function and a 94% 
concordance for LV end-diastolic dimension and interventricu-
lar septal thickness, with an ultrasound imaging time of only  
6 ± 2 minutes.10 Therefore, with proper training, HCU devices 

Figure 8-1  A,  A  complete  echocardiographic  system  (Philips  iE33, 
Philips  Healthcare,  Andover,  Mass.),  which  allows  advanced  imaging 
modalities such as 3D imaging but is relatively large and expensive. This 
type of system is used both in the echocardiography laboratory and for 
portable  inpatient  studies.  B,  A  compact  system  (S-ICU  system,  Son-
osite, Inc., Bothell, Wash.) that is more portable and lower in cost but 
lacks  some  features  of  a  complete  system.  These  systems  may  also 
include transducers for noncardiac imaging. C, A hand-carried system 
(MicroMaxx, Sonosite,  Inc., Bothell, Wash.)  that  can be carried  to  the 
bedside.  D,  A  palm-sized  ultrasound  device  (Vscan,  GE  Healthcare, 
Waukesha,  Wisc.)  with  limited  functions  but  a  relatively  low  cost  and 
small size that fits in a pocket. 

A B

C D

Classification of Currently Available Echocardiography 
Machines According to Size and Function

Echocardiography Machines Capabilities

Stationary high-end systems Full range of standard 
echocardiographic modalities and 
measurements (MM, 2D, PW, CW, 
Color, TDI, TEE), and advanced 
modalities (3D, contrast)

Mobile (smaller machines on 
wheels, middle range 
technology)

Full range of standard 
echocardiographic modalities and 
measurements (MM, 2D, PW, CW, 
Color, TDI, TEE)

Portable (small machines that 
can be carried by a person)

Basic, standard echocardiographic 
modalities and measurements 
(MM, 2D, PW, CW, Color)

Handheld or pocket-size 
imaging devices

Limited functions (2D, Color) and 
measurement package

From Sicari R, Galderisi M, Voigt JU, et al: The use of pocket-size imaging devices: a 
position statement of the European Association of Echocardiography. Eur J Echocardiogr 
12:85-87, 2011.

Color, Color Doppler; MM, M-mode; PW, pulsed ware; TDI, tissue Doppler imaging.

TABLE 
8-1 

4. Palm-sized devices are very small. They can truly be held in 
one hand and viewed on a small screen and have potential 
as a smartphone application. These devices can image in 2D, 
with a caliper for measurement, usually with no or limited 
color flow Doppler and no electrocardiographic gating. They 
are relatively inexpensive for their size and capability, around 
$10,000, and can be used for point-of-care screening or as a 
true “echo-stethoscope.”
These echocardiographic systems can be separated on the 

basis of performance capability, size, weight, and cost. Some of 
the smaller systems can perform a full examination, whereas the 
palm-sized units can be applied for screening of left ventricular 
(LV) function, wall thickness, chamber size, hypertrophy, peri-
cardial effusions, and abdominal aortic aneurysms (Fig. 8-2). 
Ultimately, the choice of system to use will vary with the goal 
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laptop-sized HCU systems (either a Vivid 7 or E9, GE Health-
care). The palm-sized HCU showed excellent correlation in the 
evaluation of regional wall motion, visual ejection fraction, LV 
wall thickness and dimensions, and valve regurgitation (Fig. 
8-3). These studies corroborate that HCUs and even palm-sized 
devices can be used by experienced, qualified sonographers and 
physicians for routine clinical cardiac imaging and may repre-
sent a valuable alternative to standard echocardiographic 
systems, for certain applications.

Ultrasound “Stethoscope”
The concept of a stethoscope is that the physician listens to the 
patient’s heart sounds to deduce clinical and hemodynamic 
information from the noise created by blood flow and valve 

represent a valuable alternative to standard echocardiographic 
systems for well-trained personnel in some specific clinical 
applications.

Even the smallest palm-sized devices, potentially true cardiac 
“stethoscopes,” have been evaluated against more sophisticated 
echocardiographic systems. Dalla Pozza and colleagues11 used 
three small ultrasound devices in a pediatric population. The 
two larger HCU systems (a laptop-sized Philips p50 and a 
compact Philips CX 50) had excellent image accuracy (93%) 
compared to full echocardiography instruments; however, the 
palm-sized device (ACUSON P10, Siemens Healthcare, Malvern, 
Pa.) had only a 64.5% accuracy. Prinz and Voigt12 compared the 
diagnostic accuracy of a palm-sized device (Vscan, GE Health-
care), used for imaging by an experienced cardiologist in  
349 routine patients with varying LV function, to that of two 

Figure 8-2  Comparison  of  image  quality  of  the  handheld  device  (top)  and  a  high-end  device  (bottom). A,  Echogenic  patient. B,  Patient  with 
suboptimal echogenicity. C, Patient with very poor echogenicity. D, Patient with pericardial effusion (arrow). E, Patient with mitral regurgitation. The 
pathology is somewhat more easily detected with the wider image sector of the high-end device. (From Prinz C, Voigt JU: Diagnostic accuracy of 
a handheld ultrasound scanner in routine patients referred for echocardiography. J Am Soc Echocardiogr 24:111-116, 2011.)

A

Hand held

High end
B C D E

Echocardiography Modalities Needed by Various Health Care Providers

2D Imaging M-Mode
Color Flow 

Imaging
Doppler 
Velocity TEE 3D Stress Perfusion Strain TDI Quant

Echocardiographer ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Cardiologist ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Anesthesiologist* ✓ ✓ ✓ ✓ ✓

Internist ✓ ✓

Intensivist ✓ ✓

Emergency department 
MD or emergency 
medical technician

✓ ✓

Medical student ✓ ✓

Nurse, advanced registered 
nurse practitioner, or 
physicians assistant

✓ ✓

Doppler, Continuous/pulsed-Doppler spectral velocity data; M-mode, M-mode imaging; Quant, quantification; Stress, stress echocardiography; Strain, strain and strain rate imaging; 
TDI, tissue-Doppler imaging.

*Required echo-related skills will vary if a general anesthesiologist or cardiac subspecialist is used.

TABLE 
8-2 
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that whereas the physical examination diagnosed cardiac abnor-
malities in 38.2% of patients, the addition of a palm-sized echo-
cardiography examination increased the detection of cardiac 
abnormalities to 69.7%. The goal of promoting these very  
portable palm-sized or HCU systems is not to replace the com-
prehensive, carefully done Doppler echocardiographic exami-
nation, a detailed anatomic and hemodynamic evaluation, but 
to complement and improve the physical examination.17

The European Society of Echocardiography recommended 
indications for palm-size echocardiography devices reflect this 
approach (Box 8-1).18 In addition to this limited list of indica-
tions, they further recommend:

motion. Echocardiography has the potential to work like a 
stethoscope by using (ultra)sound waves to create images of the 
heart and visualization of blood flow that provide more accurate 
data than can be obtained from the acoustic sounds appreciated 
with a conventional stethoscope. Integrated into the physical 
examination, the HCU or palm device, as an ultrasound stetho-
scope, facilitates rapid identification of cardiac abnormalities 
(e.g., valve disease, chamber dilation, hypertrophy, pericardial 
effusion, or wall motion abnormalities). This can eliminate 
more sophisticated, costly studies and expedite appropriate 
therapeutic interventions (Figs. 8-3 to 8-5).13-15 The Naples 
Ultrasound Stethoscope in Cardiology study16 demonstrated 

Figure 8-3  Left: Good correlation (r = 0.91, P < .01) between ejection fraction calculations with a handheld device (Vscan) versus a high-end echo-
cardiography  system. Right: Bland-Altman plot  shows no  relevant bias and normal  variation of  assessments. Data points of  several patients are 
clustered because of ejection fraction assessment in prespecified levels of 5%. (From Prinz C, Voigt JU: Diagnostic accuracy of a handheld ultrasound 
scanner in routine patients referred for echocardiography. J Am Soc Echocardiogr 24:111-116, 2011.)

0
0

20

40

60

80

100

20 40 60

EF high-end (%)  Average EF (%)

E
F

 V
sc

an
 (

%
)

80 100

r = 0.91
P < .01

bias: 1.8%
1.96 × SD: ±8.3%

10 20 30 40 50 60 70 80

–40

–30

–20

–10

0

10

20

30

40

 D
iff

er
en

ce
 E

F
 (

%
)

Figure 8-4  Parasternal long-axis (top) and apical four-chamber views (bottom) acquired with hand-carried ultrasound (A, C) and standard echo-
cardiography (B, D) showing dilated LV in a 67-year-old man with history of stroke. A neurologist had referred this patient to the outpatient cardiol-
ogy clinic for electrocardiographic abnormalities and dyspnea on effort. (From Trambaiolo P, Papetti F, Posteraro A, et al: A hand-carried cardiac 
ultrasound device in the outpatient cardiology clinic reduces the need for standard echocardiography. Heart 93:470-475, 2007.)
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physicians using cardiac ultrasound and echocardiography. 
Comprehensive echocardiography training guidelines have 
been described by the ASE and are documented in a position 
paper, the American College of Cardiology/American Heart 
Association Clinical Competence Statement on Echocar-
diography.19 These training guidelines are applicable for those 
physicians and practitioners who perform comprehensive echo-
cardiography. However, the training requirements for compre-
hensive echocardiography exceed the training needed for 
point-of-care echocardiography in many clinical situations. For 
example, the requirements for emergency physicians who are 
performing focused ultrasound in the emergent setting are 
limited to the specific diagnoses being evaluated.20 Similarly, 
intensivists have a limited scope of practice compared to a com-
prehensive echocardiographic examination with a correspond-
ingly limited training scope and duration.21

For specific HCU training, the ASE recommends at least 
Level 1 training (performing 75 examinations and personally 
interpreting 150 examinations). However, this time commit-
ment is usually practical only for cardiology training programs. 
There is no consensus on the appropriate training protocols 
required for HCU for noncardiologist and non–emergency 
department use. Various focused transthoracic echocardiogra-
phy (TTE) training programs for intensivists, emergency-
department physicians, anesthesiologists, hospitalists, and other 
medical specialties have been proposed, varying from a few 
hours to a few days.22-24 As expected, a meta-analysis found that 
the accuracy of hand-carried echocardiography depended on 
the training time allocated and level of skill of the personnel 
performing the echocardiogram, ranging from medical stu-
dents to cardiologists.25 Ultimately, each professional specialty 
society will be responsible for maintaining the integrity of their 
training protocols and for ensuring the responsible practice and 
use of these imaging techniques.

MEDICAL STUDENTS

The use of HCU by medical students completing abbreviated 
training programs has been evaluated in several studies and has 
been found to be additive to the history and physical examina-
tion. Diagnoses by medical students trained on an HCU system 
(OptiGo) for 18 hours were compared with those of a board-
certified, experienced cardiologist using a standard physical 
examination.26 Medical students performing echocardiography 
correctly identified 75% of abnormal findings compared with 
49% by a cardiologist’s physical examination as adjudicated by 
findings using a standard echocardiographic system. Another 
study showed that a medical student echocardiography curricu-
lum, which included 60 hours of didactics and 40 hours of 
supervised imaging, resulted in a significant improvement in 
the accuracy of bedside diagnosis.27

MEDICAL RESIDENTS

In a formal training program of noncardiologists using HCU 
by Alexander at Duke, 20 medical house officers participated in 
a standardized 3-hour HCU training program (30 minutes of 
introduction to ultrasound and the HCU device, 75 minutes of 
case reviews, and 75 minutes of hands-on practice).28 The study 
demonstrated that the HCU substantially improved the assess-
ment of LV function and pericardial effusion over history and 
physical examination, but was less effective for aortic valve 
disease. This study suggested that despite having only a 3-hour 

• HCU imaging results should be included in the physical 
examination documentation and the images stored according 
to rules for other imaging data at each institution.

• Training and certification in HCU is recommended for all 
users, specific to the scope of practice for each user.

• Patients should be made aware that an HCU examination 
does not replace a complete echocardiogram.

Education and Training Guidelines  
and Requirements
Both the American Society of Echocardiography (ASE) and the 
American College of Emergency Physicians (ACEP) have pro-
duced written guidelines and documents on the training of 

Figure 8-5  Ability of echocardiographic examination to resolve 
the referral question. Handheld device (HHD) showed good reliability 
in examination of patients referred for hypertension or palpitations, but 
was  less  accurate  than  standard  echocardiographic  device  (SED)  for 
those who presented with dyspnea or chest pain, as a result of biases 
in measurements of wall thicknesses and in assessment of valvular dis-
eases and regional wall motion. (From Giannotti G, Mondillo S, Galderisi 
M, et al: Handheld echocardiography: added value in clinical cardiologi-
cal assessment. Cardiovasc Ultrasound 3:7, 2005.)
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From Sicari R, Galderisi M, Voigt JU, et al: The use of pocket-size imaging 
devices: a position statement of the European Association of 
Echocardiography. Eur J Echocardiogr 12:85-87, 2011.

Box 8-1 

SUMMARY OF INDICATIONS FOR  
POCKET-SIZE DEVICES

1. Complement to a physical examination in the coronary 
and intensive care unit

2. Tool for a fast initial screening in an emergency setting
3. Cardiologic counselling in outpatient health care 

facilities and hospitals
4. First cardiac evaluation in ambulances
5. Screening programs in schools, industry, and 

community activities
6. Triaging candidates for a complete echocardiographic 

examination
7. Teaching tool
8. Semi-quantification of extravascular lung water
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Clinical Applications
The application of HCU is undergoing active investigation in 
several clinical settings. The goals of HCU in each setting 
depend on the specific clinical issues, and the long-term effect 
of point-of-care ultrasound is in evolution (Fig. 8-4). However, 
studies already support the use of HCU to improve the diagno-
sis, treatment, and risk stratification of heart failure in outpa-
tient and inpatient settings and to improve the use of full 
echocardiographic examinations (Table 8-3).12,21,22,33-37

EMERGENCY DEPARTMENT

The ASE and ACEP recently published a consensus statement 
that defines the important role of focused cardiac ultrasound 
(FOCUS).20 FOCUS is a time-sensitive evaluation of the symp-
tomatic patient that includes assessment for pericardial effu-
sion and evaluation of chamber size, global cardiac function, 
and patient volume status. Intravascular volume may be 
assessed by chamber size, function, inferior vena cava size, and 
respiratory change. The examination may also guide emergency 
pericardiocentesis and transvenous pacemaker placement. The 
consensus statement emphasizes the complementary role of 
FOCUS to that of comprehensive echocardiography. HCU can 
supplement the physical examination, as well as facilitate the 
rapid triage of emergency department or intensive care patients 
(Box 8-2).

INTENSIVE CARE UNIT

The general indications for performing an echocardiographic 
or ultrasound examination in the ICU include hemodynamic 
instability, suspected pulmonary embolism, infective endocar-
ditis, aortic dissection or rupture, unexplained hypoxemia, 
source of embolus, central line placement, and assessment of 
pleural effusion and intraabdominal fluid collections.

The FREE (focused rapid echocardiography evaluation) 
examination, which incorporates a rapid assessment of LV  
and RV function and relative inferior vena cava size and  
its respiratory change to assess overall volume status and  
cardiac status, was feasible in 80% of 53 patients in a trauma 
unit, 85% of whom were mechanically ventilated.38 Overall, 
54% had a change in clinical management based on the FREE 
examination.

training period, medical residents can use HCU echocardiogra-
phy to substantially improve their assessment of LV function 
and pericardial effusion with an acceptable level of accuracy 
compared with standard echocardiography. Kimura and associ-
ates10 devised an HCU curriculum consisting of a 1-hour lecture 
on cardiac physical examination and a 1-hour session of echo-
cardiogram instruction for internal medicine residents and suc-
cessfully improved their ability to accurately determine LV 
function.

EMERGENCY PHYSICIANS

The ACEP Recommendations for Emergency Physicians  
who are performing Focused Ultrasound in the Emergent 
Setting (FOCUS)20 are available online (http://www.acep.org/) 
and include both a training-based and a practice-based pathway. 
Residency training in ultrasound should include appropriate 
verification. The practice-based pathway includes didactic  
education plus performance of 25 ultrasound studies with  
confirmatory studies for each primary indication or a total of 
150 studies for general emergency medicine ultrasound privi-
leges. The ACEP also encourages point-of-care ultrasound for 
many other organ systems other than the heart. Their guidelines 
recommend 80 hours of general ultrasound instruction 
throughout residency and performance of 25 to 50 cardiac 
ultrasound examinations.29 Wright and colleagues30 suggest that 
because of the steep learning curve for echocardiography, 
emergency-department physicians with an interest in TTE at 
point of care should establish a quality assurance relationship 
with the cardiology echocardiography section of their 
institution.

INTENSIVISTS

Intensivists who supervise care of a hospital’s most complex and 
unstable patients have also integrated general and cardiac ultra-
sound into their armamentarium. Manasia and co-workers31 
found that after ten 1-hour tutorial sessions, intensivists who 
performed limited echocardiograms to assess LV function, 
volume status, and source of hypotension in 90 patients in the 
intensive care unit successfully performed a diagnostic limited 
TTE in 94% of patients and interpreted them correctly inde-
pendently in 84% of patients. Importantly, new cardiac infor-
mation provided a change of management in 37% of patients 
and additionally useful information was found in 41% of 
patients.

RECOMMENDATIONS

All of these studies on the type and duration of training needed 
for HCU examination by physicians at various levels of training 
and in various specialties will be helpful in defining the stan-
dards for the use of HCU by health care providers. Clearly we 
need evidence-based recommendations for education and 
training of health care providers, tailored to the scope of prac-
tice in each specialty. We also need to work toward methods of 
competency testing and credentialing of practitioners as HCU 
becomes more widespread. In a recent editorial in Chest,32 
Schmidt calls for all intensivist training programs to incorpo-
rate a formal ultrasound curriculum for their fellows, including 
hands-on guidance. He cautions that “with the coming boom 
in ICU [intensive care unit] ultrasound, it is essential that skills 
spread as fast as the machines.”

From Labovitz AJ, Noble VE, Bierig M, et al: Focused cardiac ultrasound in  
the emergent setting: a consensus statement of the American Society of 
Echocardiography and American College of Emergency Physicians. J Am Soc 
Echocardiogr 23:1225-1230, 2010.

Box 8-2 

GOALS OF FOCUSED CARDIAC ULTRASOUND 
IN THE SYMPTOMATIC EMERGENCY-
DEPARTMENT PATIENT

Assessment for the presence of pericardial effusion
Assessment of global cardiac systolic function
Identification of marked right ventricular and LV 

enlargement
Intravascular volume assessment
Guidance of pericardiocentesis
Confirmation of transvenous pacing wire placement

http://www.acep.org/search.aspx?searchtext=ultrasound%20training
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Selected Studies of Point-of-Care Echocardiography

Year of 
Publication Clinical Setting Study Group Comparison Outcomes Reference

2007 Cardiology 
outpatient clinic

222 consecutive patients 
with echocardiography 
in 108

HCU by a cardiologist vs. 
complete TTE

Overall agreement between POC and TTE 
was 73%, and a definite diagnosis was 
established by HCU in 31%

36

2008 Heart failure 
inpatients

75 adults with 
decompensated HF

Clinical evaluation, BNP 
levels, and 
echocardiography of IVC

Larger IVC diameter at discharge predicted 
30-day readmission rates

34

2009 Medical ICU 44 ICU patients LV function HCU vs. formal 
TTE

Correct agreement for normal vs. abnormal 
LV systolic function in 86% with 
agreement on severity of LV dysfunction 
in 82%

22

2009 Medicine inpatients 10 hospitalists evaluating 
354 patients

Cardiac physical exam vs. 
HCU with full TTE as 
reference standard

Compared to physical exam, HCU 
improved hospitalists estimate of LV 
function but did not improve evaluation 
of valve dysfunction

35

2011 General medicine 
outpatient clinic

175 adults with heart 
failure

Internist HCU vs. BNP 
levels

HCU was the only independent predictor 
of death or hospitalization for cardiac 
disease (hazard ratio 5.55, 95%CI 
2.04-14.28) at 48 ± 7 month follow-up

33

2011 Echocardiography 
lab

349 adults referred for a 
diagnostic study

HCU versus high-end 
echocardiography

No significant differences in assessment of 
LV size, ejection fraction or regional wall 
motion between HCU and high-end 
echocardiography. Agreement for 
pericardial effusion, valve stenosis, and 
regurgitation also was very good

12

2011 Cardiology 
outpatient clinic

189 patients at initial 
consultation

Physical exam vs. HCU by 
cardiologist

HCU was diagnostic in 75% and indicated 
that no further cardiac evaluation was 
needed in an additional 20%

37

2011 ICU 201 ICU patients HCU by recently trained 
resident vs. experienced 
intensivist

After 12 hours of training, residents 
adequately assessed global LV function, 
LV dilation, dilated IVC, and pericardial 
effusion

21

BNP, Brain natriuretic peptide; Echo, echocardiography; HCU, hand-carried ultrasound; HF, heart failure; ICU, intensive care unit; IVC, inferior vena cava; POC, point-of-care ultrasound.

TABLE 
8-3 

INTERNAL MEDICINE

In a general community outpatient clinic, 175 patients with 
suspected heart failure were examined using an HCU device 
(OptiGo, Philips, Andover, Mass.) by an internist who had 
received 4 weeks of training in HCU. The examination included 
assessment of LV size and systolic function, left atrial size, and 
valve dysfunction. In the 90 patients (55%) with an abnormal 
baseline HCU study, 25% were hospitalized for cardiac indica-
tion over the next 48 months. On multivariate analysis, an 
abnormal HCU examination was a strong predictor of clinical 
outcome with a hazard ratio of 5.55 (95% confidence interval 
2.04-14.28, P = .0004) and was more predictive than serum BNP 
levels (Fig. 8-5).33

CARDIOLOGY

A limited examination on a relatively inexpensive HCU system 
can be time efficient and cost effective. In a cardiology clinic, a 
hand-carried ultrasound system (OptiGo, Philips) was com-
pared to a standard echocardiographic system with a mean 
examination time of 6.7 ± 1.5 minutes using an HCU versus 
13.6 ± 2.4 minutes using the standard echocardiographic 
system.6 The HCU was considered satisfactory in 85% of 
patients, and the data were concordant with the standard echo-
cardiographic system in 83.8% of patients. Certainly, a cardi-
ologist could incorporate an HCU examination as part of the 
bedside evaluation with great utility and impact on clinical 
management (Fig. 8-6).

Because of its time saving and ability to eliminate unneces-
sary examinations, screening and triaging with HCU or palm-
sized systems is cost effective to eliminate unnecessary full 
examinations. One analysis estimated a 29% reduction in 

departmental workload, at a significant cost savings if all 
patients with a complete echocardiogram requested for LV 
function assessment underwent HCU initially and only those 
with abnormal scans underwent complete standard echocar-
diography.39 HCU’s high accuracy for detection of normal 

Figure 8-6  Kaplan-Meier event-free survival curves for 175 outpatients 
with heart failure symptoms or risk factor, stratified according to hand-
carried echocardiographic results and N-terminal pro–brain natriuretic 
peptide (NT-pro-BNP) in combination: both normal, only abnormal NT-
pro-BNP,  only  abnormal  hand-carried  echocardiographic  results,  and 
both  abnormal.  *Difference  statistically  significant  for  both  abnormal 
echocardiographic  results  and  NT-pro-BNP  versus  others.  (From 
Lipczyńska M, Szymański P, Klisiewicz A, Hoffman P: Hand-carried echo-
cardiography in heart failure and heart failure risk population: a com-
munity based prospective study.  J  Am  Soc  Echocardiogr  24:125-131, 
2011.)
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cardiac anatomy and function also is an efficient tool in elimi-
nating unnecessary examinations.

Future Directions
Point-of-care ultrasonography has become state-of-the-art care 
provided by several different medical specialties as well as 
primary care providers. In their New England Journal of Medi-
cine article, Moore and Copel40 note that ultrasonography is a 
user-dependent technology, and as usage spreads, there is a need 
to ensure competence, define the benefits of appropriate use, 
and limit unnecessary imaging and its consequences. They 
focus on procedural guidance, diagnostic assessment, the 
e-FAST examination (focused assessment with sonography for 
trauma, extended to include an examination of the chest for 
pneumothorax), and screening, especially for abdominal aortic 
aneurysms. There is minimal mention of cardiac imaging. 
Although they state that point-of-care ultrasound may be par-
ticularly cost effective by eliminating more expensive imaging 
tests, appropriate training and quality assurance as well as 
outcome and clinical effectiveness studies are needed.41 True 
point-of-care ultrasound and echocardiographic examinations 
will be performed in the emergency department as well as  
by hospitalists and medical house staff. The same caution for 
adequate training and interpretation should be applied to  
the propagation of point-of-care cardiac echocardiographic 
imaging by noncardiologists.

William Zoghbi, in his capacity as president of the American 
Society of Echocardiography, editorialized that point-of-care 
echocardiography fulfills the mandate of the Patient Protection 
and Affordable Care Act of 2010 that rewards value, quality, and 
outcomes over quantity. HCU is poised to deliver cost-effective 

KEY POINTS

 Hand-carried ultrasound (HCU) refers to small, light-
weight systems with basic 2D imaging capability.

 Palm-sized devices are best suited as an adjunct to sup-
plement the bedside physical examination.

 HCU is ideal for inexpensive screening of large popula-
tions with low prevalence of disease.

 Training guidelines for image acquisition and interpreta-
tion vary by specialty and need.

 Small but technologically complete laptop-sized systems 
are also available but require the same level of training 
and expertise as larger complete echocardiography 
systems.

quality care.39,42 With the graying and aging of Americans, there 
will be an increased incidence of valvular heart disease and 
murmurs on physical examination.43 Inexpensive HCU cardiac 
examinations may provide effective triage for those patients 
requiring full echocardiographic examinations, thereby expe-
diting care, ensuring appropriate use of expensive technologies, 
and reducing health care costs. Integration of hand-carried or 
palm-sized ultrasound devices into the medical school physical 
examination curriculum could empower future clinicians with 
the basic skills for image acquisition and interpretation and 
improve medical care, expediting critical decisions at significant 
savings to the health care system.
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Potential Limitations

The quantitation of left ventricular (LV) systolic function, size, 
and geometry is critical to the proper evaluation and manage-
ment of patients with all types of heart disease.1 For example, 
the assessment of LV function in patients with coronary artery 
disease provides better prognostic information than does 
knowledge of the number of diseased vessels (Fig. 9-1). Even 
when only one or two vessels are diseased, a low ejection frac-
tion (EF) is associated with a higher mortality than that seen in 
patients with three-vessel disease and a normal EF.2 Large LV 
systolic and diastolic volumes are also associated with a poor 
prognosis; thus, a patient with a reduced EF after a myocardial 
infarction can be categorized according to subsequent risk 
based on the absolute end-systolic volume (ESV) (Fig. 9-2).3 
Furthermore, information concerning LV size and geometry 
has important therapeutic implications, in view of the salutary 
effects of therapy with angiotensin-converting enzyme inhibi-
tors on postinfarction remodeling and prognosis in patients 
with a reduced EF.4,5

Similarly, in cardiomyopathy of any cause, mortality remains 
high in patients with an EF less than 35%,1,6 even with medical 
therapy. A depressed EF is uniformly present in patients with 
idiopathic dilated cardiomyopathy and results from a combina-
tion of afterload excess and depressed contractility. In this 
setting, indices of LV geometry, such as the relative wall thick-
ness (RWT) or the mass/volume ratio (Fig. 9-3), provide prog-
nostic information that is independent of the EF. Conversely, it 
is important to identify the significant percentage of patients 
with heart failure symptoms who have a normal EF (Fig. 9-4).7,8

Measurement of LV volume, mass, and function can provide 
data that are necessary to define the optimal time for surgery 
in patients with volume overload hypertrophy owing to chronic, 
severe mitral regurgitation or aortic regurgitation. In this regard, 
the prognostic usefulness of ventricular end-diastolic volume 
(EDV) and ESV, the EF, the ratio of EDV to mass, systolic stress-
shortening relations, and end-systolic pressure-volume (P-V) 
relations has been tested in a variety of clinical studies. The ESV 

and EF appear to provide the most useful clues to prognosis.9-15 
Certainly, a most important determinant of postoperative sur-
vival is the level of LV systolic function (Fig. 9-5).

In pressure overload hypertrophy due to aortic stenosis, an 
assessment of systolic function is perhaps less important than 
in the regurgitant lesions. Although severe depression of the EF 
may indicate an increased surgical risk, patients with an EF as 
low as 20% to 25% can show substantial clinical improvement 
after aortic valve replacement.16-18 In such patients, excessive 
systolic loads are usually responsible for the low EF; this situa-
tion is termed inadequate hypertrophy or afterload excess. Alter-
natively, excessive or inappropriate hypertrophy, indicated by a 
high RWT, appears to identify a group of patients having a high 
perioperative risk19,20; in this situation, a normal or high EF does 
not seem to be beneficial. In aortic stenosis, therefore, indices 
of LV geometry20 (RWT) appear to provide prognostic clues 
that are not reflected in the EF.

It is well established that increased LV mass is a strong predic-
tor of cardiovascular morbidity and cardiovascular and all-
cause mortality, even when age, blood pressure, and other risk 
factors are considered.21-27 Some investigators have suggested 
that LV geometry provides prognostic information that is incre-
mental to the extent of LV hypertrophy.24-26 For example, an 
increased ratio of LV wall thickness to cavity dimension27 iden-
tifies patients at higher risk for cardiovascular morbidity and 
mortality (Table 9-1).

Thus, a substantial body of clinical research has demon-
strated the prognostic value of indices of LV volume, mass, 
geometry, and function. Most if not all of these indices are 
routinely available to the clinician from standard M-mode  
and two-dimensional (2D) and Doppler echocardiography. In 
this chapter the echocardiographic techniques for evaluating  
LV geometry, stress, and systolic function are reviewed. Prin-
ciples and methods are discussed, and clinical applications to 
patients with pressure and volume overload hypertrophy are 
emphasized.
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ventricle, also contributing to SV. In addition to circumferential 
and long-axis shortening, the apex of the LV rotates counter-
clockwise during systolic contraction, and the base rotates 
clockwise (as viewed from the apex).28,29 Such “twist,” like fiber 
shortening, appears to be influenced by the contractile state of 
the myocardium (see Fig. 10-14). In concert with these shorten-
ing and twisting motions, wall thickening contributes to volume 
displacement and generation of the SV. Preload, afterload, con-
tractility, and geometry influence shortening and thickening.30

The pumping activity of the LV provides oxygenated blood 
to the tissues of the body; therefore, the SV can be used as a 
parameter of the pump performance of the ventricle (Box 9-1). 
Because LV systolic pressure and SV are inversely related, using 

Definitions and Theoretical 
Considerations

The systolic pumping of the LV is a complex process that 
involves a coordinated contraction of subendocardial, midwall, 
and subepicardial muscle fibers. These fibers are arranged in a 
complex, helical fashion (See Fig. 10-16). At the equator of the 
ventricle, midwall fibers are oriented circumferentially; con-
traction of these fibers mainly contributes to a decrease in the 
minor axis (or dimension) of the ventricle and is responsible 
for generation of much of the stroke volume (SV) (Fig. 9-6). 
Longitudinally oriented fibers in the subendocardium and sub-
epicardium contribute to shortening of the long axis of the 

Figure 9-1  The relation between LV ejection fraction (EF ) and survival in patients with single-, double-, and triple-vessel coronary artery 
disease. The negative impact of a low EF is seen in all three groups. Survival is better in patients with three-vessel coronary artery disease (CAD) 
and a normal EF than in those with one- or two-vessel disease and a low EF. (Adapted from Mock MB, Rindqvist I, Fisher LD, et al: Survival of medi-
cally treated patients in the coronary artery surgery (CASS) registry. Circulation 66:562-567, 1982. In Aurigemma GP, Gaasch WH, Villegas B, Meyer 
TE: Curr Probl Cardiol 20:368, 1995.)
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Figure 9-2  The relation between LV end-systolic volume and survival in patients with normal, near-normal, and abnormal ejection fraction 
(EF ). Data were obtained from patients with a history of myocardial infarction. End-systolic volume (ESV ) is a major predictor of survival when the 
EF is less than 50%. (Adapted from White HD, Norris RM, Brown MA, et al: Left ventricular end systolic volume as the major determinant of survival 
after recovery from myocardial infarction. Circulation 76:44-51, 1987. In Aurigemma GP, Gaasch WH, Villegas B, Meyer TE: Curr Probl Cardiol 20:369, 
1995.)
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Figure 9-3  The relation between LV mass/volume ratio (M/V ) and 
survival in patients with an ejection fraction (EF ) greater than and 
less than 20%. Data were obtained from patients with dilated cardio-
myopathy. Patients with a normal M/V ratio exhibit better survival than 
those with a low ratio; this trend is seen in EF categories. (Adapted from 
Feild BJ, Baxley WA, Russell RO Jr, et al: Left ventricular function and 
hypertrophy in cardiomyopathy with depressed ejection fraction. Circu-
lation 47:1022-1031, 1973. In Aurigemma GP, Gaasch WH, Villegas B, 
Meyer TE: Curr Probl Cardiol 20:370, 1995.)

100

80

60

40

20

0
24 3612

EF >20%

M/V <0.90

M/V ≥0.90
100

80

60

40

20

0
24 36120 0

EF <20%

M/V <0.90

M/V ≥0.90

Months after catheterization

P
er

ce
nt

 s
ur

vi
va

l

Figure 9-4  The utility of ejection fraction (EF ) data in patients with 
heart failure (HF ) and preserved EF. Data from 7599 patients with a 
broad  spectrum  of  symptomatic  HF  enrolled  in  the  Candesartan  in 
Heart  failure:  Assessment  of  Reduction  in  Mortality  and  morbidity 
(CHARM) Program; mean LVEF in patients enrolled in CHARM was 38.8 
±  14.9%.  These  data  demonstrate  that  EF  is  a  powerful  predictor  of 
cardiovascular outcome  in heart  failure patients across a broad spec-
trum of ventricular function. However, above 45%, EF does not further 
contribute to assessment of cardiovascular risk in heart failure patients. 
CV, Cardiovascular; MI, myocardial infarction.

EF <22 EF 23-32 EF 33-42

Ejection fraction (%)

EF 43-52 EF >52

n = 1560

n = 1530

n = 1489

n = 1520
n = 1500

A
nn

ua
liz

ed
 in

ci
de

nc
e 

(%
)

0

5

10

15

20
Non CV death
Sudden death
HF death
Fatal MI
Stroke
Other CV death

Figure 9-5  Relation of preoperative ventricular function to postoperative survival. These and other published data (see text) indicated that 
preoperative  ventricular  function  is  an  important  determinant  of  postoperative  survival.  EF (angio),  Ejection  fraction  by  angiography;  EF (echo), 
systolic ejection fraction by echocardiography; ESD (echo), end-systolic dimension by echocardiography. (Adapted from Hoshino PK, Gaasch WH: 
When to intervene in chronic aortic regurgitation. Arch  Intern Med 146:349-352, 1986. Copyright © 1986 American Medical Association. In Auri-
gemma GP, Gaasch WH, Villegas B, Meyer TE: Curr Probl Cardiol 20:371, 1995.)
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The prognostic value of LVH for morbid events in men (at an average of 10.2 years of follow-up) is striking. For all endpoints, the RWT provides incremental value for assessing risk. 
P-value obtained by analysis of variance.
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From Koren M, Devereux R, Casale PN, et al: Relation of left ventricular mass and geometry to morbidity and mortality in uncomplicated essential hypertension. Ann Intern Med 114:345-
352, 1991.

Relation between Morbid Events and the Pattern of Left Ventricular Geometry
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stroke work as an index of ventricular performance can be more 
appropriate; a stroke work parameter credits the ventricle for 
the development of pressure and for shortening. When perfor-
mance is assessed relative to end-diastolic fiber length or a 
related parameter, ventricular function can be described. Thus, 
a ventricular function curve can be generated by plotting stroke 
work against end-diastolic pressure, diameter, volume, or wall 
stress. Volume loading therefore produces an increment in 
stroke work (i.e., performance) through use of the Frank-
Starling mechanism. By contrast, increased myocardial contrac-
tility also can produce an increment in stroke work, but in this 
case performance is augmented through a change in inotropic 
state rather than by a change in end-diastolic fiber length. In 
other words, contractility refers to a basic property of the myo-
cardium that reflects the intensity of its active state. The use of 
the term contractility should be restricted to situations in which 
a change in performance or EF cannot be ascribed to a change 
in preload or afterload. Contractile function is a more general 
term used to describe changes in performance or function that 
could be affected by changes in inotropic state, fiber length, or 
loads. Thus, a change in the EF might best be classified as a 
change in contractile function; this term is often used inter-
changeably with systolic function. To fully describe the ventricle, 
it is necessary to define several additional terms that refer to its 
mechanical properties.30

Stress is defined as the force per unit cross-sectional area 
(CSA) of a material. It is an engineering term used to compare 

Figure 9-6  Circumferential and longitudinal fibers contribute to 
wall thickening and volume displacement. These functions are influ-
enced by LV preload, afterload, contractile state, and geometry. (From 
Aurigemma GP, Gaasch WH, Villegas B, Meyer TE: Curr Probl Cardiol 
20:374, 1995.)
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Box 9-1 

ASPECTS OF VENTRICULAR FUNCTION

Pump Performance
The pumping activity of the LV that results in the delivery 

of oxygenated blood to the tissues. Stroke volume and 
stroke work are parameters of pump performance.

Ventricular Function
LV performance assessed relative to end-diastolic fiber 

length (or related parameter).

Myocardial Contractility
A basic property of the myocardium that reflects its active 

state, rather than loading conditions.

Contractile Function
A descriptor of ventricular performance or function that is 

affected by inotropic state, fiber length, or load.

loads borne by different-sized elements of a material; the total 
load is less important than the load per unit of material. If the 
same load is borne by a smaller amount of material, the stress 
on that material is higher. In a spherical model of the LV, wall 
stress (σ) is directly proportional to the transmural pressure (P) 
and inversely proportional to the product of chamber radius 
(R) and wall thickness (Th):

σ = PR/2Th

In the LV, geometry is much more complex, and several com-
ponents of stress exist within the wall (Fig. 9-7). Of these, 
meridional and circumferential stresses have most commonly 
been used in the analysis of LV mechanics. The meridional 
stress vector is oriented in the longitudinal or apex-to-base 
direction and represents the component of the load resisting 
long-axis shortening; circumferential stress is oriented along 
the equator, perpendicular to the long axis, and represents the 
component of the load resisting minor-axis shortening. Meridi-
onal stress (σm) can be calculated as

σm P LVID/ Th LVID/Th= × × +[ ( )]4 1

in which P is pressure (mm Hg), Th is wall thickness, and LVID 
is cavity dimension.31 This stress parameter does not require 
measurement of the long axis of the LV cavity. Circumferential 
stress (σc) can be calculated as

σc P a b /r / b a= × + −2 2 2 2 21[ ( )] ( )

in which P is end-systolic pressure (mm Hg), a is the internal 
(endocardial) radius, b is the external (epicardial) radius, and r 
is the midwall radius.32 Other approaches to the calculation of 
circumferential stress, using minor- and major-axis dimen-
sions, have been evaluated.32 Formulas for calculation of merid-
ional and circumferential stress using 2D echocardiographic 
data are as follows33:

σm m cP A /A kdyn/cm= ×1 33 103 2.

in which At is the short-axis area subtended by the LV epicar-
dium and right side of the septum, Ac is the cavity (endocardial) 
area, Am = At − Ac or myocardial area, and L is the LV cavity 

Figure 9-7  Schematic of the LV (represented as a truncated ellip-
soid) illustrating the major stress vectors. Meridional stress (σm) is the 
force acting along  the  long axis of  the LV; meridional  stress opposes 
long-axis shortening. Circumferential stress (σc) is the force acting in the 
equatorial direction; circumferential stress opposes circumferential fiber 
shortening,  and  circumferentially  oriented  fibers  are  located  in  the 
midwall of the LV. The inner shell represents the LV in systole, and the 
outer,  the  ventricle  in  diastole.  (From Aurigemma GP, Gaasch WH, 
Villegas B, Meyer TE: Curr Probl Cardiol 20:375, 1995.)
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preload influences initial fiber length, it affects LV systolic per-
formance. This phenomenon, which operates on a beat-to-beat 
basis, is generally referred to as Starling’s law of the heart or the 
Frank-Starling mechanism.

The preload reserve of the ventricle depends on the baseline 
hemodynamic conditions and the stiffness of the myocardium. 
Thus, in the upright posture, normal human subjects exhibit a 
substantial preload reserve, whereas in the recumbent posture 
they may exhibit a minimal preload reserve. The difference in 
preload reserve is related to difference in the baseline EDV, 
which is lower in the upright posture than it is when the subject 
is recumbent, owing to the differences in venous return. This 
fact should be kept in mind when interpreting exercise studies; 
the EDV of the normal LV generally increases during upright 
exercise, but it may not during recumbent exercise. Moreover, 
the ability to recruit the Frank-Starling mechanism may also be 
limited in hypertrophied ventricles that have abnormal ven-
tricular compliance characteristics (Fig. 9-8). Thus, in patients 
with aortic stenosis or hypertensive heart disease, there may be 
little or no increment in LV EDV during exercise, and conse-
quently the EF may not increase normally.38-40 Such limited 
preload reserve occurs as a result of a steep diastolic PV relation 
in which large changes in filling pressure cause only small 
changes in volume. This mechanism may even underlie mar-
ginal LV function in the basal state.

Despite a low EF, many dilated hearts (particularly those with 
compensated mitral or aortic regurgitation) generate a normal 
or high SV. In this instance, although the Frank-Starling mecha-
nism may be a contributing factor, the large SV is primarily a 
function of the large EDV. In other words, the presence of a 
large LV chamber does not necessarily indicate use of preload 
reserve at the fiber level. Many such hearts retain the ability to 
use preload reserve to augment SV. By contrast, in end-stage 
heart failure, preload reserve may be exhausted.

Afterload can be thought of as the force (i.e., stress) developed 
by the myocardium after the onset of contraction. As described 
by the Laplace relation, afterload (systolic wall stress) is directly 
related to LV systolic pressure and radius and inversely related 
to wall thickness. Afterload varies with time, and thus it can be 

length, obtained from the apical four-chamber view. 2D and 
M-mode methods yield somewhat different results, with 
M-mode–derived σm being higher than 2D-derived values, even 
in normal subjects. In spherical ventricles, σm by any method 
tends to overestimate afterload.34

The determination of wall stress requires assessment of LV 
pressure. Invasively determined values may be combined with 
echocardiographic dimensions, but they are often not available 
or simultaneously obtained. Three methods have been pro-
posed for using noninvasive recordings to ascertain LV systolic 
pressures; LV diastolic pressures (and therefore diastolic stress) 
cannot be reliably determined noninvasively. Although these 
methods assume that there is no LV outflow gradient, the first 
and easiest method assumes that end-systolic LV pressure can 
be approximated by peak arterial pressure.30 Thus, cuff systolic 
blood pressure is substituted for LV end-systolic pressure. The 
second method involves calibration of an externally recorded 
pulse recording using cuff systolic and diastolic pressures, with 
calculation of arterial pressures at the dicrotic notch.35 The third 
involves the substitution of mean arterial pressure, derived from 
cuff recording, for end-systolic pressure, given the close correla-
tion between these two values, as shown by Rozich.36

Because wall stress parameters incorporate appropriate size 
normalization, they allow comparison among the mechanical 
properties of different hearts. End-systolic wall stresses, calcu-
lated using end-systolic pressures (or the surrogates discussed 
earlier) and dimensions, are taken as indices of LV afterload, 
whereas end-diastolic wall stress, calculated using end-diastolic 
pressure and dimension, is a measure of LV preload.

Preload is the force (i.e., load) acting to stretch the resting 
myofibril. Preload is commonly estimated as the LV end-
diastolic pressure, diameter, or volume, but to be more precise, 
this force should be normalized for each unit CSA of muscle 
and expressed as end-diastolic wall stress. In this manner, LV 
preload is analogous to the preload on a strip of isolated cardiac 
muscle in a myograph. This force, which acts to stretch the 
myocardium, is resisted by the stiffness of the muscle. Thus, the 
extent to which the myocardial fiber is stretched depends on an 
interaction between preload and muscle stiffness.37 Because 

Figure 9-8  The effect of diastolic dysfunction 
on the relation between LV systolic performance 
and preload.  Classic  ventricular  function  curves 
relating  stroke  work  to  end-diastolic  volume  are 
shown in the top left panel; stroke work is related 
to  end-diastolic  pressure  in  the  top right  panel; 
diastolic pressure-volume curves are shown below. 
When  the LV end-diastolic pressure  is used as an 
index of preload, ventricular systolic function in dia-
stolic heart failure (D1, D2) appears to be less than 
normal  (N1, N2). These  results are extrapolated  to 
sarcomere stress-shortening relations. For a given 
level of sarcomere stress (point 1 to point 2 ), there 
is much less sarcomere strain  in patients with dia-
stolic failure (D1, D2) than in normal (N1, N2). (From 
Aurigemma GP, Zile MR, Gaasch WH: Contractile 
behavior of the left ventricle in diastolic heart 
failure: with emphasis on regional systolic function. 
Circulation 113:296-304, 2006.)
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Society of Echocardiography (ASE).50 M-mode echocardiogra-
phy is universally available and relatively low cost, and there is 
a considerable body of evidence supporting its accuracy in LV 
mass quantitation.51,52 Quantitation of mass is based on the 
geometric assumption that the ventricle is a prolate ellipsoid 
with a 2 : 1 long-axis/short-axis ratio.51,52 In practical terms, LV 
mass estimates are most accurate in ventricles with normal 
shape, specifically, a long-axis/short-axis ratio that approxi-
mates 2 : 1. It is assumed, of course, that minor-axis dimensions 
are measured in a region free of wall motion abnormalities. This 
assumption is invalidated in ischemic heart disease with focal 
wall motion abnormality or in right ventricular overload. Esti-
mates of myocardial mass and volume are derived from LV 
minor-axis dimensions obtained with the transducer in the 
parasternal position (Fig. 9-9). Under 2D echocardiographic 
guidance, the ultrasound beam is aligned so that it is perpen-
dicular to the interventricular septum and posterior wall at a 

calculated at the instant of aortic valve opening, at the end of 
ejection, or at any instant throughout systole. Whereas LV sys-
tolic pressure and systemic vascular resistance can affect after-
load, neither of these should be considered the equivalent of 
afterload.41-43 Likewise, aortic input impedance influences sys-
tolic pressure and stress, but impedance is not the equivalent of 
afterload.44

In aortic stenosis, the LV systolic pressure may exceed 250 mm 
Hg, but if there is an appropriate increase in LV wall thickness, 
the force borne by each unit of heart muscle might remain near 
normal (i.e., afterload is normal).30 On the other hand, an acute 
increase in systolic pressure or chamber size can result in an 
increased afterload.45 By virtue of the inverse relation between 
load and shortening, an acute increase in afterload generally 
causes a decrease in shortening, and vice versa.

Contractility can be defined as the quality of cardiac muscle 
that determines performance independent of loading condi-
tions. Contractility is easiest to study and define in isolated 
heart muscles when loading conditions are held constant. For 
example, if resting length is held constant, the addition of digi-
talis or norepinephrine to an isolated muscle preparation results 
in an increase in the extent and velocity of force development 
and shortening; such increased performance under constant 
loading conditions reflects an augmented inotropic state (i.e., 
increased contractility). In many cardiac diseases, abnormal LV 
pump function may be caused by disordered loading condi-
tions, depression of contractility, or both. For this reason, it may 
be difficult to determine the exact cause of decreased fiber 
shortening. Accordingly, there has been considerable interest in 
the development of a sensitive index of contractility that is not 
affected by changes in loading conditions.46,47 Unfortunately, 
there is no completely load-independent index of basal contrac-
tile state.30 Thus, directional changes in contractility (during 
acute hemodynamic interventions) are relatively easy to dem-
onstrate, but it is not possible to define a basal level of contrac-
tility in patients with chronic heart disease.

Assessment of Left Ventricular Mass, 
Volume, and Geometry
Remodeling of the LV in valvular heart disease, heart failure, 
and hypertensive heart disease is characterized by changes in LV 
mass and geometry. Descriptors of LV geometry include the 
RWT, short-axis/long-axis ratio, and mass/volume ratio. These 
descriptors are easily obtained by M-mode and 2D echocar-
diography. As suggested earlier, alterations in LV geometry have 
been used to assist risk stratification in a variety of diseases and 
to describe more completely remodeling changes effected by 
valve replacement. In patients with idiopathic dilated cardiomy-
opathy, for example, a poorer survival is associated with larger 
short-axis dimension and a greater ratio of short/long axes (i.e., 
a more spherical LV geometry).48,49

M-MODE ECHOCARDIOGRAPHY

Mass
Whereas newer and more costly tomographic methods, such as 
ultrafast computed tomography and magnetic resonance 
imaging (MRI), permit more precise quantitation, echocar-
diography remains the most commonly used technique for esti-
mating LV mass and geometry. This subject has been reviewed 
by the Chamber Quantification Writing Group of the American 

Figure 9-9  Schematic of an M-mode echocardiogram obtained 
using 2D echocardiographic guidance. Measurements are made coin-
cident with  the Q wave of  the simultaneous electrocardiogram. ECG, 
Electrocardiogram;  LVIDd,  left  ventricular  internal  dimensions  in  dias-
tole; LVIDs, left ventricular internal dimensions in systole; PWTd, poste-
rior wall thickness in diastole; PWTs, posterior wall thickness in systole; 
STd, ventricular septal thickness in diastole; STs, ventricular septal thick-
ness  in systole.  (From Aurigemma GP, Gaasch WH, Villegas B, Meyer 
TE: Curr Probl Cardiol 20:381, 1995.)
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geometric assumptions, 2D and 3D methods will always be pref-
erable to M-mode estimates of ventricular volumes.50

Relative Wall Thickness
M-mode estimates of myocardial mass and volume are derived 
from LV minor-axis dimensions obtained with the transducer 
in the parasternal position (see Fig. 9-9). These same measure-
ments are used to describe LV geometry. Although the amount 
of LV mass is an important predictor of subsequent cardiac 
events in hypertensive disease, the geometry and pattern of  
LV hypertrophy also provide insight into the pathophysiology 
of hypertensive hypertrophy49 and may confer prognostic 
information (see Chapter 34).24-26 The most commonly used 
index of the pattern of hypertrophy is the RWT,27 which is 
calculated as

RWT PWT/LVID= ×2

in which PWT is the posterior wall thickness and LVID is the 
LV internal dimension, respectively; RWT may be measured in 
diastole or systole. RWT also has been expressed as h/R, in 
which h is wall thickness and R is cavity radius. In the normal 
or compensated ventricle, the RWT increases in direct propor-
tion to elevations in systolic pressure.

In untreated hypertensive patients, LV mass and relative wall 
thickness determinations may be used to subdivide the popula-
tion into four general categories (Fig. 9-10):
1. Concentric hypertrophy (elevations in both LV mass and 

RWT),
2. Eccentric hypertrophy (elevation in LV mass with normal 

RWT),
3. Concentric remodeling (normal mass but abnormally high 

RWT), and
4. Normal LV mass and RWT.

In a population of untreated hypertensive patients, the 
majority had normal LV mass and normal RWT; concentric 
hypertrophy was the least common abnormal pattern observed.27 
More recently, Khouri and associates54 have used MRI to refine 
this original paradigm and added a subclassification of geomet-
ric subtypes (see Fig. 9-9; Figs. 9-10 and 9-11). These authors 
suggest that concentric or eccentric LVH can each be subclassi-
fied into two subgroups, yielding four distinct geometric pat-
terns.54,55 In this and another large, population-based study 
utilizing MRI, there was a strong association between obesity 
and concentric LVH, helping to dispel the notion that LVH in 
this condition is exclusively eccentric.56

What is the clinical relevance of the mass and geometry  
subcategories? Patients with concentric hypertrophy have a 
relatively high incidence of adverse cardiovascular and noncar-
diovascular events compared with patients with eccentric 
hypertrophy.25-27 In addition, concentric geometry, even without 
hypertrophy, appears to be associated with adverse conse-
quences during follow-up (see Table 9-1). Thus, in hypertensive 
disease, as noted earlier, incremental information regarding risk 
for both cardiovascular and noncardiovascular events is pro-
vided by assessing geometry and LV mass. The RWT may 
provide insight into the appropriateness of hypertrophy.49 There 
is occasionally more muscle mass than would be required for 
the observed pressure; thus, a high RWT, such as is encountered 
in hypertrophic cardiomyopathies, “hypertensive hypertrophic 
cardiomyopathy of the elderly,”57 uncommonly in hypertension, 
and not infrequently in aortic stenosis,58 indicates excessive or 
inappropriate LV hypertrophy. In our experience, RWT values 

level slightly below the mitral leaflet tips; the chamber dimen-
sion is obtained from the parasternal long-axis view.49-51 This 
approach maximizes the LV cavity dimension and ensures that 
proper beam orientation with respect to the papillary muscles 
is obtained. LV mass is estimated from measurements of septal 
and posterior wall thickness and LV cavity dimensions at end-
diastole using the anatomically validated cube formula51,52:

LV mass ST LVID PWT LVID  gd d d d= + + − +0 8 1 04 0 63 3. [ . ( ) ] .

in which STd is the diastolic septal thickness, LVIDd is the dia-
stolic LV cavity dimension, PWTd is the diastolic posterior wall 
thickness, and 1.04 is the specific gravity of myocardium. The 
measurements are made using the leading-edge ASE standard 
technique.50 As shown by Devereux and colleagues,1,52 LV mass 
estimates made with ASE measurements overestimate true ana-
tomic LV weights by 20%, necessitating a correction factor of 
0.8. The chamber quantification recommendations note that 
direct measurements by 2D echocardiography may be substi-
tuted for 2D-derived M-mode measurements.50 It is important 
to note, however, that direct 2D measurements will yield lower 
values than 2D-directed M-mode measurements.50 The accu-
racy of three-dimensional (3D) methods for calculating LV 
mass has been demonstrated (see Chapter 4).

Volume
A simple estimate of LV volume may be obtained from the LV 
minor-axis internal dimension (LVID), derived by M-mode 
echocardio graphy as

V LVID= 3

The geometric assumptions are similar to those used for LV 
mass calculation. However, in the dilated, spherical LV encoun-
tered in long-standing valvular regurgitation or dilated cardio-
myopathy, the ratio of length to minor-axis dimension decreases, 
leading to significant overestimation of LV volumes by this 
simple method. Teichholz and colleagues53 derived a formula 
that attempts to correct for this problem:

V / LVID LVIDd d d= + ×[ ( . )]7 2 4 3

LV volumes derived with this formula correlate well with single-
plane angiographic estimates.53 Because M-mode echocardiog-
raphy provides minor-axis dimensions of the LV in systole and 
diastole, the Teichholz method may be used to compute LV 
volumes at end-systole and end-diastole and thus to derive SV 
and cardiac output (Table 9-2). A compelling advantage of this 
method is that LV volume can be determined rapidly from easily 
obtained M-mode measurements. However, given the required 

Relationship between Chamber Size and Stroke Volume

LVIDd (cm) EF (%) SV (mL)

Normal 5 65 81

LVH 4.4 75 63

DCM 7.5 20 84

This table illustrates the relationship between chamber size and resting stroke volume (SV). 
End-diastolic volumes are estimated from the LVIDd using the Teichholz method53 and 
SV calculated as the product of end-diastolic volume and ejection fraction (EF). Note 
that resting SV may be normal in dilated cardiomyopathy (DCM) and less than normal 
in extreme hypertrophic remodeling. Depending on heart rate, resting cardiac output in 
patients with extreme LVH or hypertrophic cardiomyopathy may be lower than normal. 
This table suggests the teleologic reason for chamber dilation.

LVH, Left ventricular hypertrophy; LVIDd, left ventricular internal dimensions in diastole.

TABLE 
9-2 
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Figure 9-10  LV volume, mass, and geometry, stress, and systolic shortening in various cardiac disorders. Different cardiac disorders are 
classified with respect to LV mass, volume, relative wall thickness (RWT ), and mass/volume (M/V )  ratio, and stress and shortening as normal  (N ), 
increased (up arrows), or decreased (down arrows).  (Redrawn from Aurigemma GP, Gaasch WH, Villegas B, Meyer TE: Curr Probl Cardiol 20:385, 
1995.)
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Figure 9-11  Remodeling subtypes. 
Individuals  may  be  classified  by  presence 
or absence of LVH (horizontal axis) and by 
geometry  (vertical  axis),  depending  on 
mass-to-volume  ratio.  If  mass-to-volume 
ratio is high, geometry is classified as con-
centric.  The  paradigm  of  Khouri  and  col-
leagues54  subdivides  the  two  LVH  classes 
by  whether  chamber  dilation  is  present. 
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Volume
A variety of geometric approaches have been described for the 
quantitation of LV volume from 2D echocardiography. There 
are theoretical advantages for use of the Simpson’s rule algo-
rithm, and this approach is preferable when ventricular shape 
is distorted, such as with an apical aneurysm. The Simpson’s 
rule approach, also known as the method of disks, is predicated 
on the fact that the volume of the whole LV (or of any object) 
may be computed as the sum of individual “slice” volumes. In 
general, the accuracy of the measurement varies directly with 
the number of slices: 

V A Ti

i

n

=
=
∑

1

V is total volume (cavity or myocardial), A is planimetered area, 
and T is slice thickness. Myocardial volume is then multiplied 
by the specific gravity of myocardium to estimate myocardial 
mass. It is best to compute LV volume from two orthogonal 
apical views with the LV length divided equally along that 
length50,61; apical four- and two-chamber views at end-diastole 
should be recorded to maximize ventricular length. The use  
of the cylinder-hemiellipsoid (area-length) method for calcu-
lating the volume component represents a reasonable alterna-
tive to the method of disks.

Geometry
Compared with M-mode echocardiography, 2D echocardiogra-
phy offers improved spatial orientation because the LV can be 
sampled in real time at multiple levels. Accordingly, 2D echo-
cardiography may be used to quantify the LV mass and chamber 
volumes of abnormally shaped ventricles, and because mea-
surements of LV length are possible, this technique provides 
more extensive description of LV geometry. Estimates of both 
the short-axis/long-axis ratio and the volume/mass ratio62 are 
possible with 2D echocardiography. In patients with normal LV 
mass and function, the short-axis/long-axis ratio ranges from 
0.45 to 0.62.62-64 In untreated hypertensive patients with normal 
LV ejection fraction, the short-axis/long-axis ratios range from 
0.52 ± 0.04 in patients with concentric remodeling to 0.63 ± 
0.03 in patients with eccentric hypertrophy. The short-axis/
long-axis ratio also provides information regarding ventricular 
compensation in valvular heart disease. As in patients with 
dilated cardiomyopathy, in whom the ventricle becomes more 
spherical, patients with poorly compensated aortic stenosis and 
aortic regurgitation (those with low EFs) tend to have higher 
short-axis/long-axis ratios.64 A high ratio in turn alters the rela-
tionship of meridional to circumferential stresses, a change in 
the distribution of afterload that may affect overall pump 
performance.64

The end-diastolic volume/mass ratio in normal men and 
women, as defined by 2D echocardiography, is approximately 
0.8.63 It has been traditionally assumed that the ratio of LV 
volume to mass is relatively constant from the most basal to the 
most apical slices of the LV. A study using the technique of 
ultrafast computed tomography, which can provide approxi-
mately eight tomographic slices through the LV, showed that in 
normal subjects, the volume/mass ratio decreased from approx-
imately 0.8 at the most basal slice, a finding consistent with 
results of 2D echocardiography, to approximately 0.25 at the 
most apical slice. LV mass exceeds LV volume at each slice 
location.65

greater than 0.8 are uncommon in aortic stenosis, but when 
present, they appear to represent inappropriate hypertrophy.

The interaction among shape, load, and function is complex 
and important because each one may influence the others. A 
decompensated heart clearly demonstrates abnormalities of all 
three—low RWT, high afterload, and reduced function—yet it 
is not possible to state which abnormality is primary. Does the 
ventricle dilate, thereby raising afterload and reducing pump 
performance, or is shortening impaired first, leading to dilation, 
which then raises afterload? Human studies shed little light 
because of the lengthy time course of disease and other con-
founding factors; animal studies suggest that all three events 
may occur in concert.58

TWO-DIMENSIONAL ECHOCARDIOGRAPHY

2D echocardiography permits acquisition of data with excellent 
spatial orientation because the LV can be sampled in real time 
at multiple levels. In many laboratories, therefore, 2D echocar-
diography is the principal noninvasive means for quantitation 
of LV volume and for the assessment of global and regional 
systolic function. LV mass and volume quantitation by 2D echo-
cardiography requires high-quality images and true long- and 
short-axis images of the LV. A variety of geometric models are 
used to approximate the shape of the LV and to compute LV 
volumes, including the prolate ellipse model, the hemiellipse 
model, and others that represent a combination of geometric 
shapes. Detailed review of the geometric principles underlying 
these volumes for formulas may be found elsewhere.49 This 
chapter emphasizes the applications most suited for clinical use.

Mass
Theoretically, 2D echocardiographic assessment of LV mass can 
improve on the limitations of M-mode methods; mean wall 
thickness can be back-calculated from planimetered short-axis 
myocardial area, which helps avoid reliance on single-
dimensional determinations. One of the most practical 2D 
methods for mass calculation, the area-length method, approxi-
mates the LV as a cylinder-hemiellipsoid; volume is calculated 
for both the inner and outer “shells” (the LV cavity and total 
myocardial area, respectively):

V / A L= ×5 6

in which A is planimetered short-axis area obtained at the high 
papillary muscle level, and L is the LV length obtained from the 
apical four-chamber view; area and length measurements are 
made at end-diastole. In this way, total LV and internal (LV 
cavity) volume are determined; myocardial volume is the differ-
ence between the inner and outer shells.59 Myocardial volume is 
then multiplied by the specific gravity of myocardium (1.04 g/
mL) to compute myocardial mass. The model has been validated 
by comparing echocardiographic and anatomic LV mass in 21 
patients who underwent 2D echocardiographic studies shortly 
before death60; there was an excellent correlation between ana-
tomic and echocardiographic mass (r = 0.93, standard error = 
31 g). It is important to note that phantom-generated regression 
equations were used to correct clinical mass measurements for 
each 2D echocardiographic machine. Although more compli-
cated 2D and 3D echocardiographic methods provide greater 
accuracy for LV mass determination, the 2D cylinder-hemiellipsoid 
area-length method represents a relatively simple and practical 
approach that yields acceptable results.49
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It is important to emphasize that 2D echocardiographic 
methods have problems that limit their routine use for quanti-
tation in the clinical setting49 (Box 9-2). M-mode echocardiog-
raphy samples at approximately 1000 frames per second, 
whereas the frame rate for 2D echocardiography is orders of 
magnitude less: 30 to 60 frames per second under optimal con-
ditions. There is considerable image degradation when stop 
frames are used, making precise endocardial definition prob-
lematic. Near-field artifact and poor lateral resolution make it 
difficult to reliably identify endocardium around the entire ven-
tricular perimeter. Apical views often do not yield images of 
sufficient quality for manual tracing, and computations tend to 
be tedious. The use of intravenous contrast has improved the 
accuracy of LV volume determinations. 3D echocardiography 
(see Chapter 4) has been shown to provide the most accurate 
ultrasound determination of LV volume, mass, and EF, largely 

Figure 9-12  Calculation of cardiac output using the velocity-time integral (VTI) method. The pulsed-wave Doppler-derived VTI is displayed. 
The LV outflow tract (LVOT ) dimension is approximately 24 mm, and radius 12 mm. π times the square of the annular radius yields the LVOT cross-
sectional area, and the VTI  is 18.5 cm by planimetry. The stroke volume is 84 mL per beat  (LVOT cross-sectional area multiplied by the VTI) and 
yields a cardiac output of 4.5 L/min at the patient’s heart rate of 53 bpm. 

A B

Box 9-2 

LIMITATIONS OF ULTRASOUND METHODS FOR 
MASS AND VOLUME QUANTITATION

General
All methods require high-quality images with good 

endocardial definition.
Most methods require geometric assumptions about LV 

shape and are applicable only to normally shaped 
hearts.

M-Mode Echocardiography
Small errors in measurement may lead to large errors in 

mass/volume determinations.
May be insensitive to small changes in mass (20 to 40 g) 

observed in response to antihypertensive treatment.

Two-Dimensional Echocardiography
Limited frame rate, making timing of cardiac events 

difficult.
Considerable degradation when images are stop-framed.
Apical images may foreshorten true LV length.
Tedious, labor-intensive computations.

because the need for geometric assumptions and on-axis views 
will be eliminated.50,64-68

ALTERNATIVE METHODS FOR QUANTITATION 
OF LEFT VENTRICULAR STRUCTURE  
AND FUNCTION

In addition to cardiac ultrasound, the clinician may use other 
noninvasive and invasive techniques to measure LV size and 
function. A brief review of some of the more commonly used 
techniques is therefore appropriate.

Doppler Echocardiography
Routine Doppler measurements of flow velocity may be com-
bined with echocardiographic dimensional data to determine 
SV and cardiac output.69,70 This technique is known as the 
velocity-time integral (VTI) method. The appeal of this method 
is that, unlike M-mode and 2D echocardiographic measure-
ments, VTI measurements do not require geometric assump-
tions about cardiac shape.

To compute SV using the VTI method, an integral of the 
systolic pulsed-wave flow envelope in the aortic outflow tract is 
computed (Fig. 9-12). To obtain this velocity spectrum, the 
transducer is placed in the apical position with the sample 
volume positioned at the level of the aortic-valve annulus. 
Although the VTI may be obtained in other locations, such as 
the pulmonary artery or LV inflow across the mitral valve, accu-
racy seems to be best with measurements made in the proximal 
ascending aorta. The cross-sectional linear dimension of the 
proximal ascending aorta is obtained in the same approximate 
location where the pulsed- or continuous-wave Doppler veloc-
ity spectrum is recorded, using the parasternal long-axis 
window. SV is then the product of the VTI and CSA of the 
aortic annulus, which is assumed to be circular:

CSA D/= π( )22

SV CSA VTI= ×

in which CSA is the cross-sectional area of the aortic annulus, 
D is the linear dimension of the annulus, and VTI is the 
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Unfortunately, in the intact heart, especially in patients with 
chronic heart disease, it is virtually impossible to produce an 
isolated change in preload or afterload. For example, nitrates are 
classified as vasodilators and agents that primarily affect preload, 
but the associated decrease in LV volume and arterial pressure 
leads to a reduction in afterload. Likewise, a pure arterial vaso-
dilator also reduces heart size (and preload) by augmenting the 
SV. It is apparent, therefore, that preload and afterload are inti-
mately related, and that it is an oversimplification to assume 
that isolated changes in preload or afterload occur in patients 
with chronic heart disease.

Most interventions that produce an acute change in preload 
or afterload also result in a length-dependent change in intrin-
sic myocardial contractility,78 which further complicates the 
assessment of global systolic function. Therefore, acute changes 
in preload produce changes in performance through the Frank-
Starling mechanism and through this length-dependent activa-
tion. The importance of this phenomenon in the chronically 
enlarged or diseased heart is unknown.

It is usually not difficult to detect an acute change in LV 
performance or contractile function, but it is harder to deter-
mine the major mechanism or mechanisms responsible for the 
change. Chronic changes in LV volume, mass, and geometry are 
even more difficult to interpret because such changes tend to 
limit our use of the traditional interrelationships of preload, 
afterload, and contractility. Indeed, there is no acceptable index 
of basal contractility that can be used in patients with chronic 
heart disease, nor can LV end-diastolic pressure or even abso-
lute EDV be used as a surrogate for fiber stretch in chronically 
diseased hearts. For these and other reasons, the evaluation of 
contractile function and the distinction between a compensated 
and a decompensated ventricle often rest on empiric observa-
tions coupled with analyses based on physiologic principles. In 
the following section, the use and limitations of several clini-
cally useful approaches to the evaluation of contractile function 
are discussed (Box 9-3).

EJECTION FRACTION

The EF is the most widely used measure of LV systolic function. 
This parameter is defined as the change in LV volume (i.e., SV) 
divided by the initial volume (i.e., EDV):

EF EDV ESV /EDV= −( )

in which EDV is end-diastolic volume and ESV is end-systolic 
volume; these may be obtained by either M-mode or 2D echo-
cardiography.50 The EF, representing volume strain, is appropri-
ately normalized; it can be used as an index of systolic function 
that is independent of the size of the patient or the ventricle.

The normal ventricle ejects more than half of its EDV; the 
average EF, as determined by 2D echocardiography, varies from 
63% to 69%.50 In patients with coronary disease or idiopathic 

velocity-time integral. SV and cardiac output obtained by the 
VTI method correlate well with results of concurrent thermo-
dilution cardiac output determinations in patients who were 
without left-sided valvular regurgitation.69,70 The Doppler VTI 
method is highly dependent on accurate measurements of aortic 
annular diameter because the CSA formula involves squaring 
the annular dimension; it is also assumed that the Doppler beam 
is oriented parallel to flow. This method also requires that there 
be no significant aortic or mitral valve disease. This method can 
be particularly useful for following changes in a single patient—
beat to beat, or over weeks to months.

Doppler echocardiographic assessments of LV function do 
not depend on measurements of ventricular size (and thus 
avoid the attendant geometric assumptions and sources of 
error); they rely on information derived from flow velocities.71 
This information includes measurement of LV SV, cardiac 
output, and peak flow velocity of aortic ejection, all of which, 
being ejection phase indices, are dependent on afterload. 
Another Doppler approach to evaluation of systolic function is 
to measure the rate of rise of ventricular pressure (dP/dt) from 
the continuous-wave profile of the mitral regurgitant flow.72

Magnetic Resonance Imaging
In many respects, MRI is the ideal method to quantitate LV 
mass and volume and is considered the reference standard for 
LV quantitation.66,73 It combines the attributes of ultrafast com-
puted tomography (noninvasive and permitting true tomo-
graphic imaging throughout the entire cardiac volume) with 
several unique advantages. MRI does not require contrast 
administration or ionizing radiation, and there is no limitation 
to image plane selection; thus, the heart may be imaged not only 
in the familiar contrast ventriculography views but also in the 
long- and short-axis planes used in standard transthoracic 
echocardiography. MRI usually provides images with excellent 
contrast between myocardium and the blood pool so that 
manual or even semiautomated computerized mass and volume 
quantitation is possible.74,75 For these reasons, MRI has pro-
vided the most accurate noninvasive estimates of LV mass and 
volume to date, even in ventricles distorted by myocardial 
infarction.76 Gradient echocardiographic techniques display the 
heart in cineloop fashion at up to 64 frames per cardiac cycle. 
This technique can be used to quantitate EF and regional func-
tion and to estimate the severity of valvular regurgitation.77

Assessment of Left Ventricular  
Systolic Function
The major factors affecting LV systolic performance and func-
tion are preload, afterload, myocardial contractile (or inotro-
pic) state, and heart rate. Nonuniform contraction can also be 
important; thus, regional variations in mechanical function, as 
occur in coronary heart disease or even with electronic ven-
tricular pacing, can affect SV. Only if synchronous contraction 
is present, heart rate is stable, and loading conditions are con-
stant does a change in performance indicate a change in con-
tractility. These traditional concepts relating preload, afterload, 
and contractility are generally considered in the assessment of 
an acute response to altered hemodynamic conditions. Thus, an 
isolated increase in preload is said to produce an increment in 
performance through the Frank-Starling mechanism, whereas 
an isolated increase in afterload is said to produce a decrease in 
the SV (or EF) by virtue of the inverse force-shortening relation. 

Box 9-3 

CLINICAL METHODS USED TO EVALUATE 
SYSTOLIC FUNCTION

Ejection fraction
Fractional shortening at endocardium and midwall
Stress-shortening relations
Pressure-volume analysis
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contractility is preserved, the EF remains normal. As the hemo-
dynamic burden increases (or contractile dysfunction devel-
ops), the afterload increases and the EF decreases. Thus, even a 
modest decline in the EF can be an important early marker of 
LV dysfunction.

In decompensated aortic stenosis, LV systolic pressures 
increase in parallel with an increase in wall stress, as predicted 
by the Laplace relationship. As wall stress progressively rises, EF 
decreases. Carabello and colleagues16 have shown that patients 
with critical aortic stenosis, congestive heart failure, and 
decreased EF owing to high levels of wall stress (“afterload 
mismatch”) may anticipate improvement in systolic function 
following afterload reduction associated with valve replace-
ment16,79,80. By contrast, those patients whose reduction in EF is 
out of proportion to the high levels of wall stress are thought 
to have developed cardiomyopathic changes in addition to 
excess afterload; such patients generally do not experience func-
tional improvement after valve replacement.16,80 This subgroup 
of patients may be identifiable by a low transvalvular gradient 
(usually less than 30 mm Hg) in association with severe stenosis 
of the aortic valve.16 In the clinical setting, making the proper 
diagnosis can be challenging. Because the Gorlin equation is 
flow dependent, patients with primary LV dysfunction and 
coexistent (mild) calcific aortic stenosis can be difficult to dis-
tinguish from those with LV dysfunction caused by unrelieved 
severe aortic stenosis (See Chapter 23.) Dobutamine echocar-
diography is used to help make this distinction and to assess 
prognosis.81

FRACTIONAL SHORTENING AND  
RELATED INDICES

The fractional change (percentage) in minor-axis dimension is 
a widely used index of systolic performance; fractional shorten-
ing is usually derived from M-mode echocardiographic tracings 
(Fig. 9-13). This measurement is particularly useful because LV 
circumferential fiber shortening is responsible for most of the 
SV. In this regard, fractional shortening is similar to the EF; in 
the absence of focal wall motion abnormalities, the two indices 
correlate closely, although the absolute values for fractional 

cardiomyopathy, it is generally conceded that values in the 
range of 40% to 50% are abnormal but of little clinical signifi-
cance.6 However, in patients with mitral regurgitation, an EF 
in this range may denote significant depression in contractile 
function.79

Hemodynamic Determinants of the  
Ejection Fraction
Acute changes in LV loading conditions are known to exert a 
major influence on the EF. Thus, an acute increase in preload 
and/or a decrease in afterload results in a higher EF. By contrast, 
an acute decrease in preload and/or an increase in afterload 
reduces the EF. Under such circumstances, it can be difficult  
to decide whether a change in contractility has occurred. If, 
however, alterations in load are associated with a change in the 
EF that is opposite to the expected result, it is possible to con-
clude that a simultaneous change in contractility (i.e., inotropic 
state) also occurred. For example, an increased EF in the pres-
ence of increased afterload likely represents increased contrac-
tility because an increase in afterload would normally be 
expected to cause a lower EF. Despite its load sensitivity, the EF 
can therefore provide useful information, even during acute 
hemodynamic interventions. In this regard, the concept of 
preload reserve is important.

In patients with chronic heart disease, the EF can be an 
important index of contractile function, in part because of its 
sensitivity to increased afterload. As LV dysfunction develops 
and dilation occurs, afterload tends to increase, as dictated by 
the Laplace relationship, and the EF falls. Such a decline in the 
EF can be useful in identifying LV dysfunction early in the 
course of a disease; it does not, however, identify the underlying 
mechanism or mechanisms. Therefore, in patients with chronic 
heart disease, the EF must be interpreted with consideration of 
the magnitude and time course of changes in loading condi-
tions that evolve during progression of the disease. For example, 
early in the course of aortic regurgitation, LV preload and after-
load tend to be increased; these changes affect the EF in oppo-
site directions, and it remains within the normal range. As  
the ventricle remodels and eccentric hypertrophy develops,  
the loads normalize despite LV enlargement; if myocardial  

Figure 9-13  M-mode echocardiographic findings in systolic dysfunction. Although M-mode  is not currently used as  the principal means  to 
assess LV systolic function, it can furnish important data. A, M-mode obtained in a patient with dilated cardiomyopathy. Poor stroke volume shown 
by exaggerated separation between the most anterior excursion of the anterior leaflet of the mitral valve and the interventricular septum (E-point 
septal separation—arrow). B, From a patient with systemic amyloidosis.  Image shows thick walls, high ratio of wall  thickness to cavity dimension 
(relative wall thickness, RWT), and reduced endocardial fractional shortening. The constellation of thick walls, high RWT, nondilated LV cavity, and 
poor fractional shortening should always prompt consideration of amyloid cardiomyopathy. 
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mitral annular excursion toward the apex coincides with the 
systolic component of pulmonary venous flow; this systolic 
phase of mitral annular motion is markedly attenuated in 
patients with dilated cardiomyopathy. Jones and Gibson88 
showed that in the normal LV mitral annular excursion toward 
the apex precedes circumferential shortening, which leads to a 
more spherical LV shape early in systole.88 These investigators 
also showed that mitral annular descent was reduced in patients 
with mitral disease who had undergone valve replacement.71 In 
patients with “compensated” hypertensive heart disease, that is, 
LV hypertrophy and normal EF, long-axis shortening is 
depressed compared with normal controls.71 Similar findings 
have been reported using the technique of strain imaging and 
MRI tagging, as will be described later.89,90

Other ultrasound techniques have been employed in recent 
years to investigate LV systolic and diastolic function. The 
timing of ventricular ejection and relaxation can be used to 
derive a combined index of ventricular function (Fig. 9-14).89 
Doppler tissue imaging applies a modification of pulsed 
Doppler methods to the assessment of myocardial systolic 
motion.91,92 In this way, the velocity of myocardial tissue or of 
the mitral annulus, and not just the total excursion, may be 
measured. The velocity of the diastolic mitral annular motion 
has been applied to the study of LV diastolic function (see 
Chapter 11). This technique is now being employed to evaluate 
the extent of systolic dyssynchrony and to evaluate the appro-
priateness of biventricular pacemaker implantation, as described 
in Chapters 10 and 26.

STRESS-SHORTENING RELATIONS

On the basis of extensive experimental and clinical experience, 
the myocardial force-velocity relation provides a framework for 
evaluating the contractile state and function of the LV. A most 
important advantage of assessing function with a stress-
shortening analysis is that it avoids afterload dependency, the 
major limitation of the EF alone. Unfortunately, end-diastolic 

shortening are obviously less than those for EF. Fractional 
shortening, measured at the endocardium (FSendo [%]), is 
calculated as

FS LVID LVID / LVIDendo d s d= × −100 ( ) ( )

Normal values for FSendo exceed 25%.49 As is the case with EF, 
FSendo is influenced by factors in addition to contractile state and 
should be interpreted in the light of loading conditions; 
increases in preload and decreases in afterload increase frac-
tional shortening.

A refinement of fractional shortening, the velocity of circum-
ferential shortening (Vcf) reflects the mean velocity of ventricu-
lar shortening at the level of the LV minor axis, and it is also 
calculated from M-mode echocardiographic dimensions:

V FS /ETcf endo=

in which ET is the ejection time derived from the duration of 
aortic valve opening, from the period of aortic forward flow 
(pulsed-wave or continuous-wave Doppler), or from a carotid 
pulse tracing. The Vcf is expressed in circumferences per second 
(the lower limit of normal is 1.1 c/s). Because Vcf measures the 
velocity rather than the extent of shortening, it is theoretically 
a more sensitive index of contractility than FSendo and may be 
an earlier marker of abnormality in chronic disease states. As 
with the EF and fractional shortening, this parameter is normal-
ized for LV chamber size and may be used to make comparisons 
between patients. Vcf has been shown to be relatively insensitive 
to acute changes in preload.82,83 However, it is also possible that 
this preload insensitivity may be a result of acute elevations in 
preload increasing heart size (and pressure) and thus increasing 
afterload. Thus, augmentation in afterload may offset the 
increased shortening caused by the increased preload. A further 
refinement in Vcf, the rate-corrected Vcf,

84 may be obtained by 
dividing Vcf by the square root of the preceding RR interval. 
This index is designed to allow comparison between patients 
with differing heart rates. The incremental value of velocity of 
shortening methods (e.g., Vcf, rate-corrected Vcf) compared 
with extent of shortening (e.g., fractional shortening) may be 
marginal.85

Standard M-mode measurements also may be used to esti-
mate circumferential fractional shortening at the midwall (FSmw 
[%]), using the same standard M-mode echocardiographic 
measurements. FSmw is calculated using a modified two-shell 
cylindrical model.86 This method assumes constant LV mass 
throughout the cardiac cycle and does not require the assump-
tion that inner and outer wall thickening fractions are equal.74,87 
Most important, in contrast to FSendo, FSmw is not influenced by 
LV geometry (RWT) and therefore has particular use in the 
evaluation of the hypertrophied heart with increased RWT.

Normal systolic function includes the excursion of the mitral 
annulus toward the relatively immobile apex; thus, the long axis 
of the LV shortens during systole. An assessment of the longi-
tudinal (or long-axis) shortening of the LV can be made using 
M-mode measurements under 2D echocardiographic guid-
ance.88 Using the apical window, the transducer is oriented to 
maximize apical endocardial to mitral annular distance. 
M-mode tracings are made with the cursor directed through 
the lateral aspects of the mitral annulus; recordings of multiple 
cardiac cycles are made on strip chart paper,88 and mitral 
annular excursion is normalized for initial diastolic length.

Several investigators have used mitral annular excursion and 
long-axis shortening as a descriptor of ventricular systolic func-
tion. Keren and LeJemtel71 showed that the principal systolic 

Figure 9-14  Principle of the Tei (myocardial performance) index. 
The index is calculated as the sum of isovolumic contraction time (IVCT ) 
and isovolumic relaxation time (IVRT ) divided by ejection time (ET ). In 
the extreme, a heart that has very long isovolumic times compared to 
the ET has very poor performance. ECG, Electrocardiogram. (From Tei 
C. New non-invasive index for combined systolic and diastolic ventricu-
lar function. J Cardiol 26:135-136, 1995.)
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fiber length (or the degree to which the resting fiber is stretched) 
is difficult if not impossible to measure; LV end-diastolic pres-
sure, EDV, or even wall stress fails to provide an absolute 
measure of fiber length. For this reason, length is generally 
omitted and the simpler force-velocity or stress-shortening 
relation is used as a substitute for the force-length-velocity 
relation.

Both systolic stress (the force per unit CSA of myocardium) 
and shortening (fractional change in length or volume) are 
appropriately normalized and allow accurate comparisons 
among hearts of different sizes.75 Therefore, contractile func-
tion in pressure overload hypertrophy, volume overload hyper-
trophy, and dilated and hypertrophic cardiomyopathies may be 
assessed within the framework of the stress-shortening relation 
(Fig. 9-15).

A major limitation of the simple stress-shortening analysis is 
the assumption that differences in resting length do not sub-
stantially influence the stress-shortening relation. In this regard, 
a distinction must be made between acute interventions and 
chronic steady-state conditions. Changes in fiber length and 
appropriate use of preload reserve certainly occur during acute 
or short-term hemodynamic interventions. However, under 
chronic conditions (e.g., chronic compensated volume over-
load), this may not be the case.93 After the acute or subacute 
phase, when the compensatory remodeling process is complete 
and chronic changes in LV volume and mass are established, 
end-diastolic fiber length may not be substantially different 

Figure 9-15  Relationship between ejection fraction (EF) and end-
systolic stress in patients undergoing cardiac catheterization for 
critical aortic stenosis and severe congestive heart failure.  All 
patients were free of significant coronary artery disease. Patients falling 
close to the regression line relating EF to stress (red circles) are thought 
to have LV dysfunction owing to excessive wall stress (afterload). These 
patients experienced a gratifying functional recovery after aortic valve 
replacement. In contrast, the four subjects who fell below the regression 
line (blue circles) have depressed EF beyond that predicted by the level 
of afterload and are considered to have depressed contractility as well. 
These  patients  did  not  experience  functional  recovery  after  valve 
replacement.  (Adapted from Carabello BA, Green LH, Grossman W, 
et al: Hemodynamic determination of prognosis of aortic valve replace-
ment in critical aortic stenosis and advanced congestive heart failure. 
Circulation  62:42, 1980. In Aurigemma GP, Gaasch WH, Villegas B, 
Meyer TE: Curr Probl Cardiol 20:416, 1995.)
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from normal.94 In pressure overload or concentric hypertrophy, 
end-diastolic sarcomere lengths may even be less than 
normal.95,96 In such hearts, high chamber stiffness apparently 
limits use of the preload reserve. It appears, therefore, that 
assumptions about chronic changes in fiber length are 
unwarranted.

Midwall Stress-Shortening Analysis
The analysis of midwall stress-shortening relations may be 
superior to that of endocardial stress-shortening relations, espe-
cially for comparison of contractile state between hearts differ-
ing in LV geometry (Figs. 9-16 and 9-17). The first advantage 

Figure 9-16  Relationship between LV shortening and LV hypertro-
phy. LV shortening in a normal LV (top) and with concentric LV hyper-
trophy (LVH) (bottom), illustrating the added insight into systolic function 
provided by midwall shortening. LV endocardial dimension (LVID), wall 
thickness (Th), relative wall thickness (RWT ), and LV mass are measured 
in diastole  (d ). Systolic dimensions  (s) are shown at  right. Midwall cir-
cumference  indicated  by  dotted line.  Systolic  shortening  refers  to 
percent reduction in circumference that occurs from diastole to systole. 
FS endo,  percent  reduction  of  endocardial  circumference  (dark inner 
circle), and FS mw, percent reduction of midwall circumference (dotted 
line), are  in normal  range. However, concentric LVH  (elevated relative 
wall  thickness  dimension  RWTd  and  LV  mass)  is  associated  with  an 
increased value for FS endo, but a diminution in FS mw, compared with 
normal LV, owing to the nonuniformity of systolic thickening. Myocardial 
fibers  in  the  inner  (subendocardial)  layers  contribute  more  to  systolic 
thickening than those in the outer (epicardial) layers; this effect is exag-
gerated when concentric geometry is present. 
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in conscious humans (MRI tagging).97a We believe that the 
experimental results represent an underestimate of strain, but 
MRI techniques likely overestimate true myocardial shortening. 
All methods indicate that circumferential shortening at the 
endocardium exceeds that seen at the midwall. We believe that 
studies designed to assess myocardial contractile function 
should ideally be based on midwall stress-shortening data and 
not on endocardial shortening parameters, which may be con-
taminated by altered ventricular geometry.

An example of the usefulness of a midwall stress-shortening 
analysis is shown in Figure 9-18. The endocardial stress-
shortening relation is normal in patients with pressure overload 
hypertrophy owing to aortic stenosis; thus, LV function is 
normal. By contrast, the midwall stress-shortening relation  
is abnormal in approximately one third of the patients, indicat-
ing a subtle depression of myocardial function in these 
individuals.74

In the past decade, there have been many studies of strain 
imaging techniques91,92,98-101 (see Fig. 9-18). A variety of tech-
niques are now in use for the assessment of regional and global 
systolic and diastolic function and are covered in detail in 
Chapter 10. Strain imaging has as a principal virtue the ability 
to assess regional systolic function and may be one day be used 
to lessen the subjectivity involved in gauging wall motion in the 
clinical arena. Normal strain values have been derived—and 
there have also been applications to systemic disease, such as 
hypertensive disease. It is important to realize that, like all sys-
tolic function parameters, systolic strain is inversely propor-
tional to the level of afterload (Figs. 9-19 and 9-20).

PRESSURE-VOLUME ANALYSIS

By plotting LV pressure against volume throughout the entire 
cardiac cycle, a P-V loop can be generated (Fig. 9-21). The 
height of the loop is determined by systolic pressure, and its 
width is determined by SV; thus, the area within the loop is a 
measure of stroke work. By definition, such loops incorporate 
EDV and ESV; thus, the SV and the EF are displayed. The 
bottom limb of the loop (i.e., the diastolic P-V curve) describes 
ventricular diastolic compliance. Therefore, the P-V loop can 
provide a simple yet comprehensive description of ventricular 
pump function.102 Such loops can be generated from a variety 
of techniques that provide ventricular volume data in conjunc-
tion with LV pressure.84,103,104 Online, beat-to-beat determina-
tions of LV volumes with automated edge detection can be 
combined with LV pressure measurements to yield real-time 
pressure-volume loops, useful in both clinical and research set-
tings104,105 (Fig. 9-22).

By manipulating LV volume and/or arterial pressure, multi-
ple coordinates of the maximal ratio of pressure to volume or 
dimension (which occurs near end-ejection) can be obtained; 
these coordinates exhibit a nearly linear direct relation. The 
slope of this relation (Emax) is relatively insensitive to acute 
changes in loading conditions. The relation shifts upward and 
to the left during positive inotropic interventions, and it shifts 
downward to the right when the ventricle is depressed; the slope 
of the relation generally increases with the former and decreases 
with the latter (Figs. 9-23 and 9-24).

This end-systolic index of contractility is sensitive to acute 
changes in contractility, but its reliability is diminished in 
chronically diseased hearts, especially dilated hearts. In large 
ventricles, the end-systolic P-V curve can be displaced down 
and to the right (depressed Emax), in the absence of a depressed 

of midwall measurements is that the (circumferential) stress 
vector and the shortening transient are oriented in the same 
direction because circumferential fibers predominate in the 
midwall of the LV.30

Second, the values for midwall (but not endocardial) short-
ening are consonant with experimental data indicating that 
myocardial fibers shorten by approximately 15% to 20%. Cir-
cumferential midwall strain ranges from 9% ± 2% in the anes-
thetized, open-chest dog (implanted markers)97 to 30% ± 7% 

Figure 9-17  Endocardial and midwall stress-shortening relations in 
pressure overload hypertrophy. Top panel: Fractional shortening (FS) 
at the endocardium versus circumferential stress in a consecutive series 
of patients with severe, symptomatic aortic stenosis who were  free of 
segmental  wall  motion  abnormalities.  All  patients  fall  within  the  95% 
confidence  intervals  of  the  stress-shortening  relationship,  suggesting 
normal contractile function. In contrast, the bottom panel shows midwall 
shortening versus circumferential stress in the same population. A sub-
stantial  portion  (approximately  one  third)  of  these  patients  demon-
strates a diminution in contractility by midwall analysis. 
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Figure 9-18  Principal strains. Three principal systolic strains from a normal subject. A, Typical longitudinal strains related to long-axis shortening. 
Average systolic longitudinal strain in this example is 15%, though there is regional heterogeneity. Each colored curve represents average longitu-
dinal strain in that segment. Parametric display shows that this strain is negative, indicating compression of myocardium in systole. B, Circumferential 
strain, which, like longitudinal strain, is negative, indicating compression of myocardium in circumferential plane. Average circumferential strain is 
likewise  15%  in  this  normal  individual.  C,  Radial  strain,  which  represents  wall  thickening  and  is  therefore  positive  in  this  parametric  display. 
D, Schematic showing the three principal strains. During systole, a cube of myocardium deforms along its long axis (longitudinal shortening), along 
its circumference (circumferential shortening) and therefore the cube thickens along its endocardial to epicardial axis (radial strain, or thickening). 
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Figure 9-19  Strain imaging in hypertensive heart disease. A, Normal  longitudinal strain contrasted with (B) strain display from a 43-year-old 
hypertensive man. LV mass index was elevated as was relative wall thickness; ejection fraction was estimated at 45% by modified Simpson’s rule. 
Strain curves display mild global depression in longitudinal shortening with some regional heterogeneity. Patient underwent subsequent magnetic 
resonance  imaging, which  showed scattered areas of delayed hyperenhancement. Catheterization demonstrated no obstructive  coronary artery 
disease and myocardial biopsy was consistent with hypertensive heart disease. (Adapted from Bogaert J, Rademahers F: Regional non-uniformity 
of normal adult left ventricle. Am J Physiol Circ Physiol 280:H610-H620, 2001.)

A B



172 PART II The Left Ventricle

Figure 9-20  Load dependency of strain. Relationship between cir-
cumferential strain and circumferential end-systolic stress. As expected, 
there  is a negative correlation,  indicating  that  strain  is not  load  inde-
pendent.  HTN,  Hypertension.  (From Narayanan A, Aurigemma GP, 
Chinali M, et al: Cardiac mechanics in mild hypertensive heart disease: 
a speckle-strain imaging study.  Circ  Cardiovasc  Imaging  2:382-390, 
2009.)

10.00

15.00

20.00

25.00

30.00

35.00

40.00

25.00 50.00 75.00 100.00

= Normal
= HTN

r = –0.28
p <0.01

Circumferential stress (g/m2)

C
irc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

125.00 150.00 Figure 9-21  LV pressure-volume (P-V) loops. Yellow loop indicates 
normal ventricle. Acute decrease  in contractile state shown  in purple; 
the  loop  is displaced  to  the  right,  and  the end-systolic P-V  line  shifts 
downward  and  to  the  right.  Effect  of  an  acute  increase  in  contractile 
state is  illustrated by the line at  left; slope of the end-systolic P-V line 
is increased (corresponding loop is not shown). (From Aurigemma GP, 
Gaasch WH, Villegas B, Meyer TE: Curr Probl Cardiol 20:418, 1995.)
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Figure 9-22  Pressure-volume loops with inferior vena caval occlusion at baseline and with 3 µg/kg/min of dobutamine infusion in an intact 
canine model. Volume assessed online with transesophageal echocardiographic border detection using a Simpson’s rule algorithm. End-systolic 
elastance (Ees ) or the slope of the end-systolic pressure-volume (P-V) relation, increased with positive inotropic modulation, which is consistent with 
increased contractility. (Courtesy Dr. John Gorcsan III.)
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contractility. For this reason, Emax should be normalized for 
heart size,106,107 as illustrated in Figure 9-23. In this example of 
chronic aortic regurgitation, there is modest LV enlargement, 
the ESV is less than 60 mL/m2, the EF is normal, and the total 
SV is high. Such data indicate that the ventricle is compensated, 
albeit larger than normal. However, the depressed slope of the 
end-systolic P-V relation inappropriately suggests depressed 
contractility. These disparate conclusions can be reconciled if 
the effect of chamber dilation on Emax is considered.107 Thus, if 
the slope is normalized for chamber size, it approximates that 
seen in the normal heart.

Recognizing this limitation, end-systolic stress-volume or 
stress-dimension relations should not be a major criterion for 
the diagnosis of chronic contractile dysfunction. Certainly, they 
are not useful as a measure of basal contractility, and they have 
limited applicability in comparisons among normal and dis-
eased hearts. The raw P-V or stress-dimension data provide 
important diagnostic information, and, with few exceptions, 
the simple measurement of the ESV or dimension identifies a 
depressed ventricle.

An example of the usefulness of echocardiography pressure-
dimension loops is shown in Figure 9-24. This example 
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Figure 9-23  LV pressure-volume loops and end-systolic pressure-
volume lines illustrate effects of chronic aortic regurgitation on 
ventricular size and function.  Moderate  ventricular  enlargement  is 
present, ejection fraction (EF ) is normal, and stroke volume (SV ) is high. 
Data  are  consistent  with  compensated  aortic  regurgitation.  However, 
slope of the end-systolic pressure-volume relation (Emax) is reduced. This 
apparent  inconsistency  may  be  resolved  by  considering  the  effect  of 
chamber  size  on  Emax.  If  slope  is  normalized  for  chamber  size  (end-
diastolic volume), result indicates that Emax is similar in the two ventricles. 
(Adapted from Shen WF, Roubin G, Choong CYP, et al: Evaluation of 
relationship between myocardial contractile state and left ventricular 
function in patients with aortic regurgitation. Circulation 71:31-38, 1985. 
In Aurigemma GP, Gaasch WH, Villegas B, Meyer TE: Curr Probl Cardiol 
20:420, 1995.)
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Figure 9-24  LV response to mitral valve replacement in compensated and decompensated mitral regurgitation. LV stress-dimension loops 
in two cases of mitral regurgitation, before (Preop) and after (Post) mitral valve replacement. A, Preoperative loop indicates compensated ventricular 
function; end-diastolic dimension is 6.5 cm, end-systolic dimension is 4.2 cm, systolic stress is minimally elevated, and fractional shortening is normal 
(35%). After valve replacement the end-diastolic dimension and end-systolic wall stress return to normal but fractional shortening decreases (29%). 
B, Preoperative loop indicates a decompensated ventricle; end-diastolic and end-systolic dimensions are markedly increased (7.3 cm and 5.4 cm, 
respectively) and fractional shortening is low (26%). After valve replacement there is persistent LV enlargement and a further decline in fractional 
shortening. (From Aurigemma GP, Gaasch WH, Villegas B, Meyer TE: Curr Probl Cardiol 20:421, 1995.)
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illustrates the effect of mitral valve replacement on LV size and 
function in compensated and decompensated chronic mitral 
regurgitation. In compensated mitral regurgitation, the chamber 
is enlarged but the end-systolic dimension is only 42 mm, sys-
tolic stress is minimally increased, and the fractional shortening 
is normal (35%). After valve replacement, the stress-dimension 
loop returns to near normal. In decompensated mitral regurgi-
tation, the EDV and ESV are markedly increased and fractional 
shortening is low (26%). After mitral valve replacement, there 
is persistent LV enlargement and a further decline in shorten-
ing. A similar analysis has been used in patients with aortic 
regurgitation.108 (See Chapter 20.)

Potential Limitations
It is worthwhile to briefly reiterate some of the practical limita-
tions of echocardiographic evaluation of LV structure and func-
tion. It is axiomatic that quantitation of mass and volumes 
requires high-quality echocardiographic images, with good 
endocardial definition. For a variety of reasons, such high-
quality images may not be available in many patients encoun-
tered in clinical practice. As noted previously, M-mode (and 
most 2D) quantitative methods require that the ventricle not 
have major shape distortion. Meticulous attention to beam ori-
entation is also imperative for M-mode quantitation of the LV. 
Every millimeter of inaccuracy in LV chamber dimension results 
in an 8-g difference in LV mass109; a 1-mm inaccuracy in LV wall 
thickness measurement results in a 15-g difference in LV mass. 
Moreover, experience with the technique of 3D echocardiogra-
phy109 raises significant questions about whether ultrasound 
beam orientation is truly orthogonal to the long axis of the LV 
in routine clinical practice. These findings may help to explain 
why, for the individual patient, serial M-mode echocardio-
graphic studies may be insensitive to the 20- to 40-g changes in 
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In daily clinical practice, left ventricular (LV) function is com-
monly evaluated by two-dimensional (2D) and M-mode echo-
cardiography. Despite all obvious advantages, visual evaluation 
of LV function by 2D echo suffers from being subjective and 
provides only semiquantitative data. Furthermore, visual assess-
ment has limited ability to detect subtle changes in function and 
changes in timing of myocardial motion throughout systole and 
diastole. M-mode echocardiography provides quantitative data, 
but does not allow comprehensive evaluation of regional LV 
function. Tissue-Doppler imaging (TDI) and speckle tracking 
echocardiography (STE) have been introduced as quantitative 
and more objective methods to quantify regional and global LV 
systolic and diastolic function.1

This chapter explains the technical principles behind TDI 
and STE and the physiologic meaning of the different param-
eters. The clinical application of the methodologies is reviewed. 
Finally, synchronization of ventricular contraction is addressed.

Physical Principles of Tissue Doppler 
Echocardiography
VELOCITY AND DISPLACEMENT IMAGING

Velocities by Color Doppler

The Doppler principle has traditionally been used to measure 
blood flow velocities, but may also be used to measure myocar-
dial and other tissue velocities. Separation between velocities in 
myocardium and blood is possible because of different signal 
amplitudes and Doppler frequencies. The myocardium is 
moving at a much lower speed than blood, and therefore 
Doppler frequencies are lower. Furthermore, the amplitude of 
myocardial signals is much higher than for blood. These differ-
ences allow myocardial velocities to be separated from blood 

flow velocities by using filters that reject echoes originating 
from the blood pool (Fig. 10-1). Velocities can be recorded 
using color Doppler or pulsed Doppler mode.

Myocardial velocity imaging was first introduced in the  
early 1990s2,3 and is now an established clinical method for 
quantifying LV systolic and diastolic function. Similar to color 
flow imaging, TDI utilizes an autocorrelator technique to cal-
culate and display multigated points of color-coded velocities 
along a series of ultrasound scan lines within a 2D sector. As 
illustrated in Figure 10-2, myocardial motion can be imaged as 
color-coded velocities superimposed on a 2D gray-scale image 
in real time. The frame rate for 2D color Doppler is typically 
from 80 to 200 frames per second, depending on the width of 
the ultrasound sector, and is usually set higher than for the 
simultaneous gray-scale images. Myocardial velocities are auto-
matically decoded into numeric values that can be stored digi-
tally for later offline analyses.4 By convention, velocities toward 
the transducer are color-coded red and velocities away from the 
transducer are coded blue. Figure 10-3 shows 2D images from 
a normal person and from a patient with acute myocardial 
infarction.

During normal LV systole the base of the ventricle descends 
toward the apex, and moves back during diastole, while the apex 
is relatively stationary. Therefore, from apical views, long-axis 
motion is dominated by red-encoded velocities in systole and 
blue-encoded velocities during early filling and atrial-induced 
filling. Dysfunctional myocardium, however, may show grossly 
abnormal motion with reversed longitudinal velocities during 
systole. Assessment of myocardial function by the 2D color 
display, however, is not very useful in practical diagnostics,  
and velocity analysis should be done as postprocessing. In  
some cases it may be helpful to use the curved M-mode format, 
which provides a quick view of direction and timing of 
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mean velocities. This implies that velocities measured by the 2D 
color method described earlier are lower than velocities by 
pulsed Doppler—typically about 25% lower.6,7 The difference, 
however, depends on the band width of the velocity spectrum, 
which is determined by sample volume and by acoustical noise. 
Figure 10-7 illustrates the difference between velocities by color 
Doppler and pulsed Doppler modes. Disadvantages of the 
pulsed Doppler method are (1) limited spatial resolution and 
(2) the fact that velocities are obtained from only one region at 
a time.

Limitations of Velocity Imaging
Angle Dependency

Like all other Doppler modalities, velocity imaging is angle 
dependent, because only velocity components in the beam 
direction are recorded. Therefore it is essential that the ultra-
sound beam be aligned parallel to the LV wall in long-axis 
imaging and perpendicular to the wall for radial measurements 
in the short axis. In longitudinal views, velocities should not be 
measured near the apex because the apical curvature gives large 
angle problems.

Movement of Sample Volume Relative  
to Myocardium
Tissue Doppler measures velocity within a fixed area in space, 
but not within a defined piece of myocardium. Because of 
cardiac motion, the difference between the two may be signifi-
cant. This limitation, which applies to all TDI modalities, can 
in part be compensated for by using tracking algorithms that 
move the sample volume continuously or in steps during the 
heart cycle.

Reverberations
Reverberations are echoes due to multiple reflections within the 
body, and in transthoracic imaging they are often caused by 
relatively motionless tissue layers close to the body surface. In 
gray-scale imaging, they are seen as false echoes or reduced 
contrast. For color TDI, the reverberations may cause a bias in 
the mean velocity estimate, and often the bias is toward zero 
velocity. The amount of bias depends on the intensity of the 
reverberation signal relative to the tissue velocity signal. Still, 
the sign of the velocity is seldom affected, so it might be difficult 
to detect reverberations when using the color display.

velocities in different segments (Fig. 10-4). The standard 
approach, however, is analysis of velocity traces from multiple 
regions within a 2D image, as illustrated in Figure 10-2. This 
analysis allows direct comparison of velocities in different seg-
ments on the same image. The most important measures from 
the velocity traces are peak systolic ejection velocity (S) and 
peak early-diastolic lengthening velocity (E′). One should be 
aware that a velocity obtained with the autocorrelation method 
used in TDI in 2D color mode represents the mean value of an 
instantaneous velocity spectrum recorded from the same loca-
tion.4,5 A schematic presentation of all tissue Doppler modali-
ties (tissue velocities, displacement, strain rate, and strain) from 
the apical four-chamber view is demonstrated in Figure 10-5.

Assessment of LV function from the parasternal short axis is 
possible, but only a very limited number of segments can be 
imaged (Fig. 10-6). Therefore most often apical views are pre-
ferred when assessing LV function by TDI.

Velocities by Pulsed Doppler
Another approach is to use spectral tissue Doppler with pulsed 
Doppler activated, which is applied mainly to measure mitral 
and tricuspid annular velocities. It is important to be aware that 
the pulsed Doppler mode presents the peaks of the instanta-
neous velocity spectrum, whereas the color mode provides 

Figure 10-1  Principle for separation of myocardial velocities from blood flow velocities. (Left panel) The difference in velocity and amplitude 
between myocardial and blood velocities. (Right panel) A recording in the LV outflow tract that samples both myocardial and blood flow velocities. 
High-intensity signals from the myocardium (red arrow); low-intensity but high-velocity signals from the blood (white arrow). 
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Figure 10-2  Normal myocardial velocities. Tissue Doppler velocities 
from the anterior wall of the LV in a healthy individual. A′, Velocity during 
atrial-induced filling; E′,  velocity during early diastolic filling;  IVC,  iso-
volumic contraction; IVR, isovolumic relaxation. 
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Load Dependency
Similar to global ejection fraction, all regional ejection phase 
indices are load dependent.9,11 This problem, however, is less 
important than for ejection fraction, because the TDI param-
eters are used primarily to diagnose regional myocardial dys-
function, and regional differences are likely to persist even when 
there are changes in global ventricular loading. This is not a 
limitation of the technology, but reflects a fundamental rela-
tionship between myocardial fiber shortening and load.

Tethering Effects and Cardiac Translation
Because myocardium in one region of the ventricle is tethered 
to neighboring myocardium, velocities in one region are affected 
by motion in adjacent tissue. In addition, regional velocities 
may be due to motion of the entire heart (translation).8-10 
Therefore myocardial velocities demonstrate marked regional 
nonuniformity in the normal ventricle.11,12 These factors are not 
limitations of the TDI methodology, but reflect a limitation of 
velocity to serve as a parameter of regional contractility.

Figure 10-3  Acute myocardial infarction. Recordings from a healthy individual (left) and from a patient with anterior myocardial infarction (right; 
be aware of different scales). All tissue Doppler modalities are sampled from three identical levels along the anterior left ventricular wall. In ischemic 
myocardium, systolic velocities and displacement are typically reduced (A), and there are reductions in systolic strain and strain rate (B). 
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A
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Figure 10-4  Curved M-mode display of myocardial velocities. 
Tissue Doppler imaging velocities in 2D display in systole from a normal 
heart (left) and as curved M-mode (right). 

Figure 10-5  Tissue Doppler recordings from the septum of a normal subject in a long-axis view. The first column shows velocity tracings, 
with positive velocities (toward the apex) in systole, and negative velocities (away from the apex) in diastole. The second column shows displace-
ment curves obtained by temporal integration of the velocities. The third column shows strain rate, obtained by a spatial derivation of velocity data. 
Strain rate is negative in systole (shortening) and positive in diastole (lengthening). The fourth column shows strain, obtained by temporal integra-
tion of strain rate. The time axis  is the same for all modalities. Velocity and displacement decrease from base to apex, whereas strain and strain 
rate are relatively similar  in magnitude at all  levels.  (From Smiseth OA, Stoylen A, Ihlen H: Tissue Doppler imaging for the diagnosis of coronary 
artery disease. Curr Opin Cardiol 19[5]:421-429, 2004.)
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Figure 10-6  Myocardial  velocities  from the posterior LV segment  in 
a  parasternal  short-axis  view.  A′,  Velocity  during  atrial-induced  filling; 
E′, velocity during early diastolic filling; S, systolic ejection velocity. 
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Displacement Imaging
By performing temporal integration of velocities from a par-
ticular region, one obtains displacement curves (see Figs. 10-3 
and 10-5). In long-axis views, velocity and displacement increase 
progressively from apex toward base. Displacement can be dis-
played in real time as color-coded bands or measured offline 
from displacement curves. At the present time, this modality 
has not proven to provide added diagnostic value to velocity 
imaging.11 The limitations that are listed for velocity imaging 
also apply to displacement imaging.

DEFORMATION IMAGING

Strain means deformation and is an excellent parameter for 
quantification of myocardial function. Analogous to LV ejection 
fraction, which quantifies global contractility, myocardial strain 
quantifies regional contractility. In principle, strain may also be 
used to quantify diastolic function, but this application has not 
been well developed.

Quantification of myocardial function in terms of strain and 
strain rate has been available for a long time in cardiac physiol-
ogy using implanted myocardial markers.13 The first clinical 
method that could measure myocardial strain was magnetic 
resonance imaging with tissue tagging, but complexity and cost 
have limited this methodology to research protocols.14 More 
recently, strain-rate imaging by TDI and that by STE have been 
introduced as bedside, clinical methods.9,15-18

Definitions of Strain and Strain Rate
Strain is a measure of how much an object has been deformed, 
and several formulas can be used to calculate different types of 
strain. In cardiac mechanics, we use the simple approach pro-
posed by Mirsky and Parmley19,20 and calculate strain as percent 
or fractional change in dimension. This implies that systolic 
strain is a measure of percentage shortening when measure-
ments are done in the long axis, and percent thickening for 
radial measurements in the short axis. This strain measure is 
named Lagrangian strain and is given by Equation A. The Greek 
letter epsilon (ε) is used as the symbol of Lagrangian strain. In 
the formula, L is the current length and L0 is the original length.

 Strain
L L

L

L

L
= − =0

0

∆
 (A)

Figure 10-8 illustrates schematically the principles for calcu-
lation of Lagrangian strain, and Figure 10-9 shows a typical 
myocardial strain trace recorded from implanted myocardial 
markers in an anesthetized dog. By convention, lengthening and 

Figure 10-7  Comparison between myocardial velocities by color Doppler and pulsed Doppler modes. All images are recorded from identical 
position  in  the same LV. Myocardial  color Doppler  (left panel ); pulsed Doppler  (middle  and  right panels). Because  the color mode gives mean 
velocities,  amplitudes  are  smaller  than  with  pulsed  Doppler  mode.  The  recording  in  the  right  panel  is  performed  with  a  larger  sample  volume 
(12 mm) and higher gain than for the middle panel (5 mm). Please note the effect of sample volume and gain on signal amplitudes in systolic and 
diastolic velocities. 

Figure 10-8  Schematic illustration of myocardial strain. Lagrangian 
strain equals ΔL/L0. L, Current length; L0, original length. 

L0 L

∆L

Figure 10-9  Typical longitudinal myocardial strain trace.  The 
recording  shows  strain  by  sonomicrometry  in  an  anesthetized  dog. 
Strain was recorded between two ultrasonic crystals implanted into the 
myocardium. The figure  illustrates calculation of systolic strain. Please 
note  that  peak  systolic  strain  equals  systolic  shortening  fraction.  
L, Current length; L0, original length. 

M
yo

ca
rd

ia
l

di
m

en
si

on

L0

L

End-diastolic dimension

End-systolic dimension

Systolic strain = (L � L0)/L0

Time 

Ultrasonic dimension
crystals



182 PART II The Left Ventricle

the base. Strains and strain rates, however, are essentially 
similar between apex and base. Therefore strain and strain rate 
in principle are superior to velocity as markers of regional 
contractility. However, there are technical issues that make 
strain-rate imaging more challenging than velocity imaging.

Limitations of Strain and Strain-Rate Imaging  
by Tissue Doppler Imaging
Signal Noise
Strain rate by TDI has significant problems with random noise. 
This reflects an effect of measuring a difference between veloci-
ties, because the error is the sum of the errors of the two veloci-
ties. The signal-to-noise ratio for strain rate can be improved 
by increasing the spatial offset (strain length) for the velocity 
points, which increases the velocity difference but will reduce 
the spatial resolution. The problem with random noise can also 
be reduced by temporal averaging within a heart cycle and by 
averaging multiple heart cycles. However, these methods for 
noise reduction represent compromises between optimal 
signal-to-noise ratio and requirements for high spatial and 
temporal resolution. The spatial offset for measurement of lon-
gitudinal strain and strain rate is typically between 5 and 
12 mm but can be defined by the operator. For transmural 
strain, wall thickness and translational motion restrict the 
range for adjustment of strain length. As a rule of thumb, the 
strain length should be set to approximately half the systolic 
thickness of the wall.23 Strain-rate imaging has limited lateral 
resolution, which limits the ability to measure separately from 
subendocardial and subepicardial wall layers in long-axis views. 
Furthermore, when the sample volume is at the inner or outer 
LV wall layers, the signal may in part represent velocities in the 
blood pool and pericardium, respectively. Fortunately, mea-
surement of strain is associated with fewer noise problems than 
measurement of strain rate, because integration tends to  
eliminate random noise. In the strain signal, however, there 
may be significant drift within a given heart cycle.

Angle Dependency
Another problem with strain-rate imaging is strong sensitivity 
to misalignment between the cardiac axis and the ultrasound 
beam. Similar to measurement of blood flow velocity, myocar-
dial velocity is reduced in proportion to the cosine of the angle 
between the velocity vector and the ultrasound beam. Further-
more, because myocardium is virtually uncompressible, short-
ening in one axis is always accompanied by thickening in the 
other axis, and this increases measurement problems due to 
misalignement.9 Therefore care should be taken to align the 
ultrasound beam parallel to all myocardial segments of interest. 
It is of special importance to avoid misinterpretation in myo-
cardial areas close to the LV apex because of the apical curva-
ture. Angle problems can be reduced by using the smallest 
possible sector and recording from one wall at a time. Some 
reports indicate that the problem with misalignment might be 
less than anticipated.11,24

Reverberations
Reverberations are a major source of error in strain-rate 
imaging. A small local bias in the velocity will cause large 
changes in the spatial velocity gradient and therefore in the 
strain rate. The only way to avoid reverberation noise is to get 
a better scanning window. When analyzing the strain-rate data, 
it is important to recognize the reverberation artifacts and to 

thickening strains are assigned positive values and shortening 
and thinning strains negative values. This implies that systolic 
shortening results in negative strains, and systolic thickening in 
positive strains.

When strain is measured in one dimension, there will only 
be shortening and lengthening strains or thickening and thin-
ning strains, respectively. During the heart cycle, however, the 
LV myocardium goes through a complex three-dimensional 
(3D) deformation that leads to shear strains, when one border 
is displaced relative to another. In a clinical context, however, 
we only assess the one-dimensional myocardial strains.

STRAIN RATE AND STRAIN BY TISSUE  
DOPPLER IMAGING

Basic Principles
It was proposed by Fleming and associates21 that myocardial 
Doppler velocity gradients may be used to assess myocardial 
contractility. The theoretical basis for measuring strain by TDI 
is that myocardial velocity gradient is an estimate of strain rate, 
and therefore strain can be calculated as the temporal integral 
of strain rate. Using these concepts, Heimdal and co-workers16 
introduced real-time strain-rate imaging based on myocardial 
Doppler velocities. Strain rate, commonly abbreviated SR, can 
be estimated by TDI as a velocity gradient between two spatial 
points (x and x + Δx) as shown in Equation B.

 SR
v x v x x

x
≈ ( ) − +( )∆

∆
 (B)

Temporal integration of the velocity gradient gives the loga-
rithmic strain estimate denoted natural strain (εN) shown in 
Equation C. The name refers to the use of the natural logarithm 
function, ln. Lagrangian strain (ε) can be derived from natural 
strain using the mathematical conversion in Equation D. To 
accurately determine strain, it is necessary to track and follow 
the motion of the material points (fixed particles) within the 
myocardium through time. This is not feasible with TDI, and 
therefore only estimates, not direct measures, of strain can be 
obtained by this imaging modality.

 εN L L= ln( / )0  (C)

 ε ε= ( ) −exp N 1  (D)

The rationale for using spatial velocity gradient as a marker 
of myocardial function is that a velocity difference between two 
adjacent regions implies either compression or lengthening of 
the tissue in between, and the spatial velocity gradient equals 
strain rate. When LV systolic function is studied in the LV long 
axis, strain rate measures regional shortening rate, and strain 
measures regional shortening fraction. In the LV short axis, 
strain rate measures systolic thickening rate. During diastole, 
strain rate measures myocardial lengthening and thinning rates, 
respectively. Because strain is dimensionless, strain rate has 
units of 1/s.

In principle, strain rate is not influenced by overall motion 
of the heart (translation) or by motion caused by contraction 
in adjacent segments. This is in contrast to velocity within a 
myocardial segment, which is the net result of motion caused 
by contractions in that segment, motion due to tethering to 
other segments, and cardiac translation.9,22 The effect of teth-
ering explains why LV longitudinal velocities measured from 
an apical window increase progressively from the apex toward 
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avoid the regions affected. Curved anatomic M-mode can be an 
effective tool to identify larger reverberation artifacts and, for 
the experienced user, can be seen as “unphysiologic” color 
patterns.

Movement
Movement of the myocardium relative to the sampling volume 
and load dependency are limitations as discussed in the section 
on limitations of velocity imaging.

Preferred Tissue Doppler Imaging Modalities  
in Clinical Routine
In spite of theoretical advantages of strain rate and strain rela-
tive to velocity,25 there are unresolved technical limitations of 
these modalities. Therefore, with the present state of the tech-
nologies, velocity imaging is preferred as the primary TDI 
methodology for assessing regional function. Strain and strain-
rate imaging may be used as a supplementary method for 
exploring changes in regional function. Strain by STE appears 
more robust and is preferable to TDI-based strain. Displace-
ment imaging needs more validation before it can be recom-
mended for routine clinical use. Normal values for mitral 
annular velocities by TDI are presented in Table 10-1.26 Veloci-
ties measured in 2D color mode are lower than by pulsed wave 
Doppler, and this needs to be taken into account when inter-
preting E′ in a clinical context. In adults, E′ velocity decreases 
with age; therefore age-based normal values should be utilized 
when applying these measures of LV diastolic function in clini-
cal practice.

Physical Principles of Speckle Tracking 
Echocardiography
BASIC PRINCIPLES

Speckle tracking echocardiography (STE) measures local myo-
cardial displacement in echocardiographic images and may be 
used to quantify myocardial function in terms of velocity and 
strain. Furthermore, STE may be used to assess LV rotation and 
twist. The speckles are created by interference of ultrasound 
beams in the myocardium and are seen in gray-scale B-mode 
images as a characteristic speckle pattern (Fig. 10-10). The 
speckles are the result of constructive and destructive  

Figure 10-10  Myocardial speckles. Speckle tracking echocardiogra-
phy  measures  strain  by  tracking  speckles  in  gray-scale  echocardio-
graphic  images. A part of  the  septum  (red box)  from a  four-chamber 
view is enlarged. 

interference of ultrasound that is back-scattered from struc-
tures smaller than the wavelength of ultrasound. Random noise 
is filtered out by the computer algorithm, yielding small seg-
ments of myocardium with temporarily stable and unique 
speckle patterns.27 These segments, or “kernels,” serve as acous-
tic markers that can be tracked from frame to frame within an 
image plane using block matching. Figure 10-11 shows record-
ings from a normal heart. It is also possible to calculate myo-
cardial velocity vectors that are displayed superimposed on the 
dynamic gray-scale images (Fig. 10-12).28 Because of the rela-
tively low frame rate of STE, this imaging modality is not 
optimal for measuring strain rate.

Strain by Speckle Tracking Echocardiography
In contrast to tissue Doppler–based strain, which measures 
velocities from a fixed point in space with reference to an exter-
nal probe, STE measures instantaneous distance between  
two kernels. This implies that STE is relatively angle indepen-
dent and can measure strain in different directions in the  
same image, including circumferential and radial strains in 
multiple segments from LV short-axis images and longitudinal 
strain from myocardial areas close to the LV apex. However,  

Normal Values for Mitral Annular Velocities by TDI in 1266 Healthy Individuals

LV (Mean of Four Walls) RV (Free Wall)

S′ (pwTDI) S′ (cTDI) E′ (pwTDI) A′ (pwTDI) S′ (pwTDI) E′ (pwTDI) A′ (pwTDI)

Female Sex
Feasibility, no. (%) 652 (98%) 657 (99%) 652 (98%) 652 (98%) 648 (98%) 648 (98%) 648 (98%)

<40 y, cm/s 8.9 ± 1.1 7.2 ± 1.0 14.6 ± 2.3 8.8 ± 1.9 13.0 ± 1.8 14.7 ± 2.9 12.4 ± 3.5

40-60 y, cm/s 8.1 ± 1.2 6.5 ± 1.0 11.3 ± 2.4 10.0 ± 1.9 12.4 ± 1.9 13.1 ± 2.9 15.0 ± 3.5

>60 y, cm/s 7.2 ± 1.2 5.7 ± 1.1 8.2 ± 3.2 10.6 ± 1.9 11.8 ± 2.0 11.0 ± 2.3 16.1 ± 3.1

All, cm/s 8.2 ± 1.3 6.6 ± 1.1 11.8 ± 3.2 9.7 ± 2.0 12.5 ± 1.9 13.3 ± 3.0 14.4 ± 3.7

Male Sex
Feasibility, no. (%) 590 (98%) 601 (99%) 590 (98%) 590 (98%) 586 (97%) 586 (97%) 586 (97%)

<40 y, cm/s 9.4 ± 1.4 7.6 ± 1.2 14.1 ± 2.7 9.1 ± 1.7 13.2 ± 2.0 14.5 ± 2.9 12.3 ± 3.5

40-60 y, cm/s 8.6 ± 1.3 6.9 ± 1.3 10.7 ± 2.3 10.4 ± 1.6 12.8 ± 2.2 12.5 ± 3.2 14.3 ± 3.7

>60 y, cm/s 8.0 ± 1.3 6.4 ± 1.2 8.2 ± 1.9 11.1 ± 1.6 12.5 ± 2.3 11.0 ± 3.0 15.8 ± 4.2

All, cm/s 8.6 ± 1.4 6.9 ± 1.3 10.8 ± 3.0 10.3 ± 1.7 12.8 ± 2.2 12.5 ± 3.3 14.2 ± 3.9

Modified from Dalen H, Thorstensen A, Vatten LJ, et al: Reference values and distribution of conventional echocardiographic Doppler measures and longitudinal tissue Doppler velocities 
in a population free from cardiovascular disease. Circ Cardiovasc Imaging 3(5):614-622, 2010.

cTDI, Color tissue-Doppler imaging; pwTDI, pulsed-wave tissue-Doppler imaging.

TABLE 
10-1 
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wall motion, regions of interest need to be adjusted manually. 
End-systole is defined by aortic valve closure in the apical  
long-axis view, and this view should therefore always be ana-
lyzed first.

In most patients, 2D strain can be successfully assessed by 
STE in multiple LV segments. Strain values are calculated for 
each segment (segmental strain), for each of the theoretical 
vascular distribution areas (territorial strain), and as the average 
value of all segmental strains (global strain).18 Feasibility is best 
for longitudinal and circumferential strain and is more chal-
lenging for radial strain.30 One explanation for the lower feasi-
bility for radial assessment of strain is that fewer speckles are 
present in this direction. Figure 10-13 shows segmental and 

STE is not totally angle independent, because ultrasound  
images have better resolution along the ultrasound beam than 
perpendicular to the beam direction. Therefore, in principle, 
speckle tracking works better for measurements of motion and 
deformation in the direction along the ultrasound beams than 
for other directions. The ability of STE to measure strain had 
been documented in studies that have used both sonomicrom-
etry and magnetic resonance imaging as reference methods.17,29

When applying STE, it is important to optimize image  
quality of the gray-scale image. This includes keeping the focus 
position at intermediate depth and adjusting the sector depth 
and width to include little but the region of interest. Assessment 
of 2D strain by STE is a semiautomatic method that requires a 
brief manual definition of a few points along the endocardial 
border. Furthermore, the sampling region of interest needs to 
be adjusted to ensure that most of the wall thickness is incor-
porated in the analysis and to avoid the pericardium. When 
automated tracking does not fit with the visual impression of 

Figure 10-13  Segmental longitudinal strain curves from all 16 LV 
segments in a patient with a myocardial infarction caused by an 
occlusion in the right coronary artery.  The  bull’s-eye  plot  at  lower 
right demonstrates peak systolic strain value in each segment. Red color 
indicates shortening strains and blue indicates lengthening strains (see 
scale in lower right panel). The longitudinal global strain is the average 
value of peak systolic strain  in all 16 LV segments and  is −13%  in  this 
example. 

Segmental and global strain in a patient
with an occluded RCA

Peak systolic strain

Global strain = –13%

Figure 10-11  Speckle tracking echocardiography showing long-
axis strains.  The  figure  demonstrates  a  typical  strain  pattern  from  a 
normal LV. The colors in each strain trace correspond to the colorized 
LV segments in the 2D display at upper left. AVC, Aortic valve closure;  
T, time. 

Figure 10-12  Instantaneous myocardial velocity vectors can be calculated and displayed on dynamic gray-scale images. This figure shows 
radial velocity vectors in the apical short-axis view from a normal patient (A) and a patient with left bundle branch block (LBBB) (B). In the normal 
patient, in late systole, the radial vectors show a synchronous pattern. In LBBB, in late systole, the septal vectors have peaked, whereas the lateral 
wall vectors are directed in the opposite direction (dyssynchronous). (Modified from Vannan MA, Pedrizzetti G, Li P, et al: Effect of cardiac resyn-
chronization therapy on longitudinal and circumferential left ventricular mechanics by velocity vector imaging: description and initial clinical applica-
tion of a novel method using high-frame rate B-mode echocardiographic images. Echocardiography 22[10]:826-830, 2005.)

A B
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Parameter
Peak Systolic 
Strain (%)

Peak Systolic 
Strain Rate 

(1/s)
Early Diastolic 

(E′) (1/s)

Mean ± SEM −18.6 ± 0.1 −1.10 ± 0.01 1.55 ± 0.01

Lower 95% limit 18.5 −1.09 1.54

Upper 95% limit −18.7 −1.11 1.56

Modified from Marwick TH, Leano RL, Brown J, et al: Myocardial strain measurement 
with 2-dimensional speckle-tracking echocardiography: definition of normal range. 
JACC Cardiovasc Imaging 2(1):80-84, 2009.

good fit to the raw data while preventing too-rapid fluctuations. 
Frame rates of 40 to 80 frames per second are recommended. 
Too low a frame rate may cause the speckles to move out of 
plane or beyond the search area in successive frames. Too high 
a frame rate is not recommended because this is normally 
achieved by reducing the number of ultrasound beams in each 
frame, and thereby reducing the image quality. However, higher 
frame rates than 80/s may be needed to avoid undersampling 
in tachycardia. The relatively low temporal resolution of STE is 
a limitation in particular in regard to assessment of peak veloci-
ties and strain rates, because accurate measurement of these 
variables may require higher frame rates.

Reverberations
Reverberation with resulting underestimation of the true defor-
mation represents an important and very common source of 
error. Furthermore, any artifacts that resemble speckles will 
influence the speckle tracking quality, and care should be taken 
to avoid these.

Off-Axis Image Plane
Because the polarity of radial strain is opposite to that of lon-
gitudinal and circumferential strains, it is essential that mea-
surements be taken with optimal orientation of image planes. 
If the image plane intersects the ventricular wall at an angle 
intermediate between the long and the short axes, the measure-
ment will underestimate true strain in the main axis. This 
implies that foreshortening might affect the 2D STE results and 
should be reduced to a minimum. Similarly, the short-axis 
views should be circular to assess the deformation in the true 
circumferential or radial planes.

LV ROTATION AND TWIST BY SPECKLE  
TRACKING ECHOCARDIOGRAPHY

Left ventricular twist is the relative rotation of the apex around 
the LV long axis with respect to the base during the cardiac 
cycle. When viewed from apex to base, the apex rotates coun-
terclockwise during systole and the base rotates in the opposite 
direction (Fig. 10-14). This is visualized in the simulation in 
Cines 1 and 2 (at ExpertConsult.com). The rotation and the 
apex-to-base difference in rotation, referred to as LV twist angle, 
are both expressed in degrees. The term torsion is a normalized 
value and refers to the base-to-apex gradient in rotation angle, 
expressed in degrees per centimeter (°/cm). It has been demon-
strated that STE can measure LV rotation and twist (Fig. 
10-15).35,36 Because echocardiography does not provide accu-
rate measures of the distance between the two image planes, it 
is difficult to measure torsion. Therefore the echocardiographic 
measures are limited to rotation and twist.

Limitations of LV Rotation and Twist by Speckle 
Tracking Echocardiography
When using STE to measure LV twist, image quality of basal LV 
short-axis recordings represents a limitation. This is in part due 
to acoustic problems related to the depth of the basal part of 
the ventricle and to the wide sector angle that is needed to 
visualize the entire LV base. Furthermore, measurements are 
complicated by out-of-plane motion when the base descends 
toward the apex in systole. Because the twist increases toward 
the apex, it is important to standardize the apical short-axis 
view. It is often easiest to find the correct circular apical short-
axis view by tilting the probe from the apical four-chamber view 

global strain in a patient with myocardial infarction. Normal 
global longitudinal strain values are reported between 18% and 
25% in healthy individuals.18,31 Measurements of longitudinal 
and circumferential LV deformation appear to be superior to 
LV ejection fraction as measures of LV function in patients with 
myocardial infarction.30,32

When evaluating LV systolic function, strain can be measured 
as peak systolic strain (positive or negative), as peak strain at 
end-systole (at time of aortic valve closure), or as peak strain 
regardless of timing (in systole or early diastole). There is no 
consensus regarding which time point should be used to 
measure peak strain in the assessment of systolic function.33 
Table 10-2 shows normal ranges for longitudinal strain and 
strain rates.31

It is also feasible to measure right ventricular (RV) and atrial 
strain by STE. However, because of the thin walls of these struc-
tures, signal quality may be suboptimal.

More recently, real-time 3D STE has been introduced as a 
method to measure LV volume, and preliminary results are 
promising.34 In contrast to 2D STE, which cannot track motion 
occurring out of plane, 3D STE can track motion of speckles 
within the scan volume, irrespective of its direction. One limita-
tion of the 3D STE technique is its dependency on image quality 
and in particular its ability to define the endocardial border. 
Furthermore, 3D STE is limited by random noise and relatively 
low temporal and spatial resolution.

Limitations of Strain Imaging by Speckle Tracking 
Echocardiography
Inadequate Tracking
Like other 2D imaging techniques, STE relies on the assumption 
that morphologic details can be tracked from one frame to the 
next—that is, that they can be identified in consecutive frames. 
Because of the complex motion of the LV, this assumption may 
not always be valid.

Suboptimal tracking of the endocardial border may be a 
problem, in particular when image quality is poor. Because of 
the spatial smoothing, an erroneous segmental tracking might 
influence neighboring segmental strain values. When strain 
traces appear unphysiologic, one should evaluate signal quality 
and suboptimal tracking as potential causes. The global strain 
might be misjudged if too many segmental strain values are 
discarded because of suboptimal tracking. This is particularly 
true in localized myocardial diseases where strain values are 
unevenly distributed.

Spatial and Temporal Resolution
Raw tracking data are often quite noisy, so temporal and spatial 
averaging is needed to extract useful information. The smooth-
ing is often performed using a spline method, which gives a 

Normal Values for STE-Derived Longitudinal Strain and 
Strain Rates

TABLE 
10-2 

http://ExpertConsult.com
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rather than moving the probe in the apical direction from the 
parasternal short-axis view. This also increases the chance of 
capturing a circular apical short-axis view where the endocar-
dium nearly closes at end-systole.35

The lack of standardization of imaging planes and different 
speckle tracking algorithms among vendors make it difficult at 
the present time to implement LV twist as a clinical measure. 
More documentation is needed before clinical recommenda-
tions can be given regarding assessment of LV twist as a diag-
nostic modality.

Normal Physiology of the Left Ventricle
In order to interpret echocardiographic recordings by myocar-
dial velocity and deformation imaging, it is important to under-
stand the physiology of LV function. During normal systole, 
longitudinal myocardial shortening causes the LV base to 
descend toward the apex,31,32,37 and there is circumferential 
shortening. Systolic thickening is a result of both longitudinal 
and circumferential shortening. The systolic descent of the base 
is approximately 12 to 15 mm in healthy people,37 whereas the 
apex is relatively stationary, moving only a few millimeters. 
During diastole, there is myocardial lengthening during early 
diastole and during atrial-induced filling.

In addition, there is a twisting motion (torsion) of the left 
ventricle about its long axis, reflecting the fact that apex and 
base rotate in opposite directions (see Fig. 10-15). Left ventricu-
lar twist and untwist appear to play an important role for 
normal LV function.38-42 Left ventricular untwist is associated 
with release of restoring forces, which contributes to diastolic 
suction and thereby facilitates early diastolic filling.42 The twist-
ing during systole and untwisting during early diastole have 
been referred to as a wringing motion of the left ventricle. The 
structural basis for LV twist is the spiral architecture of myo-
cardial fiber orientation (Fig. 10-16). The subendocardial fibers 
are arranged in a right-handed helix and the subepicardial 
fibers in a left-handed helix.36,43,44

The magnitude and characteristics of LV twist have been 
described in various clinical and experimental studies, and it is 
well established that LV rotation is sensitive to changes in both 

Figure 10-14  LV rotation by speckle tracking echocardiography. Apical rotation (left panel ); basal rotation (right panel ). The LV short axis in 
the upper windows of both panels represents end-diastole; lower windows represent the beginning of diastole and end of rotation. Note that when 
viewed from the apex, apical rotation is counterclockwise and basal rotation, clockwise, as shown by the crosses in the short-axis views. Clockwise 
rotation is represented by negative numbers in the scales, and counterclockwise rotation is represented by positive numbers. 

regional and global LV function.45-57 Therefore assessment of LV 
rotation represents an interesting approach for quantifying LV 
function. However, until recently magnetic resonance tagging 
has been the only clinical method available.47,53-56,58-61 It has 
recently been shown that LV rotation and twist can be measured 
with STE.35,36

In LV short-axis images, TDI shows that the subendocardium 
moves faster than the subepicardium, which results in a trans-
mural velocity gradient. Figure 10-17 illustrates that this veloc-
ity gradient reflects a progressive increase in strain (thickening 
fraction) when moving the sample volume from the epicardium 
toward the endocardium. More thickening in subendocardium 
than subepicardium does not represent a difference in contrac-
tility between wall layers, but is just a consequence of geometry 
and tissue incompressibility. As illustrated in Figure 10-18, the 
transmural gradient in thickening is consistent with the behav-
ior of wall layers in simple spherical and ellipsoidal models.62,63 
Therefore a similar transmural strain gradient would occur 
with a noncontracting structure when compressed from the 
outside. In the LV long axis, there are also higher velocities and 
strains in the inner than in the outer wall layers, but the differ-
ences are smaller than for radial measurements and are difficult 
to measure by current technology.64

During the cardiac cycle, the LV velocity trace has three major 
velocity spikes (see Fig. 10-2).4 In the long axis, the dominant 
systolic velocity component is directed toward the LV apex and 
represents the ejection phase. There are two major velocity 
components during diastole: an early diastolic velocity and an 
atrial-induced velocity, both directed toward the LV base. In 
addition, there are well-defined velocity spikes during isovolu-
mic contraction and isovolumic relaxation.65 All these velocity 
spikes are distinct features of the velocity trace and can be seen 
in virtually any imaging projection, but magnitude and direc-
tion of the velocities depends on projection.

ISOVOLUMIC CONTRACTION

As illustrated in Figure 10-3, there is a sharp but brief velocity 
spike during isovolumic contraction. This velocity spike is 
caused by shortening that starts before mitral valve closure  
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Figure 10-15  Representative  traces  from  an  experimental  study 
showing LV  rotation and  twist by sonomicrometry  (red lines)  and STE 
(blue lines).  Twist  is  calculated  as  the  difference  between  apical  and 
basal  rotation.  Counterclockwise  rotation  is  represented  by  positive 
numbers.  ECG,  Electrocardiogram.  (Modified from Opdahl A, Helle-
Valle T, Remme EW, et al: Apical rotation by speckle tracking echocar-
diography: a simplified bedside index of left ventricular twist. J Am Soc 
Echocardiogr 21[10]:1121-1128, 2008.)

–5000

5000

0

150

0
LV dP/dt

(mm Hg/s)

Sonomicrometry
Speckle tracking echocardiography (STE)

ECG
(mV)

100 ms

LV pressure
(mm Hg)

–5

15

10

5

0

0

LV twist
(°)

10

5Apical rotation
(°)

0

–5

5

Basal rotation
(°)

Baseline

Figure 10-16  Schematic drawing of fiber orientation in the left 
ventricle. The subendocardial fibers have an approximately longitudi-
nal  orientation  and  the  midwall  fibers  approximately  circumferential 
orientation. The subepicardial fibers are oriented about 60° relative to 
the circumferential direction. (From http://biomed.brown.edu/Courses/
BI108/2006-108websites/group05ventrestoration/Website/cardiac_
geometry.htm.)
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and is temporarily arrested when the mitral valve reaches its 
final closing position.66 Myocardial shortening during isovolu-
mic contraction can occur because blood is displaced toward 
the LV base and into the bulging mitral leaflets, which causes 
reduction in LV long and short axis, but no real change in LV 
volume. In some cases there is a small negative velocity com-
ponent at the end of isovolumic contraction (see Fig. 10-2), 
which may reflect slight normal asynchrony in electromechani-
cal activation.

The high frame rate of TDI enables measurement of myocar-
dial acceleration, and studies of mitral and tricuspid ring 
motion suggest that isovolumic contraction acceleration can 
serve as an index of contractility.67,68 This is an interesting 
concept and may be valid for studies of global LV function. 
However, regional myocardial acceleration does not reflect 
regional contractility during ischemia.69 More studies are 
needed before isovolumic contraction acceleration can be rec-
ommended as a clinical tool to measure contractility.

EJECTION

Peak systolic ejection velocity (S) has proven to be a marker of 
regional systolic function.5,10,70-72 Myocardial velocity reaches a 
peak during the early phase of ejection and then decreases 
gradually. In some cases a second, smaller peak occurs later 
during ejection. Longitudinal velocities are more reproducible 
than radial velocities and can be measured in virtually all vas-
cular territories of the LV. Therefore longitudinal velocities are 
recommended in the assessment of LV function. Table 10-1 
presents normal ejection velocities from the LV long axis as 
assessed by TDI.

http://biomed.brown.edu/Courses/BI108/2006-108websites/group05ventrestoration/Website/cardiac_geometry.htm
http://biomed.brown.edu/Courses/BI108/2006-108websites/group05ventrestoration/Website/cardiac_geometry.htm
http://biomed.brown.edu/Courses/BI108/2006-108websites/group05ventrestoration/Website/cardiac_geometry.htm
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Figure 10-17  Demonstration of transmural gradient in myocardial strain (thickening fraction) between inner and outer LV wall layers in a 
canine study. The LV wall was divided  into  three  layers, each 3 mm thick. Systolic  thickening was measured by a 10-MHz miniaturized Doppler 
probe that was sutured to the epicardium. The figure displays systolic thickening fraction layer by layer and demonstrates that the inner layer thickens 
more than the outer layer. TF, Thickening fraction. (Reproduced from Zhu WX, Myers ML, Hartley CJ, et al: Validation of a single crystal for measure-
ment of transmural and epicardial thickening. Am J Physiol 251[5 Pt 2]:H1045-H1055, 1986.)
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Figure 10-18  Explanation of transmural strain gradient in LV short-
axis strain. A spherical model in which the wall is divided into equally 
spaced  layers.  The  model  assumes  homogeneity  of  regional  function 
and conservation of mass.  In  this model,  there are no contractile ele-
ments, and therefore the difference in thickening between layers is only 
a geometric effect. The  starting position  (left)  simulates end-diastole. 
At right, systole is simulated by reducing inner radius by 25%. Note the 
marked  differences  in  the  thickening  of  the  inner  (51.5%),  middle 
(26.5%), and outer layers (17.6%). The same principle applies to cylindri-
cal models, but the magnitude of the gradient is smaller. (Reproduced 
from Hexeberg E, Homans DC, Bache RJ: Interpretation of systolic wall 
thickening. Can thickening of a discrete layer reflect fibre performance? 
Cardiovasc Res 29[1]:16-21, 1995.)
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ISOVOLUMIC RELAXATION

In the LV long axis, there is a negative velocity spike during 
isovolumic relaxation, which starts near end-systole and is tem-
porarily interrupted by aortic valve closure66 reflecting myocar-
dial lengthening (see Fig. 10-2). This is analogous to the 
mechanism for the isovolumic contraction velocity and is 
attributed to a slight increase in LV volume associated with 
aortic valve closure and bulging of the valve leaflets into the LV. 
The volume increase at the end of systole is smaller than the 

volume decrease at the beginning of systole, consistent with the 
smaller cusps of the aortic valve compared with the mitral valve 
leaflets. At the end of isovolumic relaxation, there is normally a 
small positive velocity component that represents slight post-
systolic shortening.73 The etiology of this velocity component is 
not known, but it may reflect normal intraventricular asyn-
chrony of relaxation.74 In the diseased ventricle, and in particu-
lar during myocardial ischemia, there may be marked postsystolic 
shortening, and the postsystolic velocity may extend into the 
diastolic filling phase. Postsystolic velocities and strains in 
healthy subjects, however, are of low amplitude and occur 
before mitral valve opening.73

DIASTOLE

Assessment of mitral annulus velocities by TDI plays an impor-
tant role in the evaluation of patients with suspected diastolic 
dysfunction. Measurements are done from apical views, and 
velocities may be measured at septal, lateral, anterior, and infe-
rior mitral annular areas. However, most often mitral annulus 
velocities are measured from an apical four-chamber view, and 
the septal, the lateral, or an average value of septal and lateral 
mitral annulus velocities is used. There are two main velocity 
waves, which reflect early-diastolic (E′) and atrial-induced (A′) 
myocardial lengthening (see Fig. 10-2). The E′ wave is often 
followed by an oppositely directed wave of low amplitude (E˝) 
during early diastasis, which reflects changes in geometry asso-
ciated with redistribution of blood within the LV cavity. In 
patients with markedly elevated LV filling pressure and delayed 
apical filling, E˝ may be reduced or eradicated. Similar to sys-
tolic velocities, diastolic velocities decrease progressively from 
base toward apex.

Normal values for mitral annular velocities by TDI are pre-
sented in Table 10-1. Velocities measured in 2D color mode are 
lower than those measured by pulsed wave Doppler, and this 
needs to be taken into account when interpreting E′ in a clinical 
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strains that reflects early-diastolic and atrial-induced lengthen-
ing. In contrast to velocities, strain rates and strains are rela-
tively similar at all measurement levels between base and apex. 
Strain rate and strain by TDI, however, have not proven to give 
added diagnostic value in routine assessment of diastolic 
function.

Therefore, at the present time, TDI-derived mitral annulus 
velocities by pulsed wave Doppler are recommended for the 
routine clinical evaluation of LV diastolic function.79,86 Mea-
surement of diastolic function by strain and strain rate needs 
more validation before recommendations can be made with 
regard to routine clinical use. Given the current state of the 
technologies, strain imaging by STE appear more robust than 
strain imaging by tissue Doppler.

Myocardial Ischemia
Myocardial ischemia may be caused by either a reduction in 
coronary blood flow, as in acute coronary syndrome, or by an 
increase in myocardial oxygen demand during stress in patients 
with coronary artery stenosis. In either case, ischemia leads to 
reduction in regional myocardial function, which ranges from 
reduced systolic shortening (hypokinesia) to systolic lengthen-
ing (dyskinesia). Furthermore, myocardial ischemia leads to 
postsystolic shortening, that is, segmental shortening after end 
of LV ejection. Reduced systolic shortening and postsystolic 
shortening, which are the two hallmarks of ischemic dysfunc-
tion, can be quantified both by velocity and by deformation 
imaging.9,16,72,87-91 Typical velocity and strain traces in acute 
myocardial ischemia are shown in Figure 10-3.

The main advantage of strain relative to velocity imaging is 
that measurements are less influenced by translational motion 
and tethering, and this makes strain more specific with regard 
to segmental localization of ischemia.9,92 Therefore, in patients 
with acute infarctions, strain better defines the transitional zone 
between intact and dysfunctional myocardium and is superior 
to velocity imaging for defining anatomical extension of dys-
functional myocardium.11

In principle, strain is better than ejection velocity to quantify 
myocardial function, and in particular to differentiate between 
degrees of ischemic dysfunction. Whereas ejection velocity dif-
ferentiates well between normal and ischemic myocardium, it 
has limited ability to differentiate between hypokinetic and dys-
kinetic myocardium. As demonstrated in Figure 10-20, systolic 
ejection velocity approaches zero in hypokinetic segments and 
becomes slightly negative in dyskinetic segments, but the dif-
ference between hypokinesis and dyskinesis is only minor. The 
strain trace in dyskinetic myocardium, however, is strikingly 
different from that in hypokinetic myocardium.

By extending velocity analysis to the isovolumic phases, 
however, velocity imaging may also identify dyskinetic myocar-
dium. In ventricles with preserved systolic function, there is a 
dominantly positive longitudinal velocity during isovolumic 
contraction, with only a minor negative velocity component. 
With severe ischemia, the positive velocity component dimin-
ishes, and the negative component increases.65,93 In dyskinetic 
myocardium, the positive velocity component is replaced by a 
large negative isovolumic contraction velocity (see Fig. 10-20). 
Furthermore, dyskinesia is associated with enhanced postsys-
tolic velocity due to postsystolic shortening. Therefore a typical 
velocity trace from dyskinetic myocardium has a large negative 
velocity spike during isovolumic contraction and a large posi-
tive velocity during isovolumic relaxation, with velocities near 

context. In adults, E′ velocity decreases with age; therefore age-
based normal values should be used when applying these mea-
sures of LV diastolic function in clinical practice.75

The magnitude of E′ is closely related to myocardial relax-
ation as indicated by its correlation with the time constant of 
LV isovolumic relaxation.76-79 In addition to relaxation, which 
reflects the decay rate of active fiber force, E′ is determined by 
LV restoring forces, which represent release of energy that is 
stored in the myocardium when the ventricle has contracted 
below its resting length.80 During early diastole, the restoring 
forces recoil the fibers back to their resting length, analogous to 
the recoil of a spring that has been compressed below its 
unstressed length. Restoring forces increase progressively when 
end-systolic volume is reduced and are therefore dependent on 
LV contractility. This illustrates the tight coupling between sys-
tolic shortening and diastolic lengthening and implies that E′ is 
determined by systolic as well as diastolic function. In the failing 
heart, however, when LV end-systolic volume is increased, 
restoring forces are essentially abolished, and systolic function 
has less influence on E′.

In addition to LV relaxation and restoring forces, E′ is also 
determined by early-diastolic load, which is LV pressure at onset 
of filling.80 Strictly speaking, it is not LV intracavitary pressure, 
but LV transmural pressure (LV pressure minus pericardial 
pressure) that represents the distending force during filling.81 
Therefore the early-diastolic transmural LV pressure represents 
the load that causes LV lengthening and is named LV lengthen-
ing load.80 In general, LV lengthening load will track changes in 
LV preload because changes in early-diastolic pressure are 
accompanied by changes in end-diastolic pressure. Thus the 
three main determinants of E′ are rate of relaxation, restoring 
forces, and lengthening load. In addition, LV diastolic stiffness 
may modulate E′.

In the failing ventricle, E′ is much less load dependent than 
are transmitral flow velocities.79,82-84 Thus, when LV filling pres-
sure becomes elevated in a failing ventricle, E increases more 
than E′, and the E/E′ ratio becomes elevated. This relative load 
independency of E′ forms the basis for using the E/E′ ratio as a 
marker of elevated LV filling pressure.77,78,83,85

It is also possible to measure diastolic strain rates and strains 
by TDI or STE. As shown in Figure 10-19, there are diastolic 
strain rates that correspond to the E′ and A′ velocity spikes, and 

Figure 10-19  Strain rates from the septum in a healthy individual. 
The  dominant  negative  trace  during  systole  corresponds  to  ejection. 
The  two dominant positive  spikes are during early diastolic filling  (E′) 
and during atrial-induced filling (A′). 
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TDI methodology is velocity imaging, which is recommended 
as the primary method; strain imaging may be used as a supple-
mentary method.

In this section we have mainly discussed longitudinal TDI 
measures, because apical views give the most extensive imaging 
of the LV. Similar findings during ischemia can be observed 
with radial measurements in short-axis images, but are restricted 
to anteroseptal and posterior segments. Some authors present 
radial measurements as velocity gradient instead of strain 
rate.26,99 This is a valid approach but is not used very much 
clinically.

In summary, myocardial ischemia is characterized by reduc-
tion in systolic ejection velocity and a postsystolic shortening 
velocity. Furthermore, in dyskinetic myocardium there is a 
marked negative velocity during isovolumic contraction repre-
senting systolic lengthening. Strain measurement can be used 
to verify changes in tissue velocities and is very useful to confirm 
dyskinesia. Furthermore, strain imaging provides a more site-
specific measure.

Cardiac Synchrony
Normal ventricular activation spreads rapidly through the con-
duction system, and the result is a synchronized ventricular 
contraction. In patients with severe heart failure, however,  
there is often prolonged inter- or intraventricular conduction, 
which leads to inter- or intraventricular mechanical dys-
synchrony, resulting in ineffective ventricular function. Approx-
imately one third of patients with low LV ejection fraction  
and class III to IV heart failure have a QRS duration longer than 
120 ms. In addition, heart failure patients may have prolonged  

zero during ejection. One should be aware that myocardial 
lengthening may not occur in nontransmural infarcts, because 
of shortening of intact subepicardial fibers.

Postsystolic shortening by TDI (Fig. 10-21) can be used as 
a marker of acute as well as stress-induced myocardial isch-
emia.4,65,89,94 The mechanism of postsystolic shortening can be 
delayed active contraction, passive recoil of dyskinetic myocar-
dium, or a combination of active contraction and passive 
recoil.95 When postsystolic shortening occurs in entirely passive 
or necrotic myocardium, it is analogous to the behavior of a 
stretched elastic spring that recoils passively when the stretching 
force is removed. In moderately ischemic myocardium, postsys-
tolic shortening is due to delayed active contraction.95 Postsys-
tolic shortening is not a specific sign for tissue viability because 
it occurs in actively contracting as well as in necrotic myocar-
dium. Experimental work suggests that postsystolic shortening 
that far exceeds systolic lengthening may be a marker of tissue 
viability,96 but the validity of this concept needs to be tested 
clinically. Clinically, postsystolic shortening, measured either as 
a postsystolic velocity or postsystolic strain, serves as a marker 
of ischemia, although low-magnitude postsystolic shortening 
can be present in some patients with a normal LV velocity 
pattern.73,97

Ischemia is also associated with changes in diastolic myocar-
dial velocities, which could improve the ability of TDI to iden-
tify ischemic regions.72,95,98 The clinical value of assessing 
diastolic velocities other than isovolumic relaxation velocities 
during ischemia, however, remains to be determined.

Displacement imaging and strain-rate imaging can also be 
used for assessing ischemic dysfunction. In clinical practice, 
however, they have no proven added value. The most robust 

Figure 10-20  Representative  traces at baseline, during  left anterior descending  (LAD)  stenosis and occlusion  in an anesthetized dog showing 
myocardial Doppler velocities, strain, and pressure traces. Note that the ejection velocities are relatively similar during LAD stenosis and LAD occlu-
sion, whereas  the  isovolumic contraction  (IVC)  and  isovolumic  relaxation  (IVR)  velocities are markedly different. During LAD occlusion,  the  large 
negative velocity spike during  isovolumic contraction corresponds to systolic  lengthening, as demonstrated  in  the strain  trace. Furthermore,  the 
marked postsystolic velocity during isovolumic relaxation corresponds to late systolic and postsystolic shortening in the strain trace. (Modified from 
Skulstad, Urheim S, Edvardsen T, et al: Grading of myocardial dysfunction by tissue Doppler echocardiography: a comparison between velocity, 
displacement, and strain imaging in acute ischemia. J Am Coll Cardiol 47:1672-1682, 2006.)
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dyssynchrony. A method that combines invasive LV pressure 
and myocardial strain by echocardiography has been proposed 
to differentiate between the two etiologies of dyssynchrony, but 
the method has not been clinically tested.100 At present, QRS 
width in the electrocardiogram (ECG) is the only routine 
method that is used to identify electrical dyssynchrony, and the 
left bundle branch block pattern is the QRS morphology that 
best predicts success of cardiac resynchronization therapy. 
Chapter 26 discusses how to apply echocardiography in selec-
tion of candidates for cardiac resynchronization therapy.

EFFECT OF LEFT BUNDLE BRANCH BLOCK ON 
LV FUNCTION

The most prominent echocardiographic feature of left bundle 
branch block (LBBB) is abnormal systolic motion of the inter-
ventricular septum.101 (See Cine 3 at ExpertConsult.com.) The 
abnormal motion starts with rapid leftward motion of the 
septum during preejection, followed by rightward (paradoxical) 
motion, and is referred to as septal beaking when imaged by 
M-mode echocardiography102 (see Fig. 10-21) and as septal flash 
(Fig. 10-22) when using myocardial velocity imaging.103

When using strain imaging, the abnormal systolic shortening 
pattern during LBBB can be assessed in more detail. In the 
normal heart the septum, similar to the LV free wall, shortens 
continuously during the LV ejection phase. In patients with 
LBBB, the septum has two phases with systolic shortening, one 
during preejection and one during midejection, and is followed 
by two phases of systolic lengthening.104 This is illustrated in 
Figure 10-23.104 The two phases of shortening are followed by 
early- and late-systolic lengthening. The preejection shortening 
and relengthening correspond to septal beaking and flash. The 
result of the abnormal motion is that net septal shortening, 
measured at the time of aortic valve closure, is markedly reduced 
compared to a normal heart. Therefore intraventricular dys-
synchrony results in reduced contribution from the septum to 
LV stroke volume, and there is significant waste of myocardial 
work.104-106 Reduced septal contribution is partly compensated 
for by increased shortening of the late-activated LV free wall, 
which is prestretched by the early septal contraction107 (see Fig. 
10-23). Strain analysis suggests that early-systolic septal short-
ening in LBBB causes a pressure rise that stretches the lateral 
wall and increases regional shortening via the Frank-Starling 
mechanism.108 This in turn leads to increased work in the LV 
lateral wall and is a stimulus to regional hypertrophy and 
remodeling.109 The pattern of septal strains, however, may be 
different in patients with septal dysfunction due to ischemia or 
other causes.

The mechanism of abnormal preejection motion of the 
septum in LBBB has been debated, but a recent study concludes 
that septal beaking during LBBB is caused by active septal con-
traction that is unopposed by the late-activated lateral LV 
wall.110 It was previously proposed that preejection leftward 
septal motion occurs because the RV is activated first, causing 
RV pressure to transiently exceed LV pressure, thereby pushing 
the septum leftward like a passive membrane.111,112 As shown 
recently, this mechanism may contribute to septal beaking but 
plays a minor role.110 Therefore onset of preejection septal 
shortening represents timing of septal activation.

The early systolic lengthening of the septum can be attrib-
uted to forceful contraction of the hyperextended, late-activated 
LV lateral wall, which increases the transseptal pressure gradient 
and thereby pushes the septum rightward. The late-systolic 

atrioventricular interval and therefore atrioventricular dyssyn-
chrony. Of the three types of cardiac dyssynchrony, it is LV 
intraventricular dyssynchrony that appears to be the principal 
factor associated with development of heart failure.

MECHANISMS OF LV MECHANICAL 
DYSSYNCHRONY

In principle, LV mechanical dyssynchrony has three possible 
etiologies: (1) delay in electrical conduction, (2) regional pro-
longation of electromechanical coupling time, and (3) different 
timing of myocardial shortening due to ischemia or nonuni-
form loading conditions. However, there is little evidence that 
disturbances in electromechanical coupling cause LV dyssyn-
chrony. Therefore the clinical challenge is to differentiate 
between dyssynchrony that is caused by electrical conduction 
delay (electrical dyssynchrony) and dyssynchrony that is due to 
load or ischemia (primary mechanical dyssynchrony). This dif-
ferentiation is important, because presumably only electrical 
dyssynchrony can be treated with biventricular pacing. There-
fore, when patients are evaluated as candidates for biventricular 
pacing, it is essential to determine whether there is LV electrical 

Figure 10-21  B-mode and M-mode images from a patient respond-
ing to cardiac resynchronization therapy (CRT ). Upper panels show LV 
before CRT and lower panels after 6 months of treatment. The M-mode 
recording demonstrates a typical septal beaking (arrow). This is seen as 
abnormal rapid leftward motion of the septum during preejection fol-
lowed  by  rightward  (paradoxical)  motion.  After  CRT,  a  postsystolic 
septal displacement is observed. Peak systolic displacements (ovals) are 
dyssynchronous  during  left  bundle  branch  block,  but  become  more 
synchronous after CRT. Dotted vertical line indicates onset R in electro-
cardiogram. (Courtesy Ola Gjesdal.)
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typical recordings by strain imaging in a healthy individual and 
in a patient who has experienced ventricular arrhythmias. In 
the healthy heart, there is essentially similar timing of end of 
shortening in all myocardial segments. In the patient with 
arrhythmia, however, there is marked variability between seg-
ments in timing of end of shortening, and this variability is 
termed mechanical dispersion.

In patients with ischemic heart disease, increased mechanical 
dispersion has been associated with risk of arrhythmic events, 
independently of LV ejection fraction.113 Because the majority 
of patients who suffer from malignant arrhythmias have ejec-
tion fractions above 35%, there is a need for new methods to 
identify risk.

Mechanical dispersion can also be demonstrated in patients 
with long QT syndrome (LQTS).114,115 Until recently, LV function 

lengthening of the septum probably reflects that the early acti-
vated septal segments start relaxing earlier than the late-
activated lateral wall segments.112

Mechanical Dispersion
In this section we describe a recently introduced application of 
velocity and deformation imaging that quantifies temporal 
nonuniformity of myocardial contraction: mechanical disper-
sion. This variable has turned out to be a promising marker 
of risk for ventricular arrhythmias and sudden death.113,114 
Mechanical dispersion can be assessed by either velocity or 
strain imaging and is calculated as the standard deviation of the 
time from onset of the Q-wave on the ECG to maximum myo-
cardial shortening in 16 LV segments. Figure 10-24 shows 

Figure 10-23  The figure demonstrates systolic strain traces from septum and lateral wall in a patient with left bundle branch block (LBBB) before 
(left) and after (right) treatment with cardiac resynchronization therapy (CRT ). During LBBB without CRT, there is a marked septal shortening (red 
lines)  during  preejection,  and  there  is  shortening  during  midejection.  Each  shortening  is  followed  by  lengthening  (blue lines),  resulting  in  both 
early-  and  late-systolic  lengthening.  The  lateral  wall  shows  preejection  stretch  (green lines)  before  treatment.  These  changes  are  reverted  after 
treatment. A preejection stretch has appeared in the septum after treatment with CRT, indicating that there is also slight dyssynchrony during CRT. 
AVC, Aortic valve closure; AVO, aortic valve opening; MVC, mitral valve closure; MVO, mitral valve opening. (Modified from De Boeck BW, Teske 
AJ, Meine M, et al: Septal rebound stretch reflects the functional substrate to cardiac resynchronization therapy and predicts volumetric and neu-
rohormonal response. Eur J Heart Fail 11(9):863-871, 2009.)
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Figure 10-22  Septal flash during left bundle branch block.  In dyssynchrony (left),  the septum shows an early and fast thickening (blue color) 
and thinning (red color) during preejection. CRT, Cardiac resynchronization therapy. (Modified from Parsai C, Bijnens B, Sutherland GR, et al: Toward 
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dispersion is not established as a clinical routine method and 
should be considered a research tool.

Right Ventricular Function
The RV has a complex anatomical structure. The RV is  
functionally divided into two parts, the inflow tract and the  
outflow tract, separated by the crista supraventricularis. Echo-
cardiographic imaging of RV function and measurement of 
ejection fraction have been difficult because of the complex 
form and motion pattern of the RV and problems with defining 
the endocardial surface of the thin RV free wall. Another  
important factor that complicates the interpretation of RV 
function is the varying loading conditions. In daily cardiology 
practice, RV function is usually evaluated qualitatively by 2D 
echocardiography (see Chapter 32).

was regarded as normal in these patients. Assessment of myo-
cardial function by myocardial velocity and strain imaging, 
however, has revealed that LQTS patients have mechanical dis-
persion, that is, regional differences in duration of myocardial 
contraction (Fig. 10-25). The presence of mechanical dispersion 
was associated with a higher risk of cardiac arrhythmias in LQTS 
patients.115 Potentially, mechanical dispersion in LQTS patients 
is related to the prolonged action potential duration and dis-
persion of action potential repolarization that are part of the 
syndrome. Both prolonged action potential duration with  
development of early after depolarizations and dispersion of 
electrical repolarization are considered to be important mecha-
nisms of ventricular arrhythmias in these patients.

Mechanical dispersion as a clinical measure of risk of ven-
tricular arrhythmias and sudden death is currently undergoing 
further testing. At the present time, assessment of mechanical 

Figure 10-24  Mechanical dispersion by strain echocardiography in a healthy individual (left) and a patient with previous ventricular arrhythmias 
(right). Arrows indicate the timing of peak strain in each of the myocardial LV segments as seen from the apical four-chamber view. The patient who 
has experienced previous ventricular arrhythmia has markedly dispersed timing of peak strain compared to the healthy individual. (Modified from 
Haugaa KH, Smedsrud MK, Steen T, et al: Mechanical dispersion assessed by myocardial strain in patients after myocardial infarction for risk predic-
tion of ventricular arrhythmia. JACC Cardiovasc Imaging 3[3]:247-256, 2010.)

Healthy Patient with arrhythmias

Figure 10-25  Mechanical dispersion in a healthy individual  (left) and a symptomatic  long QT syndrome (LQTS) patient (right). Septal segments 
(red, violet, and blue curves) from apical  long-axis view in the LQTS patient show prolonged myocardial shortening. The timing of peak strain in 
the LQTS patient is markedly dispersed compared to the healthy individual. (Modified from Haugaa KH, Amlie JP, Berge KE, et al: Transmural dif-
ferences in myocardial contraction in long-QT syndrome: mechanical consequences of ion channel dysfunction. Circulation 122[14]:1355-1363, 2010.)
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During systolic contraction there is longitudinal shortening 
of the RV, with the base descending toward the apex, while the 
apical part is relatively stationary. In addition, there is circum-
ferential shortening that squeezes the ventricle. The interven-
tricular septum contributes to RV as well as to LV function, and 
the relative contribution can be different in the normal and the 
diseased heart. The precise role of the septum remains to be 
determined.

RV (fractional area change) is also widely used as a measure 
of RV function.116 It can be regarded as an area-based measure 
of RV function and is calculated from a four-chamber view.

Tricuspid annular plane systolic excursion (TAPSE) can be 
measured by M-mode echocardiography. TAPSE is a relatively 
fast and accurate measure of RV function. TAPSE correlates  
well with RV ejection fraction measured by radionuclide 
angiography.117-119 A similar measure is obtained by TDI mea-
surements of displacement.

The RV long-axis function can be expressed as velocity, 
strain, and strain rate along the lateral RV wall. All these  
measurements are helpful for quantifying RV longitudinal 
motion and will provide useful information in terms of 
quantification.

KEY POINTS

 TDI provides measures of myocardial velocity, displace-
ment, strain rate, and strain but is angle dependent.

 STE provides angle-independent measures of myocar-
dial strain in multiple directions and can also be used to 
measure LV rotation and twist.

 TDI and STE provide unique diagnostic information in 
a number of cardiac diseases, but also have significant 
technical limitations.

 Assessment of mitral annulus velocities by TDI plays an 
important role in the evaluation of patients with sus-
pected diastolic dysfunction.

 Myocardial velocity and strain imaging can be applied 
clinically to diagnose myocardial ischemia.

 Myocardial velocity and strain imaging can be used 
to quantify methods for quantification of LV 
dyssynchrony.

 Assessment of LV mechanical dispersion by velocity and 
strain imaging is a promising approach for prediction of 
risk of ventricular arrhythmias.

REFERENCES

1. Marwick TH: Measurement of strain and 
strain rate by echocardiography: ready for 
prime time? J Am Coll Cardiol 47(7):1313-
1327, 2006.

2. McDicken WN, Sutherland GR, Moran CM, 
Gordon LN: Colour Doppler velocity imaging 
of the myocardium. Ultrasound Med Biol 18(6-
7):651-654, 1992.

3. Sutherland GR, Stewart MJ, Groundstroem 
KW, et al: Color Doppler myocardial imaging: 
a new technique for the assessment of myocar-
dial function. J Am Soc Echocardiogr 7(5):441-
458, 1994.

4. Edvardsen T, Aakhus S, Endresen K, et al:  
Acute regional myocardial ischemia identified 
by 2-dimensional multiregion tissue Doppler 
imaging technique. J Am Soc Echocardiogr 
13(11):986-994, 2000.

5. Wilkenshoff UM, Hatle L, Sovany A, et al: Age-
dependent changes in regional diastolic func-
tion evaluated by color Doppler myocardial 
imaging: a comparison with pulsed Doppler 
indexes of global function. J Am Soc Echocar-
diogr 14(10):959-969, 2001.

6. Dokainish H: Tissue Doppler imaging in  
the evaluation of left ventricular diastolic func-
tion. Curr Opin Cardiol 19(5):437-441, 2004.

7. Stoylen A, Skjaerpe T: Systolic long axis func-
tion of the left ventricle. Global and regional 
information. Scand Cardiovasc J 37(5):253-
258, 2003.

8. Kerber RE, Marcus ML, Wilson R, et al: Effects 
of acute coronary occlusion on the motion and 
perfusion of the normal and ischemic inter-
ventricular septum. Circulation 54(6):928-935, 
1976.

9. Urheim S, Edvardsen T, Torp H, et al: Myocar-
dial strain by Doppler echocardiography. Vali-
dation of a new method to quantify regional 
myocardial function. Circulation 102(10):1158-
1164, 2000.

10. Wilkenshoff UM, Sovany A, Wigstrom L, et al: 
Regional mean systolic myocardial velocity 
estimation by real-time color Doppler myocar-
dial imaging: a new technique for quantifying 

regional systolic function. J Am Soc Echocar-
diogr 11(7):683-692, 1998.

11. Skulstad H, Urheim S, Edvardsen T, et al: 
Grading of myocardial dysfunction by tissue 
Doppler echocardiography: a comparison 
between velocity, displacement, and strain 
imaging in acute ischemia. J Am Coll Cardiol 
47(8):1672-1682, 2006.

12. Galiuto L, Ignone G, DeMaria AN: Contrac-
tion and relaxation velocities of the normal left 
ventricle using pulsed-wave tissue Doppler 
echocardiography. Am J Cardiol 81(5):609-614, 
1998.

13. Ellis RM, Franklin DL, Rushmer RF: Left ven-
tricular dimensions recorded by sonocardiom-
etry. Circ Res 4(6):684-688, 1956.

14. Zerhouni EA, Parish DM, Rogers WJ, et al: 
Human heart: tagging with MR imaging—a 
method for noninvasive assessment of myocar-
dial motion. Radiology 169(1):59-63, 1988.

15. Edvardsen T, Gerber BL, Garot J, et al: Quantita-
tive assessment of intrinsic regional myocardial 
deformation by Doppler strain rate echo-
cardiography in humans: validation against 
three-dimensional tagged magnetic resonance 
imaging. Circulation 106(1):50-56, 2002.

16. Heimdal A, Stoylen A, Torp H, Skjaerpe T: 
Real-time strain rate imaging of the left ven-
tricle by ultrasound. J Am Soc Echocardiogr 
11(11):1013-1019, 1998.

17. Amundsen BH, Helle-Valle T, Edvardsen T,  
et al: Noninvasive myocardial strain measure-
ment by speckle tracking echocardiography: 
validation against sonomicrometry and tagged 
magnetic resonance imaging. J Am Coll Cardiol 
47(4):789-793, 2006.

18. Gjesdal O, Hopp E, Vartdal T, et al: Global lon-
gitudinal strain measured by two-dimensional 
speckle tracking echocardiography is closely 
related to myocardial infarct size in chronic 
ischaemic heart disease. Clin Sci (Lond) 
113(6):287-296, 2007.

19. Mirsky I, Pasternac A, Ellison RC: General 
index for the assessment of cardiac function. 
Am J Cardiol 30(5):483-491, 1972.

20. Mirsky I, Parmley WW: Assessment of passive 
elastic stiffness for isolated heart muscle and 
the intact heart. Circ Res 33(2):233-243, 1973.

21. Fleming AD, Xia X, McDicken WN, et al:  
Myocardial velocity gradients detected by 
Doppler imaging. Br J Radiol 67(799):679-688, 
1994.

22. Uematsu M, Nakatani S, Yamagishi M, et al: 
Usefulness of myocardial velocity gradient 
derived from two-dimensional tissue Doppler 
imaging as an indicator of regional myocardial 
contraction independent of translational 
motion assessed in atrial septal defect. Am J 
Cardiol 79(2):237-241, 1997.

23. Matre K, Fannelop T, Dahle GO, et al: Radial 
strain gradient across the normal myocardial 
wall in open-chest pigs measured with Doppler 
strain rate imaging. J Am Soc Echocardiogr 
18(10):1066-1073, 2005.

24. Storaa C, Aberg P, Lind B, Brodin LA: Effect of 
angular error on tissue Doppler velocities and 
strain. Echocardiography 20(7):581-587, 2003.

25. Weidemann F, Jamal F, Kowalski M, et al: Can 
strain rate and strain quantify changes in 
regional systolic function during dobutamine 
infusion, B-blockade, and atrial pacing—
implications for quantitative stress echocar-
diography. J Am Soc Echocardiogr 15(5):416-424, 
2002.

26. Dalen H, Thorstensen A, Vatten LJ, et al: Refer-
ence values and distribution of conventional 
echocardiographic Doppler measures and lon-
gitudinal tissue Doppler velocities in a popula-
tion free from cardiovascular disease: clinical 
perspective. Circ Cardiovasc Imaging 3(5):614-
622, 2010.

27. Leitman M, Lysyansky P, Sidenko S, et al:  
Two-dimensional strain—a novel software  
for real-time quantitative echocardiographic 
assessment of myocardial function. J Am Soc 
Echocardiogr 17(10):1021-1029, 2004.

28. Kim DH, Kim HK, Kim MK, et al: Velocity 
vector imaging in the measurement of left ven-
tricular twist mechanics: head-to-head one 
way comparison between speckle tracking 



  10  Myocardial Mechanics: Velocity, Strain, Strain Rate, Cardiac Synchrony, and Twist 195

echocardiography and velocity vector imaging. 
J Am Soc Echocardiogr 22(12):1344-1352, 2009.

29. Korinek J, Wang J, Sengupta PP, et al: Two-
dimensional strain—a Doppler-independent 
ultrasound method for quantitation of regional 
deformation: validation in vitro and in vivo.  
J Am Soc Echocardiogr 18(12):1247-1253, 2005.

30. Gjesdal O, Helle-Valle T, Hopp E, et al: Non-
invasive separation of large, medium, and 
small myocardial infarcts in survivors of 
reperfused ST-elevation myocardial infarc-
tion: a comprehensive tissue Doppler and 
speckle-tracking echocardiography study. Circ 
Cardiovasc Imaging 1(3):189-196, 2008.

31. Marwick TH, Leano RL, Brown J, et al: Myo-
cardial strain measurement with 2-dimensional 
speckle-tracking echocardiography: definition 
of normal range. JACC Cardiovasc Imaging 
2(1):80-84, 2009.

32. Becker M, Hoffmann R, Kuhl HP, et al: Analysis 
of myocardial deformation based on ultrasonic 
pixel tracking to determine transmurality in 
chronic myocardial infarction. Eur Heart J 
27(21):2560-2566, 2006.

33. Sjoli B, Orn S, Grenne B, et al: Diagnostic capa-
bility and reproducibility of strain by Doppler 
and by speckle tracking in patients with acute 
myocardial infarction. JACC Cardiovasc 
Imaging 2(1):24-33, 2009.

34. Nesser HJ, Mor-Avi V, Gorissen W, et al: Quan-
tification of left ventricular volumes using 
three-dimensional echocardiographic speckle 
tracking; comparison with MRI. Eur Heart J 
30:1565-1573, 2009.

35. Helle-Valle T, Crosby J, Edvardsen T, et al: New 
noninvasive method for assessment of left ven-
tricular rotation: speckle tracking echocardi-
ography. Circulation 112(20):3149-3156, 2005.

36. Notomi Y, Lysyansky P, Setser RM, et al:  
Measurement of ventricular torsion by two-
dimensional ultrasound speckle tracking 
imaging. J Am Coll Cardiol 45(12):2034-2041, 
2005.

37. Pai RG, Bodenheimer MM, Pai SM, et al:  
Usefulness of systolic excursion of the mitral 
annulus as an index of left ventricular systolic 
function. Am J Cardiol 67(2):222-224, 1991.

38. Wang J, Khoury DS, Yue Y, et al: Left ventricu-
lar untwisting rate by speckle tracking echocar-
diography. Circulation 116(22):2580-2586, 
2007.

39. McDonald IG: The shape and movements of 
the human left ventricle during systole: a study 
by cineangiography and by cineradiography of 
epicardial markers. Am J Cardiol 26(3):221-
230, 1970.

40. Rademakers FE, Buchalter MB, Rogers WJ,  
et al: Dissociation between left ventricular 
untwisting and filling. Accentuation by cate-
cholamines. Circulation 85(4):1572-1581, 
1992.

41. Gibbons Kroeker CA, Ter Keurs HE, Knudtson 
ML, et al: An optical device to measure the 
dynamics of apex rotation of the left ventricle. 
Am J Physiol Heart Circ Physiol 265(4):H1444-
H1449, 1993.

42. Moon MR, Ingels NB Jr, Daughters GT, et al: 
Alterations in left ventricular twist mechanics 
with inotropic stimulation and volume loading 
in human subjects. Circulation 89(1):142-150, 
1994.

43. Wu MT, Tseng WY, Su MY, et al: Diffusion 
tensor magnetic resonance imaging mapping 
the fiber architecture remodeling in human 
myocardium after infarction: correlation with 
viability and wall motion. Circulation 114(10):
1036-1045, 2006.

44. Sengupta PP, Tajik AJ, Chandrasekaran K, 
Khandheria BK: Twist mechanics of the left 
ventricle: principles and application. JACC 
Cardiovasc Imaging 1(3):366-376, 2008.

45. Hansen DE, Daughters GT, Alderman EL, et al: 
Effect of volume loading, pressure loading,  
and inotropic stimulation on left ventricular 
torsion in humans. Circulation 83(4):1315-
1326, 1991.

46. Yun KL, Niczyporuk MA, Daughters GT, et al: 
Alterations in left ventricular diastolic twist 
mechanics during acute human cardiac 
allograft rejection. Circulation 83(3):962-973, 
1991.

47. Maier SE, Fischer SE, McKinnon GC, et al: 
Evaluation of left ventricular segmental wall 
motion in hypertrophic cardiomyopathy with 
myocardial tagging. Circulation 86(6):1919-
1928, 1992.

48. Buchalter MB, Rademakers FE, Weiss JL, et al: 
Rotational deformation of the canine left ven-
tricle measured by magnetic resonance tagging: 
effects of catecholamines, ischaemia, and 
pacing. Cardiovasc Res 28(5):629-635, 1994.

49. DeAnda A Jr, Komeda M, Nikolic SD, et al: Left 
ventricular function, twist, and recoil after 
mitral valve replacement. Circulation 92(9):
458-466, 1995.

50. Gibbons Kroeker CA, Tyberg JV, Beyar R: 
Effects of load manipulations, heart rate, and 
contractility on left ventricular apical rotation: 
an experimental study in anesthetized dogs. 
Circulation 92(1):130-141, 1995.

51. Gibbons Kroeker CA, Tyberg JV, Beyar R: 
Effects of ischemia on left ventricular apex 
rotation: an experimental study in anesthetized 
dogs. Circulation 92(12):3539-3548, 1995.

52. Knudtson ML, Galbraith PD, Hildebrand KL, 
et al: Dynamics of left ventricular apex rotation 
during angioplasty: a sensitive index of isch-
emic dysfunction. Circulation 96(3):801-808, 
1997.

53. Stuber M, Scheidegger MB, Fischer SE, et al: 
Alterations in the local myocardial motion 
pattern in patients suffering from pressure 
overload due to aortic stenosis. Circulation 
100(4):361-368, 1999.

54. Nagel E, Stuber M, Lakatos M, et al: Cardiac 
rotation and relaxation after anterolateral 
myocardial infarction. Coron Artery Dis 
11(3):261-267, 2000.

55. Sandstede JJW, Johnson T, Harre K, et al: 
Cardiac systolic rotation and contraction 
before and after valve replacement for aortic 
stenosis: a myocardial tagging study using MR 
imaging. Am J Roentgenol 178(4):953-958, 
2002.

56. Fuchs E, Muller MF, Oswald H, et al: Cardiac 
rotation and relaxation in patients with chronic 
heart failure. European Journal of Heart Failure 
6(6):715-722, 2004.

57. Tibayan FA, Rodriguez F, Langer F,  et al: Alter-
ations in left ventricular torsion and diastolic 
recoil after myocardial infarction with and 
without chronic ischemic mitral regurgitation. 
Circulation 110(11 Suppl 1):II 109-114, 2004.

58. Buchalter MB, Weiss JL, Rogers WJ,  et al: Non-
invasive quantification of left ventricular rota-
tional deformation in normal humans using 
magnetic resonance imaging myocardial 
tagging. Circulation 81(4):1236-1244, 1990.

59. Fogel MA, Weinberg PM, Hubbard A, Hasel-
grove J: Diastolic biomechanics in normal 
infants utilizing MRI tissue tagging. Circula-
tion 102(2):218-224, 2000.

60. Nagel E, Stuber M, Burkhard B, et al: Cardiac 
rotation and relaxation in patients with aortic 

valve stenosis. Eur Heart J 21(7):582-589, 
2000.

61. Setser RM, Kasper JM, Lieber ML, et al: Persis-
tent abnormal left ventricular systolic torsion 
in dilated cardiomyopathy after partial left 
ventriculectomy. J Thorac Cardiovasc Surg 
126(1):48-55, 2003.

62. Hexeberg E, Homans DC, Bache RJ: Interpre-
tation of systolic wall thickening. Can thicken-
ing of a discrete layer reflect fiber performance? 
Cardiovasc Res 29(1):16-21, 1995.

63. Arts T, Reneman RS, Veenstra PC: A model of 
the mechanics of the left ventricle. Ann Biomed 
Eng 7(3-4):299-318, 1979.

64. Hashimoto I, Li X, Hejmadi BA, Jones M, Zetts 
AD, Sahn DJ: Myocardial strain rate is a supe-
rior method for evaluation of left ventricular 
subendocardial function compared with tissue 
Doppler imaging. J Am Coll Cardiol 42(9):1574-
1583, 2003.

65. Edvardsen T, Urheim S, Skulstad H, et al: 
Quantification of left ventricular systolic func-
tion by tissue Doppler echocardiography: 
added value of measuring pre- and postejec-
tion velocities in ischemic myocardium. Circu-
lation 105(17):2071-2077, 2002.

66. Remme EW, Lyseggen E, Helle-Valle T, et al: 
Mechanisms of preejection and postejection 
velocity spikes in left ventricular myocardium: 
interaction between wall deformation and 
valve events. Circulation 118(4):373-380, 2008.

67. Vogel M, Schmidt MR, Kristiansen SB, et al: 
Validation of myocardial acceleration during 
isovolumic contraction as a novel noninvasive 
index of right ventricular contractility: com-
parison with ventricular pressure-volume rela-
tions in an animal model. Circulation 105(14):
1693-1699, 2002.

68. Vogel M, Cheung MM, Li J, et al: Noninvasive 
assessment of left ventricular force-frequency 
relationships using tissue Doppler-derived  
isovolumic acceleration: validation in an 
animal model. Circulation 107(12):1647-1652, 
2003.

69. Lyseggen E, Rabben SI, Skulstad H, et al:  
Myocardial acceleration during isovolumic 
contraction: relationship to contractility. Cir-
culation 111(11):1362-1369, 2005.

70. Isaaz K, Munoz del RL, Lee E, Schiller NB: 
Quantitation of the motion of the cardiac base 
in normal subjects by Doppler echocardiog-
raphy. J Am Soc Echocardiogr 6(2):166-176, 
1993.

71. Pai RG, Gill KS: Amplitudes, durations, and 
timings of apically directed left ventricular 
myocardial velocities: I. Their normal pattern 
and coupling to ventricular filling and ejection. 
J Am Soc Echocardiogr 11(2):105-111, 1998.

72. Derumeaux G, Ovize M, Loufoua J, et al: 
Doppler tissue imaging quantitates regional 
wall motion during myocardial ischemia and 
reperfusion. Circulation 97(19):1970-1977, 
1998.

73. Voigt JU, Lindenmeier G, Exner B, et al: Inci-
dence and characteristics of segmental post-
systolic longitudinal shortening in normal, 
acutely ischemic, and scarred myocardium.  
J Am Soc Echocardiogr 16(5):415-423, 2003.

74. Sengupta PP, Khandheria BK, Korinek J, et al: 
Apex-to-base dispersion in regional timing of 
left ventricular shortening and lengthening.  
J Am Coll Cardiol 47(1):163-172, 2006.

75. Nagueh SF, Appleton CP, Gillebert TC, et al: 
Recommendations for the evaluation of left 
ventricular diastolic function by echocardiog-
raphy. J Am Soc Echocardiogr 22(2):107-133, 
2009.



196 PART II The Left Ventricle

76. Firstenberg MS, Greenberg NL, Main ML,   
et al: Determinants of diastolic myocardial 
tissue Doppler velocities: influences of relax-
ation and preload. J Appl Physiol 90(1):299-
307, 2001.

77. Nagueh SF, Middleton KJ, Kopelen HA, et al: 
Doppler tissue imaging: a noninvasive tech-
nique for evaluation of left ventricular relax-
ation and estimation of filling pressures.  
J Am Coll Cardiol 30(6):1527-1533, 1997.

78. Ommen SR, Nishimura RA, Appleton CP,   
et al: Clinical utility of Doppler echocar-
diography and tissue Doppler imaging in  
the estimation of left ventricular filling pres-
sures: A comparative simultaneous Doppler-
catheterization study. Circulation 102(15):
1788-1794, 2000.

79. Sohn DW, Chai IH, Lee DJ, et al: Assessment 
of mitral annulus velocity by Doppler tissue 
imaging in the evaluation of left ventricular 
diastolic function. J Am Coll Cardiol 30(2):474-
480, 1997.

80. Opdahl A, Remme EW, Helle-Valle T,  
et al: Determinants of left ventricular early-
diastolic lengthening velocity. Independent 
contributions from left ventricular relaxation, 
restoring forces, and lengthening load. Circula-
tion 2009.

81. Smiseth OA, Frais MA, Kingma I, et al: Assess-
ment of pericardial constraint in dogs. Circula-
tion 71(1):158-164, 1985.

82. Hasegawa H, Little WC, Ohno M, et al: Dia-
stolic mitral annular velocity during the devel-
opment of heart failure. J Am Coll Cardiol 
41(9):1590-1597, 2003.

83. Nagueh SF, Mikati I, Kopelen HA, et al: 
Doppler estimation of left ventricular filling 
pressure in sinus tachycardia. A new applica-
tion of tissue doppler imaging. Circulation 
98(16):1644-1650, 1998.

84. Nagueh SF, Sun H, Kopelen HA, et al: Hemo-
dynamic determinants of the mitral annulus 
diastolic velocities by tissue Doppler. J Am Coll 
Cardiol 37(1):278-285, 2001.

85. Nagueh SF, Lakkis NM, Middleton KJ, et al: 
Doppler estimation of left ventricular filling 
pressures in patients with hypertrophic cardio-
myopathy. Circulation 99(2):254-261, 1999.

86. Nagueh SF, Bhatt R, Vivo RP,  et al: Echocar-
diographic evaluation of left ventricular hemo-
dynamics in patients with decompensated 
heart failure. Circ Cardiovasc Imaging 4(3):220-
227, 2011.

87. Edvardsen T, Skulstad H, Aakhus S, et al: 
Regional myocardial systolic function during 
acute myocardial ischemia assessed by strain 
Doppler echocardiography. J Am Coll Cardiol 
37(3):726-730, 2001.

88. Gorcsan J III, Strum DP, Mandarino WA, 
Pinsky MR: Color-coded tissue Doppler assess-
ment of the effects of acute ischemia on 
regional left ventricular function: comparison 
with sonomicrometry. J Am Soc Echocardiogr 
14(5):335-342, 2001.

89. Voigt JU, Exner B, Schmiedehausen K, et al: 
Strain-rate imaging during dobutamine stress 
echocardiography provides objective evidence 
of inducible ischemia. Circulation 107(16):
2120-2126, 2003.

90. Madler CF, Payne N, Wilkenshoff U,  et al: 
Non-invasive diagnosis of coronary artery 
disease by quantitative stress echocardiogra-
phy: optimal diagnostic models using off-line 

tissue Doppler in the MYDISE study. Eur Heart 
J 24(17):1584-1594, 2003.

91. Smiseth OA, Stoylen A, Ihlen H: Tissue Doppler 
imaging for the diagnosis of coronary artery 
disease. Curr Opin Cardiol 19(5):421-429, 
2004.

92. Stoylen A, Heimdal A, Bjornstad K, et al:  
Strain rate imaging by ultrasonography in the 
diagnosis of coronary artery disease. J Am Soc 
Echocardiogr 13(12):1053-1064, 2000.

93. Pislaru C, Bruce CJ, Belohlavek M, et al: Intra-
cardiac measurement of pre-ejection myocar-
dial velocities estimates the transmural extent 
of viable myocardium early after reperfusion in 
acute myocardial infarction. J Am Coll Cardiol 
38(6):1748-1756, 2001.

94. Kukulski T, Jamal F, Herbots L,  et al: Identifica-
tion of acutely ischemic myocardium using 
ultrasonic strain measurements. A clinical 
study in patients undergoing coronary angio-
plasty. J Am Coll Cardiol 41(5):810-819, 
2003.

95. Skulstad H, Edvardsen T, Urheim S,  et al: Post-
systolic shortening in ischemic myocardium: 
active contraction or passive recoil? Circulation 
106(6):718-724, 2002.

96. Lyseggen E, Skulstad H, Helle-Valle T, et al: 
Myocardial strain analysis in acute coronary 
occlusion: a tool to assess myocardial viability 
and reperfusion. Circulation 112(25):3901-
3910, 2005.

97. Pislaru C, Anagnostopoulos PC, Seward JB,  
et al: Higher myocardial strain rates during 
isovolumic relaxation phase than during  
ejection characterize acutely ischemic myocar-
dium. J Am Coll Cardiol 40(8):1487-1494, 
2002.

98. Gorcsan J III, Strum DP, Mandarino WA, et al: 
Quantitative assessment of alterations in 
regional left ventricular contractility with 
color-coded tissue Doppler echocardiography. 
Comparison with sonomicrometry and 
pressure-volume relations. Circulation 95(10):
2423-2433, 1997.

99. Derumeaux G, Ovize M, Loufoua J, et al: 
Assessment of nonuniformity of transmural 
myocardial velocities by color-coded tissue 
Doppler imaging: characterization of normal, 
ischemic, and stunned myocardium. Circula-
tion 101(12):1390-1395, 2000.

100. Russell K, Opdahl A, Remme EW,  et al: Evalu-
ation of left ventricular dyssynchrony by onset 
of active myocardial force generation: a novel 
method which differentiates between electrical 
and mechanical etiologies. Circ Cardiovasc 
Imaging 2010.

101. McDonald IG: Echocardiographic demonstra-
tion of abnormal motion of the interventri-
cular septum in left bundle branch block. 
Circulation 48(2):272-280, 1973.

102. Dillon JC, Chang S, Feigenbaum H: Echo-
cardiographic manifestations of left bundle 
branch block. Circulation 49(5):876-880, 1974.

103. Parsai C, Bijnens B, Sutherland GR, et al: 
Toward understanding response to cardiac 
resynchronization therapy: left ventricular dys-
synchrony is only one of multiple mechanisms. 
Eur Heart J 30(8):940-949, 2009.

104. Gjesdal O, Remme EW, Opdahl A, et al: Mecha-
nisms of abnormal systolic motion of the 
interventricular septum during left bundle-
branch block. Circ Cardiovasc Imaging, in 
press.

105. Nelson GS, Curry CW, Wyman BT, et al: Pre-
dictors of systolic augmentation from left ven-
tricular preexcitation in patients with dilated 
cardiomyopathy and intraventricular conduc-
tion delay. Circulation 101(23):2703-2709, 
2000.

106. Prinzen FW, Vernooy K, Deboeck BW, Delhaas 
T: Mechano-energetics of the asynchronous 
and resynchronized heart. Heart Fail Rev 2010.

107. Prinzen FW, Hunter WC, Wyman BT, McVeigh 
ER: Mapping of regional myocardial strain and 
work during ventricular pacing: experimental 
study using magnetic resonance imaging 
tagging. J Am Coll Cardiol 33(6):1735-1742, 
1999.

108. Breithardt OA, Stellbrink C, Herbots L, et al: 
Cardiac resynchronization therapy can reverse 
abnormal myocardial strain distribution in 
patients with heart failure and left bundle 
branch block. J Am Coll Cardiol 42(3):486-494, 
2003.

109. Spragg DD, Leclercq C, Loghmani M, et al: 
Regional alterations in protein expression in 
the dyssynchronous failing heart. Circulation 
108(8):929-932, 2003.

110. Gjesdal O, Remme E, Opdahl A, et al: Preejec-
tion tug of war between early-activated septum 
and late-activated lateral wall in left bundle 
branch block (abstract). Eur Heart J 31:407, 
2010.

111. Kingma I, Tyberg JV, Smith ER: Effects of dia-
stolic transseptal pressure gradient on ven-
tricular septal position and motion. Circulation 
68(6):1304-1314, 1983.

112. Little WC, Reeves RC, Arciniegas J, et al:  
Mechanism of abnormal interventricular sep-
tal motion during delayed left ventricular acti-
vation. Circulation 65(7):1486-1491, 1982.

113. Haugaa KH, Smedsrud MK, Steen T, et al: 
Mechanical dispersion assessed by myocardial 
strain in patients after myocardial infarction 
for risk prediction of ventricular arrhythmia. 
JACC Cardiovasc Imaging 3(3):247-256, 2010.

114. Haugaa KH, Amlie JP, Berge KE, et al: Trans-
mural differences in myocardial contraction 
in long-QT syndrome: mechanical conse-
quences of ion channel dysfunction. Circula-
tion 122(14):1355-1363, 2010.

115. Haugaa KH, Edvardsen T, Leren TP, et al: Left 
ventricular mechanical dispersion by tissue 
Doppler imaging: a novel approach for identi-
fying high-risk individuals with long QT syn-
drome. Eur Heart J 30(3):330-337, 2009.

116. Lopez-Candales A, Rajagopalan N, Saxena N, 
et al: Right ventricular systolic function is not 
the sole determinant of tricuspid annular 
motion. Am J Cardiol 98(7):973-977, 2006.

117. Meluzin J, Spinarova L, Bakala J, et al: Pulsed 
Doppler tissue imaging of the velocity of tri-
cuspid annular systolic motion; a new, rapid, 
and non-invasive method of evaluating right 
ventricular systolic function. Eur Heart J 
22(4):340-348, 2001.

118. Badano LP, Ginghina C, Easaw J, et al: Right 
ventricle in pulmonary arterial hypertension: 
haemodynamics, structural changes, imaging, 
and proposal of a study protocol aimed to 
assess remodelling and treatment effects. Eur J 
Echocardiogr 11(1):27-37, 2010.

119. Kaul S, Tei C, Hopkins JM, Shah PM: Assess-
ment of right ventricular function using two-
dimensional echocardiography. Am Heart J 
107(3):526-531, 1984.



11  Assessment of Diastolic Function  
by Echocardiography
JUAN CARLOS PLANA, MD | MILIND Y. DESAI, MD | 
ALLAN L. KLEIN, MD

Basic Principles
Physiology of Diastole
Determinants of Diastolic Function
Definition of Diastolic Dysfunction

Echocardiographic Evaluation of Diastolic Function
Doppler Techniques in Assessment of Diastolic Filling 

Patterns
LA Volume Index
Strain Imaging in Evaluation of Diastolic Function

Torsion Echocardiography
New ASE/EAE Guidelines

Clinical Utility of Diastolic Function Assessment
Myocardial Diseases
Hypertension and Hypertensive Heart Disease
Ischemic Cardiac Disease
Pericardial Disease
Restrictive versus Constrictive Physiology

197

Heart failure (HF) is a major public health problem in the 
Western world. Over the years, our understanding of the natural 
history of HF has evolved to recognize that cardiovascular 
disease can result in systolic and or diastolic dysfunction of the 
heart.1,2 To date, echocardiography remains the most robust and 
widely used technique in the evaluation of diastolic function.3 
This chapter discusses the state-of-the-art echocardiographic 
techniques used in the optimal assessment of diastolic function. 
The role of echocardiography in specific cardiac diseases, that 
cause diastolic dysfunction, is then highlighted.

Basic Principles
PHYSIOLOGY OF DIASTOLE

The cardiac cycle is broadly divided into two phases: systole and 
diastole. Diastole is the time period that extends from the 
closure of the aortic valve to the termination of the mitral 
inflow (closure of the mitral valve). It is divided into four 
phases: isovolumic relaxation, early rapid filling, diastasis, and 
atrial systole. These phases are shown relating the aorta, left 
ventricle (LV), left atrium (LA), and LV volumes4 (Fig. 11-1).

Isovolumic Relaxation
By definition, this period extends from the time of aortic valve 
closure to mitral valve opening and occurs without a change in 
LV volume.5 It is an energy-dependent process, which occurs 
until middiastole. Ventricular pressure (Pv) decay during the 
isovolumic period follows an approximately exponential curve 
that can be characterized by its starting pressure (Po) and its time 
constant (τ).6 This curve can be fitted with the assumption of 
either a zero asymptote Pv = (Poe

−t/τ), or a nonzero asymptote Pv 
= (Poe

−t/τ + Pb) (to account for subatmospheric pressure and the 
effects of pericardial pressure), where Pb is the LV pressure at the 
time of aortic closure or peak negative dp/dt, t is the time after 
the onset of relaxation, and τ is the time constant of relaxation.

A low τ value is suggestive of fast relaxation, whereas a high 
value represents slow relaxation. Isovolumic relaxation ends 
when the LV pressure falls below the LA pressure, resulting in 

mitral valve opening and the beginning of the rapid filling 
phase.7

Rapid Filling
The rapid filling phase starts with the opening of the mitral 
valve.7 Left ventricular suction, continued LV relaxation, and 
elastic recoil leads to a continuous fall in LV pressure, resulting 
in the development of an LA-to-LV pressure gradient, with 
subsequent blood acceleration.7 This gradient is influenced by 
the level of LA pressure at mitral valve opening, and the rate of 
decline of LV pressure.8 Blood rapidly enters the LV from the 
LA during the early filling period with approximately 70% of 
the stroke volume received by the LV during the first third of 
diastole.9 Active ventricular suction plays an important role in 
the rapid filling phase.10 It occurs as a result of the recoil of the 
compressed elastic myocardial fibers during contraction.11 
Rapid filling ends in the moment that atrial and ventricular 
pressures equilibrate.7

Diastasis
Diastasis occurs between the rapid filling and the atrial contrac-
tion phases. After rapid filling, LA and LV pressures equilibrate, 
yielding no forward driving gradient.7

Atrial Systole
The atrial filling phase of diastole occurs when the LA pressure 
rises above the LV pressure. This late diastolic transmitral flow 
increases ventricular end-diastolic volume by 25% in normal 
individuals, with only a small rise in mean pulmonary venous 
pressure. Diastole ends with the onset of ventricular systole, 
when the rapid increase in ventricular pressure closes the mitral 
valve.7

DETERMINANTS OF DIASTOLIC FUNCTION

The following are the major determinants of diastolic function: 
(1) active myocardial relaxation; (2) LV compliance; (3) LA 
function; (4) heart rate; and (5) the pericardium.7,11
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Myocardial relaxation, which occurs during isovolumic 
relaxation and early diastolic filling, is an active process involv-
ing the use of intracellular adenosine triphosphate and calcium 
by the myocardium.12 Several factors affect isovolumic relax-
ation, including internal loading forces (cardiac fiber), external 
loading factors (wall stress, arterial impedance), and reduced or 
inhibited myocardial contractility (metabolic, neurohormonal, 
or pharmacologic).

Ventricular compliance is the ratio of change in volume to 
change in pressure (dV/dP), and stiffness is the mathematical 
inverse of compliance (dP/dV). From a conceptual standpoint, 
we can divide it into two components: intrinsic myocardial and 
chamber compliance. Compliance is the net result of a variety 
of factors: viscoelastic nature of the myocardium; chamber size, 
shape, and wall thickness; right ventricular (RV) and LV 
pressure-volume interactions; pleural pressure; and pericardial 
characteristics.13 Intrinsic myocardial stiffness relates to the 
amount of collagen within the myocardium. Collagen plays an 
essential role in converting the contractile force of the myocytes 
into intraventricular pressure and determining the overall ven-
tricular size and shape.14,15 Pressure-induced hypertrophy is 
associated with increased collagen content deposition, with sec-
ondary increase in overall chamber stiffness. Evaluation of LV 
ventricular compliance has been studied and quantified exten-
sively using pressure-volume loops, which demonstrate the 
degree to which pressure and volume change vis-à-vis each 
other over a wide range of physiologic pressures and volumes16-18 
(Fig. 11-2). The volume of blood that enters the LV is largely 
determined by the characteristics of the pulmonary veins, the 
LA, and the mitral valve .7 The pressure gradient between the 
pulmonary veins or LA and the LV, the rate of myocardial relax-
ation, and ventricular suction are responsible for early rapid 

Figure 11-1  Changes in left ventricular pressure and volume through-
out the cardiac cycle. The cardiac cycle is divided into systole, the time 
period  from  mitral  valve  closure  (MVC )  to  aortic  valve  closure  (AVC ), 
and diastole. Diastole is further divided into isovolumic relaxation (the 
time period from AVC to mitral valve opening (MVO) during which the 
LV pressure declines with no change  in  volume) and autoxonic  relax-
ation (the time period from MVO to MVC during which the LV volume 
increases  at  variable  pressure.  AVO,  Aortic  valve  opening.  (Adapted 
from Bonnema DD, Baicu C, Zile MR. Pathophysiology of diastolic heart 
failure: relaxation and stiffness. In: Klein AL, Garcia MJ, editors: Diastol-
ogy:  clinical  approach  to  diastolic  heart  failure. Philadelphia, 2008, 
Saunders, pp 11-25.)
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Figure 11-2  Schematic representation of ventricular pressure-volume 
loops. The center panel demonstrates  the normal  situation. Note  the 
exponential nature of  the curve  through  late diastole.  In  systolic dys-
function (left), the end-systolic pressure line is displayed downward and 
is manifested by a decreased ability of  the LV to generate high pres-
sures for a given volume. Diastolic dysfunction (right) involves an upward 
and  leftward shift of  the exponential curve, a  result of elevated filling 
pressures for a given volume. (From Katz AM: Influence of altered inot-
ropy and lusitropy on ventricular pressure-volume loops.  Am  Coll 
Cardiol 11:438-445, 1988.)
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filling.10,19 Hence, diseases of the mitral valve, such as mitral 
stenosis, delay LV filling and prevent early rapid filling.7

The LA predominantly acts as a passive reservoir of blood 
during early LV filling, and as an active pump at end-diastole.20 
Atrial systolic function (active phase) may be essential to main-
tain the cardiac output in disease states.21,22 In young and healthy 
normal individuals, the atrial contribution is less than 20% of 
the total volume, whereas in older normal subjects, the atrial 
“kick” accounts for a greater proportion of the total LV filling.23 
Atrial contractile function has delayed recoery (stunning) fol-
lowing electrical cardioversion.24 Decreased atrial systolic func-
tion as a result of infiltration plays a role in the reduction in 
forward transmitral atrial contraction wave by Doppler echo-
cardiography as seen in advanced cardiac amyloidosis.25

Heart rate has a direct impact on cardiac output in cases of 
diastolic dysfunction.26,27 As heart rate increases, the diastolic 
filling period preferentially decreases with respect to the systolic 
ejection period. As ventricular filling is functionally delayed, 
adequacy of inflow deteriorates and cardiac output paradoxi-
cally falls. Catecholamines may enhance relaxation and increase 
heart rate, thus decreasing the diastolic period.28

Other factors that affect diastolic function include neurohor-
monal activation, conduction abnormalities, and the stiffness 
of the pericardium. LV relaxation may be impaired by conduc-
tion abnormalities that cause segmental asynchrony.29 This may 
contribute to decreased exercise tolerance in patients with left 
bundle branch block or RV paced rhythms. The pericardium 
considerably affects diastolic function as commonly seen in 
constrictive pericarditis.30

DEFINITION OF DIASTOLIC DYSFUNCTION

Heart failure can be divided in two groups: heart failure with a 
reduced ejection fraction (HFrEF), and heart failure with a pre-
served ejection fraction (HFpEF), or diastolic HF. A study from 
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Figure 11-3  Kaplan-Meier survival curve for patients with heart failure and preserved or reduced ejection fraction. (Left panel adapted from Owan 
TE, Hodge DO, Herges RM, et al: Trends in prevalence and outcome of heart failure with preserved ejection fraction. N Engl J Med 355:251-259, 
2006. Right panel adapted from Bhatia RS, Tu JV, Lee DS, et al: Outcome of heart failure with preserved ejection fraction in a population-based 
study. N Engl J Med 355:260-269, 2006.)
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the Mayo Clinic evaluated a total of 4596 consecutive patients 
admitted with decompensated HF. Of these, 53% had a reduced 
ejection fraction. The proportion of patients with HFpEF 
increased over the period from 1987 to 2001. There are several 
differences between HFrEF and HFpEF from the structural and 
functional standpoint. In HFrEF, there is LV cavity enlargement, 
eccentric LV remodeling with low LV mass/volume ratio, and 
abnormal systolic and diastolic function; whereas in HFpEF, 
there is normal cavity size, concentric hypertrophy with high LV 
mass/volume ratio, and abnormal diastolic function. Myocardial 
structure follows a similar trend with cardiomyocyte hypertro-
phy in HFpEF and loss of myofilaments in HFrEF.31-34

Bhatia et al evaluated the epidemiology and outcomes of 
patients with HFpEF in a population-based study. Patients with 
HFpEF were more likely to be older and female and to have a 
history of hypertension and atrial fibrillation. The presenting 
symptoms and clinical presentation were similar to patients 
with reduced ejection fraction. The survival of patients with 
HFpEF was similar to those of patients with reduced ejection 
fraction (Fig. 11-3).35 As a result of modern evidence-based HF 
therapy, the prognosis of patients with HFrEF has improved 
progressively over the past three decades. Conversely, despite 
frequent use of similar pharmacologic agents, the prognosis of 
patients with HFpEF remained unaltered over the same time 
period.36

Because diastolic dysfunction is common as an isolated 
disease in the elderly and also increases the burden of HF 
among patients with systolic dysfunction, these results have 
major public health implications for the future, particularly 
given the increasing age of our population.

Differentiation between HFrEF and HFpEF cannot be made 
on the basis of history, physical examination, electrocardio-
gram, or chest radiograph alone, because these clinical markers 
have the same frequency of occurrence in these two forms of 
HF.37 The following criteria (Table 11-1) for HFpEF were pro-
posed by the Working Group for the European Society of Car-
diology: (1) presence of signs or symptoms of HF; (2) LV 
ejection fraction greater than 50%; and (3) evidence of LV 
diastolic dysfunction.38 These diagnostic criteria have three 
major problems. The first is the requirement that there be signs 
or symptoms of HF. It is well recognized that the mere presence 
of breathlessness and fatigue is not specific for the presence of 
HF. It would be more prudent to use specific diagnostic criteria, 
such as the Framingham criteria. Second is the requirement that 
a measurable abnormality in diastolic function be present. 
Similar to measurements of systolic function, measurements of 
ventricular relaxation, filling, and compliance are load depen-
dent. Therefore, their poor specificity, sensitivity, and predictive 
accuracy limit the application of this requirement in the clinical 
setting. Vasan and Levy have refined these criteria and divided 

Overview of Diagnostic Guidelines for HFpEF

HFpEF Guidelines Year Published (Ref. No.)

ESC 1998 NHLBI 2000 Lahey 2005 ESC 2007

HF signs and symptoms (other criteria) Present Present Present Present

Normal LV systolic function LVEF >45% LVEF >50% within 72 hr HF episode LVEF >50% LVEF >50%

LVEDVI <102 mL/m2 LVEDVI <97 mL/m2 LVEDVI <97 mL/m2

LV diastolic dysfunction LVEDP >16 mm Hg LVEDP >16 mm Hg LVEDP >16 mm Hg LVEDP >16 mm Hg

PCWP >12 mm Hg PCWP >12 mm Hg PCWP >12 mm Hg PCWP >12 mm Hg

E/A <0.5 E/A <0.5 E/E′ >15

DT >280 ms DT >280 ms E/E′ >8 + NT-proBNP >220 pg/mL

IVRT >105 ms IVRT >105 ms

Ar >0.35 m/s LA enlargement

Ardur-Adur > 20 ms LVH

All four sets of guidelines require the simultaneous presence of HF signs and/or symptoms and normal LV systolic function and diastolic LV dysfunction. Criteria for normal LV systolic 
function are comparable, but criteria for diastolic LV dysfunction are variable.

A, Atrial wave mitral flow velocity; Adur, duration of atrial wave mitral flow velocity; Ar, pulmonary vein atrial reversal velocity; Ardur, duration of reverse pulmonary vein systole flow 
velocity; DT, deceleration time; E, early mitral flow velocity; E′, early tissue Doppler lengthening velocity; HF, heart failure; HFpEF, heart failure with preserved LV ejection fraction; 
IVRT, isovolumic relaxation time; LVEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PCWP, pulmonary 
capillary wedge pressure.

TABLE 
11-1 

Adapted from Paulus WJ, van Ballegoij JJ: Treatment of heart failure with normal ejection fraction: an inconvenient truth! J Am Coll Cardiol 55:526-537, 2010.
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of diastolic HF or HF with preserved ejection fraction (HFpEF) 
have been proposed.40

Echocardiographic Evaluation of  
Diastolic Function

Echocardiography has been the mainstay for understanding  
the physiology of diastolic function, and identifying the patho-
physiology of diastolic dysfunction. In current practice, the cli-
nician has a number of techniques in the evaluation of diastolic  
function, including the traditional Doppler techniques, which 
include mitral inflow and pulmonary vein flow and the newer 
modalities, such as tissue Doppler imaging and color M-mode 
Doppler. Table 11-2 provides the common diastolic filling vari-
ables that can be measured in clinical practice. Table 11-3 pro-
vides the clinical utility and technical limitations of various 

them into definite, probable, and possible diastolic HF.39 Defi-
nite diastolic HF requires definitive evidence of HF; objective 
evidence of normal systolic function, with an ejection fraction 
greater than 50% within 72 hours of the HF event; and objective 
evidence of diastolic dysfunction on cardiac catheterization. If 
objective evidence of diastolic dysfunction is lacking, but the 
first two criteria are present, this fulfills the criteria for probable 
diastolic HF. If the first criterion is present and ejection fraction 
is greater than 50% but not assessed within 72 hours of the HF 
event, this fulfills the criteria for possible diastolic HF. Possible 
diastolic HF can be upgraded to probable diastolic HF if one of 
a number of additional criteria is present. The clinical applica-
tion of these guidelines is limited, because they are both complex 
and empiric. Controversy exists whether measurements of LV 
relaxation or compliance by cardiac catheterization or Doppler 
echocardiography are actually needed when LV hypertrophy or 
concentric remodeling is present.33 Recently, further definitions 

Adapted from Bursi F, Weston SA, Redfield MM: Systolic and diastolic heart failure in the community. JAMA 296:2209-2216, 2006; Garcia MJ, et al: New Doppler echocardiographic 
applications for the study of diastolic function. J Am Coll Cardiol 32:865-875, 1998; and Yamada H, Klein AL. Diastology 2010: Clinical approach to diastolic heart failure. J Echocardiogr 
8:65-79, 2010.

Criteria Used to Define the Grade of Diastolic Dysfunction

Criteria Normal Young Normal Adult
Impaired Relaxation 

(Grade 1)
Pseudonormal  

(Grade 2)
Restrictive 

Reversible (Grade 3) Restrictive Irreversible (Grade 4)

E/A ratio 1-2 1-2 <1.0 1-1.5 (reverses with 
Valsalva maneuver)

>1.5 1.5-2.0 (Doppler values similar 
to grade 3 except no change 
with Valsalva maneuver)

Deceleration time (ms) <240 150-240 ≥240 150-200 <150 <150

IVRT (ms) 70-90 70-90 >90 <90 <70 <70

PV S2/D ratio <1 ≥1 ≥1 <1 <1 <1

Ardur – Adur (ms) ≥30 ≤0 ≤0 or ≥30 ≥30 ≥30 ≥30

Ar velocity (cm/s) <35 <35 <35 ≥35 ≥35 ≥35

Propagation velocity (cm/s) >55 >55 >45 <45 <45 <45

Mitral E′ velocity (cm/s) >10 >8 <8 <8 <8 <8

Left atrium Normal Normal Normal or mildly 
enlarged LA

Mild to moderate LA 
enlargement

Severe LA 
enlargement

Severe LA enlargement

 Adur, Duration of transmitral atrial velocity; Ar, pulmonary vein atrial reversal velocity; Ardur, duration of pulmonary vein atrial reversal velocity; D, diastolic wave; E/A, ratio of early to 
late diastolic filling velocities; IVRT, isovolumic relaxation time; PV, pulmonary vein; S, systolic wave.

TABLE 
11-2 

Utility of Different Echocardiographic Techniques in Assessment of Diastolic Function

Clinical Utility Technical Points Limitations

Mitral inflow Can assess LV compliance, relaxation, filling 
pressures.

Short DT associated with poor prognosis.
Best used with combined systolic and 

diastolic heart failure.

Sample volume between 1 and 2 mm, velocity filter at 200 Hz, 
sweep speed between 50 and −100 mm/s.

Can measure E and A waves, DT, IVRT.
A duration can be measured at mitral annulus.

Preload dependent
E/A ratio can be 

pseudonormalized.

Pulmonary 
vein flow

Can assess LV compliance, relaxation, filling 
pressures.

Blunted systolic/diastolic velocities associated 
with poor prognosis.

Best used with combined systolic and 
diastolic heart failure.

PVa used to assess pseudonormalization.

Sample volume box between 3 and 4 mm, velocity placed 1-2 cm 
into the PV, filter at 200 Hz, sweep speed between 50 and 
100 mm/s.

Can measure S, D, and PVa waves.

Preload dependent
Technically difficult to obtain in  

all patients
Blunted S/D from other conditions 

including atrial fibrillation and 
mitral regurgitation

Tissue Doppler 
imaging

Can assess LV compliance, relaxation, filling 
pressures.

E/E′ >15 associated with elevated filling 
pressures.

Best used with primary diastolic heart failure.

Sample volume box between 4 and 5 mm at all four mitral annuli, 
filter at 200 Hz, sweep speed between 50 and 100 mm/s.

Can measure S′, E′, and A′ waves.

Relatively preload independent
Angle and translation dependent
Different velocities at annuli 

(lateral > medial)

Color M-mode Can assess LV compliance, relaxation, filling 
pressures.

E/Vp >1.5 associated with elevated filling 
pressures.

Best used with primary diastolic heart failure.

Slope of flow propagation (first aliasing velocity) for 4 cm into LV.
The 2D depth is reduced to 16 cm.
The color velocity scale is set for color aliasing by moving the 

baseline up so that it is in the 40 cm/s range.
The M-mode sweep should be recorded at a speed of 100 mm/s.
Can measure Vp slope.

Relatively preload independent
Technically difficult to obtain in all 

patients
Influenced by LV geometry

A, Filling wave due to atrial contraction; Ar, pulmonary vein atrial reversal; D, diastolic PV flow; DT, deceleration time; E, early diastolic filling velocity; IVRT, isovolumic relaxation time; 
PV, pulmonary vein; S, systolic PV flow; Vp, velocity of propagation.

TABLE 
11-3 
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Figure 11-4  Stages of diastolic function. Schematic representation of the typical patterns seen with mitral inflow, pulmonary venous flow, tissue 
Doppler echocardiography, and color M-mode propagation velocity  (Vp)  for normal  (young and adult),  impaired  relaxation, pseudonormal, and 
restrictive diastolic function. The stages of diastolic dysfunction can be determined using an integrated approach with these four different modali-
ties for assessment of diastolic flow pattern. A, Late mitral filling; A′, tissue Doppler atrial velocity; Ar, pulmonary vein atrial reversal velocity; Ardur, 
duration of pulmonary vein Ar; D, pulmonary vein diastolic filling; E, early mitral filling; E′, tissue Doppler early diastolic velocity; S, pulmonary vein 
systolic filling; S′, tissue Doppler systolic velocity; Vp, propagation velocity.
*Stage 1 can be divided into stage 1A and stage 1B depending on an elevated LV end-diastolic pressure. (Adapted from Garcia MJ, Thomas JD, 
Klein AL: New Doppler echocardiographic applications for the study of diastolic function. J Am Coll Cardiol 32:865-875, 1998.)
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echocardiographic techniques in assessment of diastolic func-
tion. A framework of the different imaging modalities is shown 
in Figure 11-4 in normal subjects and in patients with different 
stages of diastolic dysfunction.

DOPPLER TECHNIQUES IN ASSESSMENT OF 
DIASTOLIC FILLING PATTERNS

There is a large body of scientific evidence validating the typical 
patterns of diastolic filling in normal subjects, and those with 
diastolic dysfunction. These filling patterns are generally not 
characteristic of a particular disease process, but represent the 
end product of a complex set of pathophysiologic events. Fur-
thermore, these patterns can also be affected by operator-related 
issues (e.g., precise placement of the sample volume) and physi-
ologic factors (e.g., heart rate and volume status) and are not a 
reflection of true diastolic function.33

Transmitral Flow Assessment
The most traditional technique of assessment of LV filling pat-
terns involves using pulsed-wave Doppler mitral flow velocity 
recordings.41 The following are the variables derived from mitral 
inflow interrogation: peak early diastolic transmitral flow veloc-
ity (E), peak late diastolic transmitral flow velocity (A), early 
filling deceleration time (DT), and A-wave duration (Adur). 
Normal mitral flow velocity curves vary with loading condi-
tions, age, and heart rate.

Normal individuals demonstrate a rapidly accelerating E 
wave, relatively rapid deceleration, and an A wave significantly 
smaller than the E wave. The E/A ratio is greater than 1, the mitral 
DT (reflecting LV compliance) is typically between 160 and 
240 ms, and the isovolumic relaxation time (IVRT) is between 70 
and 90 ms. With normal aging, there is slowing of LV relaxation 
and, hence, a gradual decrease of the peak E wave velocity, and 
an increase of A wave peak velocity. In most individuals, E and A 
waves become approximately equal in the sixth decade of life.42
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Figure 11-5  Schematic representation of LV and LA pressures (upper) and transmitral flow velocity patterns (lower) in normal patients and in dif-
ferent types of diastolic dysfunction. This schema divides patients into four filling patterns: normal pattern of relaxation and filling; impaired relax-
ation, or grade 1 mild diastolic dysfunction; pseudonormal relaxation, or grade 2 moderate diastolic dysfunction; and restrictive filling pattern, or 
grade 3 severe diastolic dysfunction. (Adapted from Yamada H, Klein AL: Diastology 2010: clinical approach to diastolic heart failure. J Echocardiogr 
8:65-79, 2010.)
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The evolution of traditional diastolic parameters with pro-
gressively worsening diastolic function, occurs in the following 
manner: For patients with diastolic dysfunction, three abnor-
mal filling patterns are initially recognized26,43 (Fig. 11-5). In 
stage 1 diastolic dysfunction (abnormal relaxation), there is a 
low E wave and a high A wave, resulting in an E/A ratio less 
than 1. DT is prolonged and is usually greater than 240 ms and 
IVRT is greater than 90 ms. Stage 2 diastolic dysfunction, or 
pseudonormal pattern, is associated with a normal appearance 
of the transmitral inflow with an E/A ratio between 1 and 1.5, 
a DT between 160 and 240 ms, and an IVRT between 60 and 
100 ms. With disease progression (stage 3 diastolic dysfunction 
or restrictive filling), there is a very high E wave, a low A wave, 
and a significantly decreased DT. The E/A ratio is usually greater 
than 2 with a DT less than 160 ms, and IVRT less than 70 ms.

Further observations have subcategorized this last pattern to 
either reversible or fixed restrictive pattern (stage 4) depending 
on the response to the Valsalva maneuver or other preload 
reducing maneuvers.44 The major challenge in the interpreta-
tion of Doppler mitral inflow patterns is in distinguishing  
the normal from the pseudonormal pattern. To accurately  
assess and stratify the degree of diastolic abnormality, further 
measurements are generally necessary. There are several tradi-
tional methods that are useful in distinguishing normal from 
pseudonormal patterns, including the Valsalva maneuver,  
pulmonary venous (PV) flow measurements, and the tissue 
Doppler annular velocities (E′).

Mitral Inflow at Peak Valsalva Maneuver
Because preload affects interpretation of diastolic dysfunction, 
the Valsalva maneuver is another supplement to the measure-
ment of mitral inflow parameters (Fig. 11-6). The strain phase 
of the Valsalva maneuver is a simple approach used to decrease 
LA pressure. During this phase, E wave velocity normally 
decreases by 20% with a smaller decrease in A velocity.41 In 

patients with pseudonormal mitral inflow patterns, Valsalva 
strain lowers LA pressure and unmasks the underlying impaired 
LV relaxation, resulting in a measured E/A less than 1.45 Patients 
with restrictive filling patterns or individuals who are preload 
sensitive will revert to a pseudonormal or even impaired relax-
ation pattern. Patients with restrictive filling patterns without 
any change with Valsalva have severe irreversible or fixed  
diastolic dysfunction. The primary limitation in the use of  
Valsalva to assess diastology is obtaining adequate signals for  
measurement. Ommen and colleagues45 were able to obtain 
satisfactory Doppler data in only 61% of patients during a 
Valsalva maneuver. In addition, the inherent limitations in per-
formance of an adequate Valsalva maneuver limit its utility in 
routine practice.

Pulmonary Venous Flow
PV flow velocity variables provide an integrated approach with 
mitral inflow in the evaluation of diastolic dysfunction. The 
four useful variables from the PV flow interrogation are peak 
systolic PV flow velocity (S), peak diastolic PV flow velocity (D), 
peak PV atrial reversal flow velocity (PVa), and PVa duration 
(adur). Figure 11-5 shows a schematic representation of the PV 
variables in normal diastolic function and in various stages of 
diastolic dysfunction.43

The flow from the PV to the LA occurs in three phases: sys-
tolic phase (peak early and late systolic PV flow velocity); early 
diastolic phase (peak diastolic PV flow velocity); and retrograde 
flow during the late diastole with atrial contraction. With a 
normal LA pressure, the majority of the flow into LA occurs in 
systole. However, when the mean LA pressure increases, the 
majority of the antegrade flow occurs in diastole with a con-
comitant reduction in systolic flow. A decreased systolic fraction 
of less than 40% is associated with an elevated mean LA pres-
sure greater than 15 mm Hg.46 Similar to mitral inflow, the 
pulmonary vein flow demonstrates a U-shaped curve, 



  11  Assessment of Diastolic Function by Echocardiography  203

E
E

A
A

Baseline ValsalvaA

120

100

80

60

40

20

cm/s
–10

Figure 11-6  Effect of Valsalva maneuver on mitral inflow in a patient with different stages of diastolic dysfunction. A, Patient with stage 3 diastolic 
dysfunction. Notice that after Valsalva maneuver, the E wave remains the same, consistent with irreversible diastolic dysfunction (stage 4). B, Patient 
with stage 2 diastolic dysfunction. With Valsalva, there is blunting of the E wave and appearance of stage 1 diastolic dysfunction. A, Atrial component 
of diastolic filling; E, early diastolic filling. 
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suggesting preload dependence. Pulmonary vein atrial reversal 
velocity and duration provides incremental value in assessing 
diastolic function. An atrial reversal velocity greater than 
35 cm/s and an duration of 30 ms longer than the mitral inflow 
A-wave duration is predictive of an LV end-diastolic pressure 
greater than 15 mm Hg.47 For multiple reasons, however, it may 
be difficult to optimally assess PV flow. A frequent reason is 
inadequate PV flow profiles, commonly seen as a result of body 
habitus and operator dependence. Blunting of PV systolic waves 
may be present in young healthy individuals as a result of rapid 
diastolic “suction,” and atrial reversal may be absent in advanced 
diastolic dysfunction as a result of the loss of atrial function.25,48 
Therefore, newer modalities, including color M-mode Doppler 
and tissue-Doppler imaging (TDI), have evolved to provide 
additional information for the assessment of diastolic function 
and evaluation of LV filling pressures45 (Fig. 11-7).

Evaluation of the Right Heart by Doppler
Diastolic function of the right-sided heart can be evaluated by 
the interrogation of the tricuspid inflow, hepatic veins, and 
superior vena cava flows.49 The Doppler flow patterns in the 
hepatic veins and superior vena cava are somewhat similar to 
the PV flow patterns.50,51 In addition to the systole (S), diastole 
(D), and atrial waves, a second reversed flow is often seen 
between the S and the D wave at the end of ventricular contrac-
tion.23 Right-sided flow velocities normally increase during 
inspiration and decrease with Valsalva.23,52 As with the PV flow, 
the S wave is related to right atrial (RA) relaxation and tricuspid 
annular descent, and the D is related to early RV filling velocity 
(E). The magnitude of atrial reversal and ventricular contrac-
tion varies according to RV stiffness, RA contractility, and 

central venous pressure.53 The effect of respiration of the right-
sided flows is useful in differentiating constriction from restric-
tion and estimating right-sided filling pressures.50,51

Tissue-Doppler Imaging for Evaluation  
of Diastolic Function
The Doppler principle states that the velocity of a moving 
object will alter the frequency of a reflected sound wave. Ultra-
sonic Doppler technique is a direct application of this effect and 
is based on the analysis of the amount of frequency shift of 
ultrasound waves reflected by a moving object. This ultrasound 
principle has been applied in cardiovascular medicine for many 
years, predominantly for blood flow velocity measurements 
within the heart and great vessels.54 In conventional Doppler 
color imaging, wall filters are employed to eliminate high-
amplitude, low-frequency signals reflected from myocardium in 
favor of the low-amplitude, high-frequency signals reflected 
from moving red blood cells. These low Doppler frequency 
shifts are produced by the contracting myocardium and provide 
information for the assessment of myocardial function during 
systole and diastole. TDI is an echocardiographic technique that 
directly measures myocardial velocities. In TDI, wall filters are 
bypassed to specifically measure the velocities of the myocar-
dium, which typically range from 0 to 20 cm/s. Doppler gain 
settings also must be increased to adequately visualize the TDI 
waveforms (see Chapter 10).

TDI was first described in 1989 by Isaaz and colleagues,55 who 
demonstrated that low myocardial velocities at the posterior 
mitral annulus correlated with abnormal posterior wall motion 
on LV angiography.



204 PART II The Left Ventricle

Figure 11-7  Standard pulsed Doppler transmitral inflow (upper panels) showing the early (E′ ) and atrial (A) filling velocities, and myocardial axial 
velocities (lower panels) recorded at the basal lateral wall in a healthy volunteer and in a patient with severe aortic stenosis, LV hypertrophy, and 
elevated filling pressures (pseudonormal). Early diastolic myocardial velocity (E′ ) is significantly reduced, as well as the early-to-atrial velocity ratio 
(E′/A′ ) in the pseudonormal patient. (From Garcia MJ, Thomas JD, Klein AL: New Doppler echocardiographic applications for the study of diastolic 
function. J Am Coll Cardiol 32[4]:865-875, 1998.)
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Techniques of Tissue-Doppler Imaging
Pulsed and color TDI have been used for the assessment of 
myocardial function; however, both techniques show advan-
tages and disadvantages. Using pulsed Doppler techniques  
we can (1) obtain high-quality Doppler signals, (2) measure 
mean and instantaneous local acceleration, and (3) obtain 
quantitative wall motion information (i.e., velocity, accelera-
tion, and displacement). However, the pulsed Doppler tech-
nique has many shortcomings, including (1) the need for 
manual mapping, (2) a limited spatial resolution making it dif-
ficult to distinguish subendocardial from subepicardial myocar-
dial velocities, (3) difficulty in simultaneous recording of 
different ventricular wall segments, and (4) recognition that 
important qualitative differences exist between the various 
echocardiographic machines in terms of obtained signals. On 
the other hand, using color TDI of the myocardium, we can 
superimpose wall motion velocity on the two-dimensional (2D) 
echocardiographic imaging by velocity color coding. 2D color 
Doppler imaging of the myocardium (1) enables rapid visual 
qualitative assessment of wall dynamics, (2) provides a good 
spatial resolution to differentiate between velocity profiles of 
subendocardial and subepicardial layers, and (3) allows simul-
taneous analysis of various myocardial regions. However, it is 
limited by poor temporal resolution. In contrast, M-mode 
color-coded tissue imaging is characterized by a high spatial and 
temporal resolution, but sampling is performed only along a 
single line.

In the assessment of diastolic function, velocities typically are 
measured at the annuli or myocardium in the longitudinal axis 
to minimize the effect of cardiac translation.56 From either the 

apical four-chamber or two-chamber acoustic windows, the 
region of interest is placed at the level of the mitral annulus on 
the septal, lateral, anterior, or posterior aspects of the annulus. 
Recordings are obtained during apnea to minimize translation-
induced motion artifacts. In clinical TDI applications, three 
waveforms are visualized per cardiac cycle: the peak systolic 
wave (S′), early diastolic wave (E′), and end-diastolic wave pro-
duced by atrial contraction (A′).

In evaluation of velocities in healthy subjects, the annular 
early diastolic wave velocities recorded in the short-axis view 
were higher at the posterior wall than at the anteroseptal wall.57 
Garcia and colleagues57 found an average value of 6.3 ± 1.7 cm/s 
for E′ at the anteroseptal wall versus 9.3 ± 3 cm/s at the poste-
rior wall. In the apical view, myocardial diastolic velocities 
recorded by TDI are higher at the base than at the mid-LV or 
at the apex.58,59 Although TDI velocities decrease with age, 
a healthy 50-year-old adult has spectral TDI values of 10 cm/s 
or greater and color TDI values of generally 6 cm/s or greater 
for S′, E′, and A′.

Relationship of E′ to Active Relaxation
E′ is a relatively preload-independent measure of myocardial 
relaxation in patients with cardiac disease, whereas it appears 
load dependent in patients with normal systolic function.56,60 
It has been shown that in patients with abnormal relaxation, 
saline loading led to a pseudonormal transmitral pattern, 
whereas TDI E′ and E′/A′ remained unchanged. Also, the 
authors showed that the time constant of relaxation (τ) was 
better linearly related to E′ and E′/A′ than to transmitral veloc-
ity variables.56 A value of E′ less than 8.5 cm/s with a ratio E′/A′ 



  11  Assessment of Diastolic Function by Echocardiography  205

load-dependent variable. As a result, E/E′ actually decreases in 
response to massive fluid loading, as seen in experimental animal 
models.64 Nevertheless, this finding is of very little clinical impor-
tance, because the LA pressure is rarely elevated in patients with 
normal hearts.65 Second, E/E′ does not increase in patients with 
constrictive pericarditis, despite elevated PCWP. E′ increases as 
constriction gets worse. As a result, the E/E′ ratio decreases as 
diastolic filling pressures increase (annulus paradoxus).65 Third, 
E/E′ may not provide an accurate calculation of filling pressures 
in patients with mitral valve disease (mitral annular calcification, 
mitral stenosis, mitral regurgitation) or after mitral valve surgery 
(mitral valve annuloplasty or mitral valve replacement).

More recently, concerns have been raised in terms of the 
ability of E/E′ to estimate LV filling pressures in the patients with 
decompensated HF. Mullens and co-workers66 prospectively 
evaluated a cohort of patients with advanced decompensated HF 
(ejection fraction less than 30%, NYHA class III or IV symp-
toms) who underwent simultaneous echocardiographic and 
hemodynamic evaluation on admission, and after 48 hours of 
intensive medical therapy. They concluded that in decompen-
sated patients with advanced systolic HF, TDI-derived mitral 
E/E′ ratio may not be as reliable in predicting intracardiac LV 
filling pressures, particularly in those with larger LV volumes and 
more impaired cardiac indices, and in the presence of cardiac 
resynchronization therapy.66 In a follow-up article addressing 
the controversy, Little and Oh67 stated that the failure of E/E′ to 
perform adequately may result at least partially from the char-
acteristics of the patients studied. Significant mitral regurgita-
tion was present in nearly a quarter of the patient population, 
where, as mentioned previously, E/E′ may not correlate well 
with PCWP. Additionally, half of the patients had undergone 
cardiac resynchronization therapy, and most had a prolonged 
QRS with variable degrees of mechanical dyssynchrony.68 In 
contrast, a recent paper by Nagueh and associates68 found that 
Doppler echocardiography provided good accuracy in the 
assessment of hemodynamics in 79 patients with decompen-
sated heart failure.

Given that in patients with elevated LV filling pressures the 
cardiac myocytes are under strain, B-type natriuretic peptide 
(BNP) levels can be useful in determining the presence of ele-
vated filling pressures. A recent study demonstrated that BNP 
had a significant correlation (r = 0.51) with mitral E/E′. Other 
investigators have shown that BNP and mitral E/E′ are similarly 
accurate in diagnosing clinical HF in patients hospitalized  
for dyspnea; however, a comprehensive Doppler assessment  
using 2D, conventional Doppler, and TDI variables appeared 
more specific than BNP.69 In patients with indwelling pulmonary 
artery catheters, E/E′ and BNP were highly and equally sensitive 
for PCWP greater than 15 mm Hg, but E/E′ was more specific.

Tissue Doppler Assessment of Diastolic Function 
and Prognosis
Recently, there has been tremendous interest in the prognostic 
implications of TDI diastolic variables. One study demonstrated 
that after first acute myocardial infarction, E′ and E/E′ were 
univariate predictors of death or hospital readmission. Another 
population-based study70 showed that patients with increasing 
degrees of diastolic dysfunction (using a comprehensive 
Doppler-echocardiography assessment including TDI vari-
ables) have increasingly worse outcome. E/E′ has been demon-
strated to be a strong multivariate predictor of patient outcome  
when assessed a mean of 1.6 days after acute myocardial  
infarction.71 In a study of 225 patients who had symptomatic 

less than 1 identified a pseudonormalized transmitral velocity 
pattern with a 88% sensitivity and 67% specificity (Fig. 11-8). 
Another study60 included three groups of patients: 34 normal 
subjects, 40 asymptomatic patients with normal ejection frac-
tion and transmitral E/A less than 1 (abnormal relaxation), and 
51 patients with HF and E/A ratio greater than 1 (pseudonor-
mal). It was shown that E′ was lower with a decreased E′/A′ in 
both impaired relaxation and pseudonormal compared with 
normals; the ratio E/E′ was similar between normals and 
patients with impaired relaxation but was significantly higher 
in the patients with pseudonormal transmitral pattern.

Estimation of LV Filling Pressures
Sohn and colleagues demonstrated that E′, correlated with inva-
sive indices of myocardial relaxation (τ).56 Nagueh and col-
leagues60 showed that the pulsed Doppler peak early mitral 
inflow velocity (E) divided by TDI early diastolic mitral annular 
velocity (E′) resulted in a ratio (E/E′) that correlated with pul-
monary capillary wedge pressure (PCWP). In their study, they 
evaluated 60 patients in whom the mean PCWP was measured 
(Fig. 11-8), finding a good correlation between the E/E′ ratio 
and the mean PCWP (correlation coefficient r = 0.87).60An E/E′ 
ratio greater than 10 indicated a PCWP greater than 12 mm Hg 
with a 91% sensitivity and a 81% specificity of 62%. Ommen 
and colleagues45 corroborated their work, demonstrating that 
the E/E′ is useful in estimating mean LV filling pressures. The 
E/E′ ratio has since been demonstrated to be useful in estimat-
ing LV filling pressures in patients with hypertrophic cardiomy-
opathy (HCM),61 sinus tachycardia,61 atrial fibrillation,62 and 
post cardiac transplantation.63

However, there are certain situations where E/E′ may not 
provide an accurate assessment of pulmonary capillary wedge 
pressure. First, in the normal heart, E′ behaves as a 

Figure 11-8  Relation  of  early  transmitral  velocity  to  tissue  Doppler 
mitral annular early diastolic velocity (E/E′) to pulmonary capillary wedge 
pressure  (PCWP)  in  60  patients.  The  solid dots  indicate  patients  with 
impaired LV relaxation. The open dots indicate patients with a pseudo-
normalized pattern of diastolic filling.  (From Nagueh S, Middleton JK, 
Kopelen HA, et al: Doppler tissue imaging: a noninvasive technique for 
evaluation of left ventricular relaxation and estimation of filling pres-
sures. J Am Coll Cardiol 30[6]:1527-1533,1997.)
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colleagues82 measured slopes of the isovelocity lines formed by 
transition of no color to color (black to red). The technique was 
later modified by Garcia and colleagues,83 who traced the slope 
of the first “aliasing” velocity (red to blue) from the mitral valve 
plane to 4 cm distal in the LV (Vp in cm/s) (see Fig. 11-10, later). 
The latter technique only requires online adaptation of the 
Nyquist range limit or baseline to obtain aliasing. Both tech-
niques rely on a large number of pixels, and the measurements 
can be performed online. (3) The Takatsuji method of flow 
propagation velocity calculation depends on offline, progressive 
scaling down of the Nyquist range by specific software. The slope 
between the site of the highest velocity at the mitral valve con-
nected with the point in which aliasing becomes apparent when 
the Nyquist range is further scaled down by 30% (regardless of 
the depth of this point) is defined as Vp (Fig. 11-9).84

Flow Propagation Velocity and Hemodynamics
It has been demonstrated that despite worsening relaxation, E 
wave increases as a result of increasing filling pressures (pseudo-
normalization), but Vp does not rise.84 This indirectly suggests 
preload independence. In invasive canine studies, significant 
preload alteration80,85 did not induce significant change in prop-
agation velocity. Recently, preload independence has also been 
demonstrated in human patients with and without LV systolic 
dysfunction.85,86 There is an inverse relationship between Vp 
and the isovolumetric time constant of relaxation (τ). In dogs, 
Stugaard and colleagues showed a significant reduction of Vp 
in parallel with an increase in τ during induction of diastolic 
failure with regional80 or global ischemia and with high-dose 
propranolol.87 Similar highly significant correlations between 
Vp and changes in τ during esmolol and dobutamine infusion 
were obtained in dogs by Garcia and colleagues.85 Invasive 
studies in humans also show a consistent high inverse correla-
tion between tau and the propagation rate Vp. Takatsuji and 
colleagues84 found a strong inverse relation in 40 patients 
undergoing cardiac catheterization (r = −0.82; P less than 

HF, E/E′ predicted mortality, transplantation, and hospitaliza-
tion for HF and was incremental to deceleration time and ejec-
tion fraction.72

Color M-Mode Doppler
During isovolumic relaxation, the LV pressure drops without 
LV filling. The time constant of LV pressure decline (τ) is an 
index of LV relaxation that is relatively independent of heart 
rate and preload. After mitral valve opening, LV filling occurs 
with variable LV pressures (auxotonic relaxation). Measure-
ments made during auxotonic relaxation are determined both 
by active relaxation and passive chamber stiffness, with the 
latter becoming increasingly important toward the end of ven-
tricular filling.73 The active processes during early diastole lead 
to a rapid LV pressure drop during isovolumic relaxation and 
fast active filling at low pressures during early auxotonic relax-
ation. As early as the 1930s, normal ventricular relaxation was 
thought to result in “active suction” of the blood into the LV. 
However, only in the early 1980s, the presence of diastolic intra-
ventricular pressure gradients were confirmed.74-76 The gradi-
ents between the ventricular base (mitral valve) and apex were 
suggested to exert a suction effect (“recoil”). It was later dem-
onstrated that these gradients were diminished by ischemia and 
related to systolic function.76 With the demonstration of intra-
ventricular pressure gradients during early diastole in filling 
and in nonfilling heartbeats, their potential role as an index for 
isovolumic and early auxotonic ventricular relaxation was 
established.77 Because pressure gradients in fluids imply fluid 
acceleration and fluid currents, a noninvasive index of fluid 
acceleration would, in theory, reflect these intraventricular pres-
sure gradients. The color M-mode velocity propagation index 
(Vp) can potentially fulfill this promise.

Acquisition of Color M-Mode Images
Color M-mode Doppler is a pulsed Doppler technique in which 
mean velocities are color encoded and displayed in time (on the 
horizontal axis) and depth along the entire scan line (on the 
vertical axis). Acquisition is made in the four-chamber view. To 
visualize the direction of the inflowing blood, a large color box 
is placed from the mitral valve to the apex. The scan line should 
ideally go through the center of the mitral valve and along the 
central part of the blood column.78,79 Switching to M-mode and 
with the chart recorder set at a sweep rate of 100 mm/s, an 
M-mode spatial-temporal velocity map with the shape of a 
flame is displayed (see Fig. 11-5). By digital processing, for each 
pixel of the displayed color M-mode map, time, depth, and 
numerical velocity can be determined. The Euler equation 
enables the calculation of instantaneous pressure gradients 
along the inflow tract in a noninvasive way; however, it is too 
cumbersome for routine practice.79 Therefore, for clinical prac-
tice, the spatial-temporal velocity information is expressed as 
distance-to-time ratios (cm/s) and is known as the flow propa-
gation velocity because it has the dimensions of velocity and it 
has been interpreted as the distance the flow-wave (E-wave) 
propagates into the LV as a function of time. The following 
techniques have been proposed for determining flow propaga-
tion velocity: (1) Stugaard and colleagues80 measured the time 
delay between onset of maximal flow velocity at the mitral valve 
tips and at 3.7 cm toward the apex. This technique requires 
offline postprocessing using dedicated software to decode the 
color of each pixel into numerical values. It depends on two 
individual pixels, and the reliance on accurate measurement of 
apical flow constitutes its primary limitation.81 (2) Brun and 

Figure 11-9  Example  of  color  M-mode  of  LV  inflow  propagation 
velocity  (Vp).  Measure  Vp  from  the  intersection  of  the  anterior  mitral 
valve  leaflet M-mode extending along  the first edge of uniform color 
or aliasing velocity approximately 4 cm into the left ventricle. Schematic 
diagram (upper left corner) represents color M-mode measurement of 
inflow propagation. A, Late filling or atrial contribution; E, early filling. 
(Adapted from Morehead AJ: Sonographer’s perspective of evaluating 
diastolic function. In Klein AL, Garcia MJ, editors:  Diastology:  clinical 
approach  to  diastolic  heart  failure. Philadelphia, 2008, Saunders, pp 
215-229).
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because of the acceptable and superior reproducibility com-
pared to the other methods.81 Reported intraobserver and 
interobserver variability varies from less than 10%; in the lower 
(pathologic) ranges of Vp and up to 20% in the “higher” 
(normal) range of Vp and for TEE acquisitions.83,85,90,93 More-
over, it does not require dedicated software and therefore is the 
most feasible technique for rapid, online measurements.

All conditions associated with altered intraventricular flow 
patterns giving rise to significant turbulence or significant local 
pressure gradient formation constitute a limitation to the appli-
cation of the technique: significant aortic regurgitation, mitral 
stenosis, artificial mitral valves, and intracavity obstructions. 
Merging of early and late inflow as a result of tachycardia or 
atrioventricular conduction delay could lead to erroneous mea-
surements. Marked variations on both transmitral inflow and 
Vp recordings can be seen during atrial fibrillation and in some 
patients during respiration. In these patients, it should be rec-
ommended to average more than three cardiac cycles.

LA VOLUME INDEX

The measurement of LA volume is highly feasible and reliable 
in most echocardiograms, with the most accurate measure-
ments obtained from the apical four-chamber and two-chamber 
views.95 This measurement is very relevant clinically, as there is 
a significant relationship between LA volume and echocardio-
graphic indexes of diastolic function.96 The E/E′ ratio is a reflec-
tion of the filling pressures at the time of the examination. In 
contrast, the LA volume is a reflection of the cumulative effects 
of filling pressures over time. Some echocardiographers have 
compared the LA volume in diastology with the hemoglobin 
A1c of diabetology. Observational studies including 6657 
patients without history of atrial fibrillation or valvular heart 
disease have shown that an LA volume index of 34 nL/m2 or 
greater is an independent predictor of death, HF, atrial fibrilla-
tion, and ischemic stroke.97 However, it is important to recog-
nize that a dilated LA may be seen in athletes and in patients 
with bradycardia and four-chamber enlargement, anemia, and 
other high-output states; atrial flutter or fibrillation; and sig-
nificant mitral valve disease, in the absence of cardiovascular 
disease.67 Normal values of the left atrial volume index (LA 
volume/BSA) are shown in Table 11-4.

STRAIN IMAGING IN EVALUATION OF  
DIASTOLIC FUNCTION

Assessment of Diastolic Function by  
Strain Echocardiography
One advantage of the new ultrasound deformation strain 
indices for the study of diastolic events is that they offer high 
real-time temporal resolution of deformation (sampling rates 
greater than 200 frames/s) compared with other noninvasive 
imaging modalities (Fig. 11-10). This is important when 
studying diastole, because high-amplitude, short-lived defor-
mations occur during this time period.98,99 SR imaging has 
shown the normal sequence of regional changes in deforma-
tion during diastole to be complex.98 Regional lengthening 
begins in the midinferior septal segment, might happen before 
aortic valve closure, and may have propagated to the apex by 
the time of mitral valve opening. The basal segments are the 
last to start to lengthen in early diastole. Their lengthening is 
associated with the onset of flow into the LV. On the other 
hand, in the free walls, changes in deformation are more 

0.001), similar to values reported by Garcia and colleagues (r = 
−0.86; P less than 0.001),83 and Brun and colleagues (r = −0.73; 
P less than 0.0001).82

Clinical Use of Color M-Mode Doppler
In normal adults, little loss in blood velocity occurs between the 
basal ventricle and the apical region. The color M-mode flame 
appears at the apical region before early flow at the mitral valve 
level has stopped. The slope of the displayed filling wave is rela-
tively steep. With impaired relaxation, the slope of the first 
filling wave is less steep; velocity loss makes the maximal veloci-
ties reside at the level of the mitral tips, and they mostly do not 
reach the apical region. With further reduction in diastolic 
relaxation and elevation of filling pressures as a result of reduced 
compliance, the slope of the early filling wave will stay reduced; 
the wave usually gets blurry as a result of low flow velocities in 
the apical region, which can continue after early mitral inflow 
has stopped or even after mitral valve closure. Brun and col-
leagues82 have been the first to show that velocity propagation 
is related to wall relaxation. The progressive decrease of Vp runs 
in parallel with the increase of the isovolumic relaxation con-
stant τ, irrespective of rising filling pressures.84 Nishihara and 
colleagues88 have confirmed that the strong correlation between 
τ and Vp is also valid in HCM. Using his acquisition method, 
Garcia and colleagues89 have proposed a cutoff value of 55 cm/s 
and 45 cm/s to define impaired relaxation in young and middle-
aged adults, respectively.

Estimation of Filling Pressures and Prognosis
Combined indices of 1/Vp, as a preload-independent surrogate 
for τ, with preload and relaxation-dependent mitral inflow 
parameters, provide close prediction of mean PCWP.83,86,90,91 
PCWP can be predicted accurately using a combination of IVRT 
and Vp with an r-value of 0.89 (P less than 0.0001), and the 
regression equation: PCWP = 4.5 × (103/[{2 × IVRT} + Vp]) − 9 
(in mm Hg, 1 SEE = 3.3).90 Reported positive and negative pre-
dictive values for (103/[{2 × IVRT} + Vp]) greater than 5.5 to 
predict PCWP greater than 15 are 100% and 94%, respectively.90 
However, E/Vp is the most widely used index. In a heterogeneous 
group comprising normal, ischemic, hypertrophic, and dilated 
hearts, PCWP was calculated as follows: PCWP = [5.27 × E/Vp] 
+ 4.6 (in mm Hg, SEE = 3.1) (r = 0.80, P less than 0.001).83 
Reported positive and negative predictive values for E/Vp greater 
than 1.5 to predict PCWP greater than 12 mm Hg are 93% and 
70%, respectively.86 Correlation between E/Vp and PCWP out-
performs correlations with maximal E (r = 0.62) and E/A (r = 
0.52), independent of ejection fraction. Nagueh and col-
leagues61,92 have confirmed that the same formula is valid in 
HCM. The E/Vp ratio has also been applied to assess filling pres-
sures in atrial fibrillation with reasonable accuracy: averaged 
over three heartbeats, E/Vp yields a 100% specificity and 72% 
sensitivity in predicting a PCWP greater than 15 mm Hg.93 It 
favorably corresponds to NYHA-class and elevated values of 
brain natriuretic peptide in this group.94

Limitations of Vp as a Preload Independent Index 
for Relaxation
Reliability and reproducibility of the three different acquisition 
and reading methods constitute a major limitation for the 
application of Vp. In a direct comparison of the three methods, 
large differences in obtained numerical values and in interob-
server and intraobserver reproducibility of Vp were generated.81 
The method described by Garcia and colleages83 is advocated 
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Figure 11-10  Schematic representation of potential quantitative parameters obtained from echocardiography derived strain rate (SR) tracing (left). 
Both amplitude and timing of mechanical events can be used to assess regional  function by SR  imaging. SR tracing (upper): 1, Peak systolic SR; 
2, peak early diastolic SR; 3, peak late diastolic SR; 6, time to peak systolic SR. Strain tracing (middle) is obtained by integrating the SR signal. This 
procedure is automatic in most custom or commercially available analysis packages. 4, Peak systolic strain; 5, time to peak. 7 , SR signal showing 
low systolic SR but presence of postsystolic SR (lower). Schematic illustrating concept of strain and SR (right). Strain (ε) is change in length normal-
ized  to  initial  length  of  muscle  (upper right).  Thus,  decrease  in  length  (such  as  occurring  in  muscle  contraction)  would  result  in  negative  strain, 
increase in length (muscle relaxation) would result in positive strain, and rate at which length changes occur would be SR. (From Yip G, Abraham 
T, Belohlavek M, Khandheria BK: J Am Soc Echocardiogr 16[12]:1334-1342, 2003.)
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Reference Limits and Partition Values for Left Atrial Dimension and Volume

Women Men

Reference 
Range

Mildly 
Abnormal

Moderately 
Abnormal

Severely 
Abnormal

Reference 
Range

Mildly 
Abnormal

Moderately 
Abnormal

Severely 
Abnormal

Atrial Dimension
LA diameter, cm 2.7-3.8 3.9-4.2 4.3-4.6 ≥4.7 3.0-4.0 4.1-4.6 4.7-5.2 ≥5.2

LA diameter/BSA, cm/m2 1.5-2.3 2.4-2.6 2.7-2.9 ≥3.0 1.5-2.3 2.4-.2.6 2.7-2.9 ≥3.0

RA minor-axis dimension, cm 2.9-4.5 4.6-4.9 5.0-5.4 ≥5.5 2.9-4.5 4.6-4.9 5.0-5.4 ≥5.5

RA minor-axis dimension/BSA, cm/m2 1.7-2.5 2.6-2.8 2.9-3.1 ≥3.2 1.7-2.5 2.6-2.8 2.9-3.1 ≥3.2

Atrial Area
LA area, cm2 ≤20 20-30 30-40 >40 ≤20 20-30 30-40 >40

Atrial Volumes
LA volume, mL 22-52 53-62 63-72 ≥73 18-58 59-68 69-78 ≥79

LA volume/BSA, mL/m2 22 ± 6 29-33 34-39 ≥40 22 ± 6 29-33 34-39 ≥40

BSA, Body surface area.

TABLE 
11-4 

variable. After the cessation of early lengthening as a result 
of early filling, there is a reverse lengthening wave caused  
by passive recoil, which starts at the apex and spreads toward 
the base. During diastasis there are usually no measurable 
changes in deformation. Diastasis is followed by a base-apex 
wave of lengthening that is caused by atrial filling of the  
ventricle. This normal pattern may be markedly altered in 
disease. However, in describing regional deformation changes 
during filling, not only must regional radial and longitudinal 
deformation be examined, but also an attempt should be 
made to resolve regional twisting/untwisting occurring during 
IVRT. To do this, circumferential shear strain must be mea-
sured. Circumferential radial shear strain can be shown to be 

abnormal in diseased segments. Diastolic strain rate measure-
ments that comprise all LV segments are advantageous over 
myocardial velocities for the assessment of diastolic function. 
The ratio of mitral early diastolic velocity (E) to strain rate 
during the isovolumic relaxation (SRivr) can be used to esti-
mate LV filling pressures. Wang and collaborators used these 
para meters in the evaluation of 50 patients with simultaneous 
right heart catheterization and echocardiographic imaging. 
Mitral E/SRivr ratio had the best correlation with mean wedge 
pressure. E/SRivr was most useful in patients with an E/E′ 
ratio of 8 to 15 and was more accurate than E/E′ in patients 
with normal ejection fraction and evidence of regional LV 
dysfunction.100
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apical planes. Data on 13 of 15 patients could be used to perform 
speckle tracking analysis. The LV torsion profiles estimated by 
STI strongly correlated with those obtained by tagged MRI. The 
STI torsional velocity profiles also correlated well with those 
obtained by the TDI method.

In another study, apical and basal rotation by speckle tracking 
was measured from short-axis images by automatic frame-to-
frame tracking of gray-scale speckle patterns in mongrel  
dogs and healthy humans and compared to sonomicrometry 
(dogs) and MRI (humans).119,120 In dogs, the mean peak apical 
rotation was −3.7 ± 1.2° and −4.1 ± 1.2°, and basal rotation was 
1.9 ± 1.5° and 2.0 ± 1.2° by sonomicrometry and speckle track-
ing, respectively. Apical rotation by both methods decreased 
during left anterior descending coronary artery occlusion (P 
less than 0.007), whereas basal rotation was unchanged. In 
healthy humans, apical rotation was −11.6 ± 3.8° and −10.9 ± 
3.3°, and basal rotation was 4.8 ± 1.7° and 4.6 ± 1.3° by MRI 
tagging and speckle tracking echocardiography, respectively. 
Torsion measurement by speckle tracking echocardiography 
showed good correlation and agreement with sonomicrometry 
(r = 0.94; P less than 0.001) and MRI (r = 0.85; P less than 
0.001).

Left Ventricular Untwisting Rate by Speckle 
Tracking Echocardiography
As mentioned previously, LV filling results from the positive 
early diastolic transmitral pressure gradient and depends on 
both the LV pressure drop during isovolumic relaxation and the 
LA driving pressure.65,100 The rapid decline in LV pressure 
during this phase is caused by active myocardial relaxation and 
LV elastic recoil. LV elastic recoil/untwisting generates the 
suction force for LV filling. Accordingly, LV untwisting rate may 
provide an additional noninvasive insight into LV diastolic dys-
function. Previous work with MRI in an animal model, has 
shown that LV untwisting rate correlates closely with the time 
constant of LV relaxation.121

In a recent study, Wang and collaborators122 conducted a 
study evaluated 67 patients with simultaneous right heart cath-
eterization and echocardiographic imaging. Patients with LV 
systolic dysfunction had a significantly lower untwisting rate, in 
comparison with the control group, and the patients with 
normal ejection fraction. The determinants for untwisting rate 
were twist, end-systolic volume (ESV), and τ. In patients with 
diastolic dysfunction and normal ejection fraction, twist and 
ESV were the independent predictors. A recent study by the 
same group123 showed that the untwisting rate calculation 
method that best reflects LV relaxation is the peak negative time 
derivative of twist during early diastole.

Comprehensive Integration of Systolic and 
Diastolic Mechanics
Wang and colleagues124 examined myocardial deformation and 
rotation in patients with HF aiming at elucidating the mecha-
nisms that account for normal ejection fraction in patients with 
diastolic HF. LV longitudinal and radial strains are reduced, but 
circumferential deformation and twist are normal in diastolic 
HF patients. On the other hand, in patients with systolic HF, 
longitudinal, radial, circumferential, and twist are all reduced. 
Multivariate regression analysis suggests that preserved LV twist 
and circumferential strain may contribute to normal ejection 
fraction, in patients with diastolic HF.124

Left Atrial Strain
Analogous to assessing LV mechanics by strain (ε) and 
strain rate (SR) imaging, measures of myocardial deformation 
have been increasingly adapted to study LA mechanics. Both 
echocardiographic methods of measuring strain and SR, color 
TDI,101-104 and 2D speckle tracking imaging105-108 have been 
adapted to the measurement of LA deformation. In both 
methods, different measures of myocardial deformation, tissue 
velocity (V), strain ε, and strain rate SR can be derived at 
the three respective phases of the LA phasic cycle (conduit, res-
ervoir, and contractile phases). The advantage of analyzing LA 
myocardial mechanics with strain and SR imaging is the insight 
that can be obtained about each component of LA phasic func-
tion. One could use this method to resolve the exact change in 
LA phasic function with different disease states and investigate 
the effect after treatment. Research in this field remains sparse 
but shows promise. The reasons for the transition from asymp-
tomatic diastolic dysfunction to symptomatic diastolic HF are 
not fully understood. A recent study has drawn attention to the 
presence of a lower atrial contractile reserve in patients with 
diastolic HF.109 Kurt and colleagues110 concluded in their study 
that LA strain La(ε) is significantly reduced and that LA stiffness 
is the most accurate index in identifying patients with diastolic 
HF.

TORSION ECHOCARDIOGRAPHY

LV torsion (or twist) plays an important role with respect to LV 
ejection and filling.111 During the cardiac cycle, there is a systolic 
twist, followed by an early diastolic untwist of the LV over its 
long axis due to oppositely directed apical and basal rotations. 
As viewed from the LV apex, the base of the heart rotates clock-
wise, while the apex rotates in a counterclockwise direction. LV 
rotation is sensitive to changes in both regional and global LV 
function.112-114 Therefore, assessment of LV rotation represents 
an interesting approach for quantifying global LV function 
during systole and diastole. Historically, magnetic resonance 
imaging (MRI) tagging was the first clinically available 
method,114,115 and as a result, implementation of the evaluation 
of LV torsion was limited by the complexity and cost of the 
technique.

Speckle tracking imaging (STI) has provided the possibility 
of evaluating the deformation mechanics of the myocardial 
fibers during the different parts of the cardiac cycle116 (see 
Chapter 10). This non-Doppler assessment of cardiac mechan-
ics could rival MRI or TDI in measuring LV torsion and may 
prove more versatile in assessing patients in clinical and research 
settings. Motion analysis by speckle tracking has been attempted 
using block matching and autocorrelation search algorithms.117 
Speckle motion has been closely linked to underlying tissue 
motion when small displacements are involved. On the basis of 
this displacement estimation technique, LV rotation (angle dis-
placement about the central axis of LV in the short-axis view) 
for assessment of LV torsion can be measured.72

Validation of Torsion Calculated  
by Speckle Tracking
The accuracy and consistency of speckle tracking imaging 
method for LV torsion measurement was assessed in compari-
son with tagged MRI and TDI in 15 patients.117,118 LV torsion 
was defined as the net difference of LV rotation at the basal and 
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Figure 11-11  Scheme for grading diastolic dysfunction. Av., Average; Val, Valsalva.  (Adapted from: Nagueh SF, Appleton CP, Gillebert TC, et al: 
Recommendations for the evaluation of left ventricular diastolic function by echocardiography. J Am Soc Echocardiogr 22:107-133, 2009.)

Septal E′
Lateral E′
LA volume

Septal E′ ≥8
Lateral E′ ≥10
LA <34 mL/m2

Normal
function

Septal E′ ≥8
Lateral E′ ≥10
LA ≥34 mL/m2

Normal function,
athlete’s heart,
or constriction

Grade I Grade II Grade III

Septal E′ <8
Lateral E′ <10
LA ≥34 mL/m2

E/A <0.8
DT >200 ms
Av. E/E′ ≤8

Ardur–Adur <0 ms
Val ∆E/A <0.5

E/A 0.8–1.5
DT 160-200 ms
Av. E/E′ 9-12

Ardur–Adur ≥30 ms
Val ∆E/A ≥0.5

E/A ≥2
DT <160 ms
Av. E/E′ ≥13

Ardur–Adur ≥30 ms
Val ∆E/A ≥0.5

Figure 11-12  Diagnostic algorithm for the estimation of LV filling pressures in patients with normal ejection fraction. Av, Average; LAP, left atrial 
pressure; Lat,  lateral; PASP, pulmonary artery systolic pressure; Sep, septal.  (Adapted from Nagueh SF, Appleton CP, Gillebert TC, et al: Recom-
mendations for the evaluation of left ventricular diastolic function by echocardiography. J Am Soc Echocardiogr 22:107-133, 2009.)

E/E′

E/E′ 9-14

Normal LAP Normal LAP ↑ LAP ↑ LAP

Sep. E/E′ ≥15
or

Lat. E/E′ ≥12
or

Av. E/E′ ≥13

LA volume <34 mL/m2

Ardur–Adur <0 ms
Valsalva ∆E/A <0.5
PASP <30 mm Hg

IVRT/TE-E′ >2

LA volume ≥34 mL/m2

Ardur–Adur ≥30 ms
Valsalva ∆E/A ≥0.5
PASP >35 mm Hg

IVRT/TE-E′ >2

E/E′ ≤8
(Sep. Lat. or Av.)

NEW ASE/EAE GUIDELINES

In 2009, Nagueh and colleagues3 published recommendations 
for the evaluation of LV diastolic function by echocardiography, 
which represents a big leap forward in the field. The guidelines 
present an organized approach for grading the degree of dia-
stolic dysfunction, and for calculation of filling pressures in the 
patient with normal or depressed systolic function. Using the 
guidelines, the first step is to grade the diastolic dysfunction. 
The grading scheme is mild or grade 1 (impaired relaxation 
pattern), moderate or grade 2 (pseudonormal), and severe or 
grade 3 (restrictive pattern) (Fig. 11-11). The next step is the 
estimation of LA pressures, which can be accomplished by fol-
lowing the algorithms provided depending on the systolic func-
tion of the patient (normal or depressed) (Figs. 11-12 and 
11-13, respectively). When grading the degree of diastolic dys-
function, it is important to realize that patients would not nec-
essarily fulfill all the criteria mentioned in a given grade. In 
these situations, judgment must be exercised as to what is the 

grade that best characterizes the patient, after carefully evaluat-
ing and balancing the parameters obtained and the predomi-
nance of the criteria during the comprehensive evaluation of 
the patient.

Clinical Utility of Diastolic  
Function Assessment
The clinical utility of echocardiographic assessment of diastolic 
function in specific diseases is discussed in this section.

MYOCARDIAL DISEASES

Dilated Cardiomyopathy
Dilated cardiomyopathy manifests with a multitude of diastolic 
filling patterns. Differences in diastolic function may explain 
differences in clinical symptoms between patients with similar 
degrees of systolic dysfunction. When systolic dysfunction is 
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Figure 11-13  Diagnostic algorithm for the estimation of pressures in patients with depressed ejection fraction. (Adapted from Nagueh SF, Apple-
ton CP, Gillebert TC, et al: Recommendations for the evaluation of left ventricular diastolic function by echocardiography. J Am Soc Echocardiogr 
22:107-133, 2009.)

Mitral E/A

E/A >1 – <2, or
E/A <1 and E >50 cm/s

Normal LAP Normal LAP ↑ LAP ↑ LAP

E/E′ (average E′) <8
E/Vp <1.4

S/D >1
Ardur–Adur <0 ms

Valsalva ∆E/A <0.5
PASP <30 mm Hg

IVRT/TE-E′ >2

E/E′ (average E′) >15
E/Vp ≥2.5

S/D >1
Ardur–Adur ≥30 ms

Valsalva ∆E/A ≥0.5
PASP >35 mm Hg

IVRT/TE-E′ >2

E/A <1 and E ≤50 cm/s E/A ≥2, DT <150 ms

present, the elevated ESV results in a shift along the pressure-
volume curve to a steeper segment. This means that for a given 
diastolic pressure-volume relationship, compliance is reduced 
at higher LV volumes. Thus, the expected pattern of diastolic 
filling in advanced dilated cardiomyopathy is that of reduced 
compliance: a high E velocity, rapid deceleration slope, low A 
velocity, and E/A ratio greater than 1 (stage 3).

Amyloidosis
Cardiac amyloidosis is associated with abnormal LV and RV 
diastolic function (see Chapter 28). As the disease process 
worsens following impaired relaxation, there is worsening of 
compliance, resulting in pseudonormal and restrictive patterns 
associated with a progressive decrease in compliance with pro-
gressive deposition of amyloid fibrils in the myocardium.125 The 
prognosis of cardiac amyloidosis is generally poor, but it depends 
on the type of disease, with AL (primary) amyloidosis having 
the worst prognosis.126 In a serial study of more than 800 patients 
with primary amyloidosis over a 10-year period, the median 
survival was 2.1 years, and less than 6 months once congestive 
HF had occurred.127 Mean LV wall thickness and LV impairment 
have been suggested as useful variables in the assessment of 
cardiac involvement and prognosis. In a study of 132 patients 
with biopsy-proven amyloidosis, those with a wall thickness of 
15 mm or greater had a median survival of 0.4 years compared 
with 2.4 years for those with a mean wall thickness of greater 
than12 mm but less than 15 mm.128 There are associated abnor-
malities of RV diastolic function.49 In patients with RV free wall 
thickness of less than 7 mm, there is abnormal relaxation, and 
when the RV wall is greater than 7 mm in thickness, restrictive 
physiology is present. Doppler echocardiography has also been 
shown to be useful in the prognostic stratification of patients 
with amyloidosis. Patients with a DT of the mitral early filling 
wave at baseline study of 150 ms or less had a significantly 
reduced survival compared to those whose DT was greater than 
150 ms.129 (Fig. 11-14) A Doppler index combining systolic and 
diastolic performance (Tei index) has shown significant prog-
nostic importance in cardiac amyloidosis.130 RV enlargement 
has also been identified as an independent predictor of poor 
outcomes among patients with primary amyloidosis.131 Newer 

diagnostic tools, including strain and SR imaging, have been 
used to characterize patients with cardiac amyloidosis before the 
onset of congestive symptoms and with preserved LV function 
and tissue Doppler velocities.132 Among patients with AL amy-
loidosis, the mean basal strain, a measure of longitudinal LV 
function, was a powerful predictor of outcome and was superior 
to standard 2D echocardiography, Doppler flow measurements, 
and simple tissue Doppler velocity indexes.133

Hypertrophic Cardiomyopathy
Patients with HCM often have a pattern of LV diastolic filling 
consistent with impaired relaxation. (See Chapter 27.) Some 
studies have suggested that Doppler evaluation of LV diastolic 
filling can be used to assess the effects of medical therapy (e.g., 
beta-blockers or calcium channel blockers) on diastolic func-
tion in this disease.

SR imaging indices have been shown to be better than 
regional velocity profile data in detecting regional abnormali-
ties in patients with asymmetric septal hypertrophy and in dis-
criminating HCM from physiologic hypertrophy. SR imaging 
has also been shown to be better than either gray-scale M-mode 
or velocity data either in detecting changes in regional function 
after septal ablation134 or in detecting the regression of hyper-
trophy after antioxidant treatment for HCM.

HYPERTENSION AND HYPERTENSIVE  
HEART DISEASE

In left ventricular hypertrophy, the predominant abnormality 
is impaired relaxation, resulting in a pattern of reduced early 
diastolic filling and an enhanced atrial contribution to filling. 
The Doppler velocity curve typically shows a prolonged IVRT, 
reduced acceleration to a reduced E velocity, prolonged early 
diastolic deceleration slope, an increased A velocity, and an E/A 
ratio less than 1. When LV systolic dysfunction supervenes, the 
elevated LV end-diastolic pressure and elevated LA pressure 
may result in pseudonormalization of this pattern with an 
enhanced E velocity (related to a higher mitral valve opening 
gradient) and reduced A velocity (resulting from the elevated 
LV end-diastolic pressure).
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Figure 11-14  Survival Curves in Cardiac etc. Survival in 63 patients with cardiac amyloidosis subdivided on the basis of the deceleration time 
(DT) of 150 msec. Patients with a shortened deceleration time of  less than 150 msec (blue line) had significantly reduced survival compared with 
patients with a deceleration time of greater than 150 msec. (From Klein AL, Hatle LK, Taliercio CP, et al: Circulation 83:808-816, 1991.)

TDI has been demonstrated as a better discriminator between 
normal controls and patients with primary or secondary LV 
hypertrophy with a decrease in E′ and in ratio E′/A′ and with a 
prolonged time from the electrocardiogram Q wave to the onset 
of E′ in pathologic groups.58 Differences in the onset of diastolic 
myocardial velocity waves between the different myocardial 
components of the cardiac base have been reported in both 
primary and secondary LV hypertrophy.135 The etiology of LV 
volume overload leading to LV hypertrophy may result in  
different TDI velocity patterns.135 Abe and colleagues135a have 
reported lower E′ and prolonged time to E′ onset in patients 
with chronic aortic regurgitation when compared with those 
with mitral regurgitation. Myocardial early diastolic velocities 
have been demonstrated to decrease with age.135,136 However, it 
has been shown that the difference between normal controls 
and patients with LV hypertrophy remained significant even 
after accounting for age.136

Recently, strain imaging has been shown to differentiate 
between control subjects and patients with hypertension and 
among patients with hypertension, to differentiate between 
those with and without diastolic dysfunction.137

ISCHEMIC CARDIAC DISEASE

In patients with coronary artery disease and no prior myocar-
dial infarction, induction of ischemia results in diastolic dys-
function before systolic dysfunction. Diastolic filling curves 
with ischemia induced by balloon inflation during percutane-
ous transluminal angioplasty show rapid onset of a reduced E 
velocity, with resolution of these changes as ischemia is relieved. 
In acute myocardial infarction, a pattern of delayed relaxation 
is seen acutely. At follow-up, one of several patterns of LV filling 
may be observed. With successful reperfusion and little 

myocardial damage, LV diastolic filling returns to normal. With 
an infarction but preserved LV systolic function, the pattern of 
impaired relaxation often persists. (See Chapter 14.) With a 
large infarction and significant LV systolic dysfunction, the 
pseudonormalized pattern of high E velocity and low A velocity 
as a result of a combination of reduced compliance, a high LV 
end-diastolic pressure, and a shift along the diastolic pressure 
volume curve (increased ESV) can be seen.

Many patients with ischemic heart disease demonstrate 
abnormal diastolic function recorded by pulsed Doppler TDI 
despite having normal systolic function.55 Recent studies have 
also shown a reduced E′ and E′/A′ ratio in ischemic or infarcted 
segments.138,138a One study also showed that the number of seg-
ments with abnormal E′/A′ ratio was higher in ischemic patients 
with a decreased transmitral Doppler E/A ratio compared with 
those with a normal transmitral E/A ratio. Recording diastolic 
TDI has also been shown to be a sensitive method for detecting 
transient myocardial ischemia—for example, during inflation 
of an angioplasty balloon.139,140

PERICARDIAL DISEASE

With both pericardial tamponade and pericardial constriction, 
cardiac filling is impaired by pericardial extrinsic constraint,  
and there is marked reciprocal respiratory variation of LV and 
RV filling. In the case of tamponade physiology, filling is 
impaired in both early and late diastole. With constrictive peri-
carditis, early diastolic filling tends to be normal, with marked 
impairment of filling late in diastole when the heart has expanded 
to the maximum allowed by the fibrotic pericardial encasement. 
TDI is useful in separating restrictive from constrictive physi-
ology (see Chapters 28 and 29).
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RESTRICTIVE VERSUS CONSTRICTIVE 
PHYSIOLOGY

Hearts encased with the constrictive process have normal or 
enhanced relaxation (thus increased E′ velocity and color 
M-mode slope) and could fill mainly in a longitudinal fashion. 
In contrast, hearts with restrictive diseases showed marked 
impairment of relaxation due to the myopathic process and had 
decreased E′ velocities and decreased annular E′ velocities.141 As 
a result E′ can also be used to distinguish between restrictive 
and constrictive physiology142 (Fig. 11-15). It has been demon-
strated that E′ measured by pulsed Doppler at the level of the 
lateral part of the mitral annulus was significantly lower in 7 
patients with restrictive cardiomyopathy than in 15 normal sub-
jects and 8 patients with constrictive pericarditis. In another 
study, abnormal pulsed TDI velocity pattern was reported in 12 
patients with constrictive pericarditis versus a group of 20 
normal subjects.143 A cutoff of E′ of 8 cm/s or greater was useful 
in separating constrictive pericarditis from restriction in 
another study.144

Figure 11-15  Representative samples of the mitral annular M-mode tracings, tissue Doppler imaging velocities in the longitudinal axis, and trans-
mitral Doppler flow velocities in a normal volunteer, a patient with restrictive cardiomyopathy, and a patient with constrictive pericarditis. A marked 
difference  in early diastolic  longitudinal axis velocities, despite similar early  transmitral flow velocities,  is appreciated.  (Adapted from Garcia MJ, 
Thomas JD, Klein AL: New Doppler echocardiographic applications for the study of diastolic function. J Am Coll Cardiol 32[4]:865-875, 1998.)
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Reuss and coworkers found that in control patients mitral 
lateral E′ velocity is 25% higher than the septal one. Whereas in 
constrictive pericarditis, averaged lateral E′ velocity was 2% 
lower than septal E′ velocity. This reversal of the relationship 
between the velocities is called annulus reversus.145

Recently, Choi and colleagues performed a study comparing 
E′ of the septal annulus (sE′), lateral mitral annulus (lE′), and 
right lateral tricuspid annulus (rlE′) in patients with constrictive 
pericarditis and restrictive cardiomyopathy. They concluded 
that the ratio between lateral and septal E′ is significantly 
reduced in constrictive pericarditis compared to normal con-
trols and restrictive cardiomyopathy. The reduced lE′/sE′ , and 
rE′/sE′ appear to be useful diagnostic parameters for the diag-
nosis of constrictive pericarditis. Moreover, reduced lE′ is cor-
related with pericardial thickness on the respective side.146

However, E/E′ fails to characterize the filling pressure in this 
group of patients, a phenomenon called annulus paradoxus. 
There is an inverse relationship between E/E’ and LV filling 
pressure.147

KEY POINTS

 Diastolic HF is as common as systolic HF and is associated 
with significant morbidity and mortality.

 The major parameters of diastolic function include active 
myocardial relaxation, LV compliance, LA function, pulmo-
nary vein flow, mitral valve characteristics, and heart rate.

 Echocardiographic techniques for evaluation of diastolic 
function include mitral inflow, pulmonary venous flow, 

tissue Doppler imaging, and color M-mode Doppler and 
LA volume index.

 For patients with diastolic dysfunction, four abnormal 
filling patterns are recognized: stage 1 (mild) or abnormal 
relaxation, stage 2 (moderate) or pseudonormal, stage 3 
(severe) or restrictive, and stage 4 (severe) or irreversible 
restrictive.
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Intelligent Ultrasound Systems

Digital image processing techniques nowadays can be found 
in any ultrasound machine or offline analysis system. Moreover, 
ultrasound systems have evolved into fully digital, computer-
ized systems. Digital image storage and digital processing of 
echocardiographic images, both for image enhancement and for 
analysis, have become standard techniques. Several automated 
image analysis tools are commercially available for two-
dimensional (2D) and three-dimensional (3D) echocardio-
graphic data, and more advanced automated analysis techniques 
are appearing rapidly.

Such automated approaches include automated structure 
localization, automated border detection (ABD) techniques, 
tissue tracking, and tissue/function classification or computer-
aided diagnosis. Automated analyses can potentially supply the 
echocardiologist with quantitative and more objective tools for 
research and clinical practice. However, ultrasound is a difficult 
imaging modality for interpretation, for both humans and 
machines. In this chapter, we want to provide the clinician with 
an overview of available tools, some insight into the background 
of different techniques with their possibilities and limitations, 
and some practical guidelines for the choice and use of tech-
niques. We concentrate on ABD.

Digital Image Processing and  
Automated Analysis: Definition  
and Motivation
Digital image processing concerns manipulation of images by a 
computer. More specifically, it refers to enhancement or analysis 
of images. Image enhancement aims at improvement of images, 
for visual interpretation or for further automated analysis. This 
can range from a simple contrast adjustment to sophisticated 
filtering. Image analysis generally involves the derivation of 

some quantitative measures or parameters from images. In a 
narrower sense, this often refers to automatic localization and 
outlining (border detection) of certain structures, or to the 
tracking of the motion of such structures. In echocardiography, 
the left ventricular (LV) myocardium is of prime interest. Out-
lining of the LV endocardial border allows quantitative  
measurements of LV cavity area, shape, volume, and so on. 
Combination with the epicardial border allows calculation of 
wall thickening and LV mass. Tracking the motion of tissue or 
borders over the cardiac cycle allows the calculation of local wall 
displacement, velocity, relative shortening (strain), etc. Similar 
analyses may be applied to other structures such as the right 
ventricle (RV), atria, and valves.

In clinical practice, quantitative measurements are still 
underemployed: Visual estimation of parameters such as ejec-
tion fraction or semiquantitative classification (e.g., wall motion 
scoring for stress echocardiography) still plays a dominant role. 
Such eyeballing can be done fast, without much ado, and some 
experts reach an admirable accuracy. In general, however, it is 
inaccurate, irreproducible, subjective, and hard to learn.1 Visual 
estimation of quantifiable measures should be discouraged for 
any purpose beyond a rough classification, whenever a quanti-
tative alternative is present. Quantitative analysis is advisable 
when repetitive interpretations are done, when more subtle dif-
ferences are sought, when interpretation experience is limited, 
and whenever scientific research is the goal.

The classic method of outlining the borders is manual 
drawing. Any ultrasound machine or offline analysis system has 
facilities for this, using a mouse or trackball. Manual drawing, 
however, is known to have high inter- and intraobserver vari-
ability; it is strenuous and time consuming for the operator and 
requires expertise and dexterity. Concerning consistency and 
workload, manual drawing is especially hard to perform practi-
cally when large sets of images are involved: for example, 

218



  12  Digital Image Processing and Automated Image Analysis in Echocardiography 219

modalities, and other information. Therefore, DICOM is a very 
complicated standard: the full description covers several thou-
sand pages.6 A very readable explanation of DICOM for echo-
cardiographers is given by Thomas.7

Note that if a device is labeled “DICOM compliant,” this does 
not mean that it will automatically work with every other 
DICOM device: DICOM defines a multitude of services and 
imaging modalities. For every device, a DICOM Conformance 
Statement defines precisely which services are supplied and sup-
ported for what modalities and to what extent. To verify inter-
operability between devices, their conformance statements 
should be compared—not a simple job for a novice in DICOM. 
In particular, interoperability between vendors is rather limited 
for ultrasound, because many essential parameters are stored in 
vendor-specific “private tags” that are not accessible to others. 
Also, there is as yet no standardized format for 3D data storage.

General-Purpose Formats
Other widely used general-purpose image formats such as BMP, 
TIF, GIF, and JPEG are often used for export of screen shots or 
single images for use in reports, presentations, and publications. 
For movies, AVI, MPEG, and QuickTime are popular formats. 
These general-purpose formats usually cannot store additional 
patient information and can lead to significant image quality 
degradation because of lossy compression (see later discussion). 
Therefore, they should not be used for primary image storage 
or archiving.

IMAGE COMPRESSION

To reduce data storage requirements, image compression can be 
employed. Lossless compression techniques (such as run-length 
encoding [RLE], lossless JPEG) can reduce file sizes by a factor 
of 2 to 5, and uncompressing will produce a perfect copy of the 
original image. Lossy compression reaches much higher com-
pression ratios (up to 20 to 100) by eliminating information for 
which the eye is least sensitive, at the cost of some irreversible 
image degradation. This degradation is acceptable visually 
(JPEG factor 20 has been found to produce no diagnostically 
significant degradation8) and is marginal compared to the deg-
radation associated with VCR storage. However, the compres-
sion artifacts may certainly influence digital image processing 
and analysis. Severely lossy compression is not advisable for 
archiving or when digital image postprocessing is foreseen. 
Lossy compression techniques include lossy JPEG, fractal and 
wavelet compression, and MPEG. DICOM currently6 supports 
RLE, JPEG (lossless and lossy), JPEG2000, and MPEG2 com-
pression schemes.

Medical Image Processing
Medical image processing is a thriving subdiscipline of digital 
image processing.9,10 Several good handbooks on medical 
image processing, with special attention to ultrasound, are 
available.11,12

IMAGE ENHANCEMENT: LEVEL  
MANIPULATIONS, FILTERING

Image enhancement deals with the improvement of images, 
either for visual interpretation or as a preprocessing for analysis. 
Image-enhancement techniques used by ultrasound machines 
and analysis programs are similar to those used by most 

analyzing one or more complete cardiac cycles, for several cross 
sections, and over multiple stages (as in stress echocardiogra-
phy); or analyzing the hundreds of 2D frames in a full-cycle 3D 
data set. ABD can provide solutions to these problems. More-
over, if ABD can be performed fully automatically and fast,  
it allows real-time monitoring of clinical parameters.

Procedures such as stress echocardiography that currently 
rely on visual scoring of wall motion could benefit enormously 
from automated analysis; the lack of quantification and the 
large inter- and intraobserver and interinstitution variabilities2 
are perceived as important limitations. The potential of real-
time 3D echocardiography for volume estimation and regional 
wall motion quantification also depends largely on automated 
analysis.

Digital Image Storage, Communication, 
and Compression
DIGITAL IMAGES

Inside any modern ultrasound system, images are created as 
digital images. The generation of the ultrasound images (ultra-
sound physics, signal processing, and instrumentation) is 
beyond the scope of this chapter. Excellent descriptions can be 
found in many handbooks.3-5 Digital images consist of pixels 
whose brightness or color is represented by a numeric (digital) 
value. Brightness level is also referred to as intensity or gray value. 
A cineloop or movie is a sequence of such images, typically at a 
frame rate of 20 to 200 images per second. The digital represen-
tation makes it possible to store and process images in a 
computer—hence, digital image processing. Modern ultra-
sound systems are totally digitized and support the storage and 
communication of digital images and cineloops. For display on 
a monitor and recording on VCR, these digital images are con-
verted into an analog video signal. The use of analog video 
output or VCR tape should be strongly discouraged for analysis 
purposes. Although it is possible to redigitize the analog video 
with devices such as frame grabbers, this results in severe, irre-
versible loss of information and image quality: spatial resolu-
tion, frame rate, and intensity accuracy will be degraded; 
separation among image, graphics, and color overlays is lost; 
and calibration and patient information disappears.

STORAGE FORMATS AND IMAGE 
COMMUNICATION

DICOM
The method of choice for digital image storage and exchange is 
DICOM (Digital Imaging and Communications in Medicine6). 
DICOM is a generally accepted international standard for 
medical images of all modalities, including all types of ultra-
sound imaging. The DICOM standard (current version: 2009) 
is still being extended and improved to better support new 
developments in medical imaging. As its name implies, DICOM 
is a communication standard rather than a file format—it 
defines how medical imaging devices such as ultrasound 
systems, Picture Archiving and Communications Systems 
(PACS) servers, and printers communicate to transport, store, 
retrieve, find, or print images and associated patient informa-
tion. All major manufacturers have committed themselves to 
support DICOM. Ultimately, this should lead to the integrated 
electronic patient record, which contains the full patient file, 
including patient history, laboratory reports, images of all 
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Figure 12-1  Image brightness conversions (lookup-table opera-
tions) and their results.  A,  Identity:  no  change.  B,  Inversion.  C, 
Increased  contrast  (note  clipping,  C).  D,  Decreased  brightness.  E, 
Thresholding. F, Histogram equalization. 

general-purpose image manipulating programs (such as photo 
editors). The simplest class of such operations includes level 
manipulations or lookup-table operations: these change the 
brightness level (or color or transparency) of each pixel without 
considering any neighboring pixels. The original brightness of 
the pixel is simply used to look up the new value in a conversion 
table. Lookup-table operations include brightness level manipu-
lations and pseudocoloring. In 3D visualization, such operations 
are the main tools to control the appearance of the volume 
rendering, in terms of brightness, transparency, and surface 
extraction.

Brightness level manipulations include all one-to-one conver-
sions of image brightness levels (input) to display brightness 
levels (output), either linear or nonlinear. Examples are digital 
contrast/brightness adjustments, image inversion, and gamma 
correction. Some examples are given in Figure 12-1. Note that 
many level manipulations may result in clipping (see Fig. 12-1, 
C, D, and E) and in reduction of the effectively used number of 
brightness levels. The extreme example is thresholding (see 
Fig. 12-1, E), in which all brightness levels above a threshold are 
set to white, and all below to black.

Pseudocoloring involves a direct conversion of brightness 
levels to a color scale, generally labeled with names such as 
Rainbow, Ocean, or Harvest. Because the eye is more sensitive 
to color differences than to intensities, this may reveal subtle 
intensity differences. It can be visually pleasing but may also be 
highly suggestive, as it clusters similar gray values into color 
groups. Because brightness levels in ultrasound are highly 
dependent on signal attenuation and local gain settings, the 
borders that are suggested visually by these colors have little 
practical significance.13 Pseudocoloring is also sometimes 
applied to highlight brightness differences with respect to some 
baseline value (e.g., increase above the local brightness level in 
a baseline image) with a color (e.g., to visualize the arrival of 
contrast agents in perfusion imaging). This is an effective tool, 
but one should be aware that tissue motion may also induce a 
brightness change and show up as color.

Filtering entails image operations that consider pixels within 
their neighborhood and deal with the spatial or temporal 
aspects of the image. Filtering operations include smoothing 
(noise reduction), and sharpening (edge enhancement). 
Smoothing or low-pass filtering (e.g., uniform, Gaussian) is 
used in many ABD methods (see later discussion) to reduce the 
speckle noise and get more or less homogeneous regions; high-
pass edge enhancing or detection filters (e.g., Sobel, Laplacian) 
are often used to find (candidate) border points. Note that most 
smoothing methods slightly change the positions of edges and 
differentiate poorly between noise and weak signals. High-pass 
filters tend to be very sensitive to noise. In general, filtering does 
not improve the appearance of ultrasonographic images without 
simultaneously removing valuable information. Smoothing and 
sharpening filters may be available on your 3D ultrasound 
machine for real-time use: keep the caveats just mentioned in 
mind when using this option.
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Cardiac Image Interpretation
In image interpretation, we have a similar hierarchy. At the  
base, we find the raw image information (pixels). Going up, 
we encounter image features such as local texture and gradi-
ents; structures such as regions (groups of adjacent pixels with 
similar properties) and edges (lines of sudden change, between 
regions); objects such as a square or a person; and a scene, such 
as a football match. At the top we have significance, such as 
finding out who’s winning; this requires very specific knowl-
edge of the behavior of players and audience, rules of play, and 
so on.

Interpretation of cardiac images is still more difficult, because 
it requires expert knowledge about the 3D anatomic structures 
in the heart, their dynamic behavior, pathology and anatomic 
variability between patients, and the intricacies of the imaging 
modality involved. This last point specifically is not to be under-
estimated for ultrasound. Furthermore, missing or ambiguous 
information, noise and artifacts, and higher-level knowledge of 
anatomy, physiology, and pathology are involved and necessi-
tate feedback and interactions between levels.

Clearly, very different sorts of knowledge are applied at each 
level to come to a valid interpretation, and only the lower levels 
have to do with image properties: higher levels concern ana-
tomical models of the heart, physiology, congenital or patho-
logic conditions, and so on. ABD systems generally have very 
limited knowledge at the higher interpretation levels and resolve 
this in one of three ways:

IMAGE INTERPRETATION: THE  
INTERPRETATION PYRAMID

The interpretation of medical images is an extremely compli-
cated task that is very hard to transfer into a computer. For us 
humans, vision is a natural task that we perform instantly and 
automatically. From the study of human perception however, 
we know that vision is anything but a simple, straightforward 
process. Think of the many well-known optical illusions: there 
is a lot of hidden interpretation going on. In the interpretation 
of images, several information abstraction levels can be distin-
guished. This is generally known as the image interpretation 
pyramid (Fig. 12-2). The levels of this pyramid give us more 
insight into the mechanisms of different automated techniques 
and their limitations. A good analogy is found in the interpreta-
tion of handwriting or spoken language. This analogy is 
described in Table 12-1. For interpretation of a written text, one 
has to know about the alphabet, spelling, vocabulary, syntax, 
and semantics, and ultimately about the subject of the text, the 
intentions of the source, and adornments such as humor, 
sarcasm, and metaphors. These last aspects are not about 
language—they refer to the real-world domain that the text is 
discussing. Interpretation is not a simple bottom-up process of 
combining letters into words into sentences into significance. 
Text can be fragmented; there are imperfections, such as mis-
spellings and ambiguities, and missing domain knowledge that 
necessitate feedback between all levels, and even guessing, to 
come to a consistent interpretation.

Figure 12-2  The image interpretation pyramid. 

5: Interpretation
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for radiography or the Hounsfield units for computed 
tomography. In ultrasound, images are formed by sound 
reflection and scattering, resulting in a combination of inter-
ference patterns (ultrasound speckle patterns) and reflec-
tions at tissue transitions or inhomogeneities. Different 
tissues are often distinguishable only by subtle differences in 
texture (speckle patterns) or by the coherent behavior of this 
texture over time, rather than by different intensity values.

2. Ultrasonographic image information is very anisotropic and 
position-dependent. Reflection intensity, lateral and radial 
point-spread functions, and signal-to-noise ratio are strongly 
dependent on both the depth and the angle of incidence of 
the ultrasound beam, as well as on the user-controlled time 
gain compensation settings.

3. Image disturbances (artifacts) are caused by factors such as 
side lobes, reverberations, clutter, and aberration. Many of 
these problems are especially prominent with high gain set-
tings, which are often necessary in obese or older patients.

4. Parts of the anatomy are not imaged, because of dropouts 
(for structures parallel to the ultrasound beam), shadowing 
(behind acoustically impermeable structures such as bone or 
lung), scan sector limitations, and limited echocardiographic 
windows. Still-frame images generally miss some informa-
tion; the human eye compensates for this when viewing a 
sequence of images. It resolves ambiguities and interpolates 
the missing parts by exploiting the temporal coherence of 
structures and speckle, which allows discrimination among 
noise, artifacts, and anatomy.

5. In specific cases (especially in 3D imaging) the limited tem-
poral resolution and the scanning process may introduce 
artifacts. The sequential scanning of lines combines infor-
mation from different moments into one image. For quickly 
moving structures, this may lead to spatial distortion. Sharp 
transitions between “older” and “newer” image parts may 
appear. This is particularly prominent in real-time 3D ultra-
sound, where information from different heartbeats is 
stitched together to include a complete object (such as the LV).

6. In 2D ultrasound, the exact spatial localization of the cross-
sectional plane is generally not known. This in contrast to 
3D techniques (3D ultrasound, magnetic resonance imaging, 
or computed tomography), where the 3D context is known, 
and this information is often employed in model positioning 
for detection. In 2D cardiac ultrasound, the choice of the 
imaged cross section depends both on the skill and precision 
of the sonographer and on the available echocardiographic 
window, which is limited by ribs, lungs, and so on. Apart 
from volume measurement errors, this may also result in 
detection problems if the ABD method relies on assump-
tions of shape and the presence or absence of other struc-
tures such as valves or papillary muscles.

PRACTICAL CONSIDERATIONS FOR  
AUTOMATED BORDER DETECTION

Practical considerations for appropriate border detection 
(either automatic or manual) are listed in Box 12-1, subdivided 
into three categories. A few explanations follow.

Acquisition and Image Quality
The primary requirement for automated analysis is optimal 
image quality. For ABD this is even more crucial than for manual 
tracing or visual analysis. If the border cannot be seen, an intel-
ligent guess or interpolation is the only option (for computer 

1. They use simplifying assumptions regarding the objects. For 
example, the LV is considered to be a dark, round object in 
the middle of the image; the endocardial contour is convex, 
the endocardium is the strongest edge in the image, and the 
cardiac wall will not move more than x pixels per frame. 
Most of such assumptions will hold only to some extent or 
are overly general.

2. They limit themselves to a subset of the problem domain, 
such as certain standard views (e.g., only short-axis at mid-
papillary level), image quality (no dropouts, low noise), 
anatomy (e.g., no congenital defects), or imaging equipment 
type or settings (scale, gain, frequency).

3. They require the user to handle the high-level aspects by 
initializing, guiding, or correcting the system.

Rules for a Well-Behaved Automated Border 
Detection Method
No practical system can do without the intervention of the user. 
Ideally, there is only one desired and necessary interaction: 
when multiple interpretations could be correct, the user should 
have the final decision. In practice, a computer system can never 
have all the high-level knowledge that the physician has, and it 
requires the physician’s intervention to handle such blind spots. 
Systems with little high-level knowledge and models, however, 
rely heavily on the user to handle their shortcomings and 
mistakes—which most users find deeply irritating.

With these limitations in mind, we can formulate a few cri-
teria for a good and well-behaved ABD method.
1. The method should generate “correct” contours. Because this 

judgment may be subjective (in the light of multiple possible 
interpretations), a system should preferably be able to adapt 
to the expert user’s general ideas about correct contours.

2. The contours should be reproducible. This seems obvious 
for an automatic system, but almost all systems require some 
type of user interaction (parameter choices, indicating a start 
point or region, corrections), which will lead to some vari-
ability in results. This inter- and intraobserver difference 
should possibly be smaller than the inter- and intraobserver 
variabilities associated with similar manual work.

3. The method should be user friendly. It should only address 
the user for high-level expert decisions, not for handling 
“stupid” mistakes or do repetitive corrections. This implies:
• It should not generate physically or anatomically impossi-

ble solutions; unlikely solutions should be marked as such. 
It should supply alternative solutions when relevant.

• It should not override user-drawn contours (apart from 
cleanup of minor imperfections).

• It should allow for easy, intelligent, minimized control and 
correction (e.g., by applying the intent of the correction 
throughout the whole image set).

Automated Border Detection  
in Echocardiography
PROBLEMS AND PITFALLS OF BORDER  
DETECTION IN ECHOGRAPHY

Ultrasound is a particularly difficult imaging modality for inter-
pretation. Inexperienced users mostly find it harder to interpret 
than other tomographic modalities such as computed tomogra-
phy and magnetic resonance imaging. Ultrasound exhibits 
several specific properties that impede automated analysis.
1. Pixel intensity does not directly reflect any physical property 

of the tissue visualized, in contrast to the Lambert-Beer law 
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BOX 12-1 

PRACTICAL CONSIDERATIONS FOR 
AUTOMATED BORDER DETECTION

Acquisition and Image Quality
Optimize border visualization
Limit variation in system settings (gain, power, time gain 

control, lateral gain control)
Limit variation in cross sections (use landmarks)
Proper region of interest/depth
High frame-rate
Digital storage (preferably lossless); no filtering
No spatial/temporal subsampling or small regions of 

interest for storage

Contour Definitions and Consistency
Inventory of desired calculations
Standardize border drawing definitions:

Inclusion or exclusion of papillary muscles, trabecular 
structures, valves, etc.

Position of edges: leading, peak, trailing
Exclusion criteria and special cases:

Image quality: foreshortening, dropouts, artifacts, noise
Pathologies: hypertrophy, dilation, cardiac masses, etc.
Congenital deformations, etc.

Assess inter- and intraobserver variabilities:
To test standardization
To check errors against study goal, estimate patient 

population size for significance
Include acquisition protocol?

Choice of Detection Technique
Check specifics of technique against problem:

Views/cross sections
Cardiac objects (LV, RV, endocardium, epicardium)
Border definitions
Single frame, end-diastolic/end-systolic, full-cycle, 

multicycle
Real-time online or offline with corrections
Dependence on image quality, artifacts, settings
Amount and types of user interaction

Is manual analysis a practical alternative?

and human). Therefore, one should take every precaution to 
optimize image quality, standardize system settings, and reduce 
variability in settings and cross sections.

Select a view and depth such that the object of interest is in 
focus, fits well inside the scan sector, and fills most of it. Try to 
adjust acoustic power, overall gain, and time gain control such 
that the endocardium is best and most homogeneously visual-
ized. Remember that stop-frame images are much harder to 
interpret than moving sequences; individual frames may be 
much less pleasing than the cineloop suggests.

A high frame rate (at least 25 frames per second) is advisable, 
both for full-cycle analysis and for proper selection of end-
diastolic (ED) and end-systolic (ES) frames in case of ED/ES 
analysis. For most tissue tracking or speckle tracking tech-
niques, a higher frame rate (above 50) is advised, because such 
techniques rely on local correlation between consecutive frames, 
which quickly degrades for lower frame rates.

Contour Definitions and Consistency
Before attempting manual or automated detection, make sure 
that proper criteria are defined for the desired contours. This 
may depend on the desired calculations to be performed from 

the contour. Trabecular structures, papillary muscles, or valves 
can either be included or excluded for certain calculations (LV 
volume, regional wall motion, LV mass). Many topics need to 
be standardized: whether leading, mid, or trailing edges are 
drawn; and what to trace in case of foreshortening, dropout, 
and so on.13 When possible, perform inter- and intraobserver 
comparisons and try to reach consensus between observers 
before starting a large study. In some cases, this should include 
the image acquisition protocol, to assess inter- and intraopera-
tor variability in the choice of cross section, ultrasonographic 
system settings, and other factors.

Choice of Detection Technique
When considering an automated technique for border detec-
tion, it is wise to thoroughly check the specifications of the 
automated method with respect to the purpose of your study, 
and familiarize yourself with its peculiarities on the broadest 
possible range of images. Most methods are tailored to an appli-
cation or have distinct restrictions in their applicability: the 
imaging modes involved (M-mode, B-mode, 3D, contrast, etc.); 
the views or cross sections involved; the object to be detected 
(e.g., LV, RV, atrium); the type of contour to be found (blood-
tissue border or other, such as epicardium); single-frame, ED/
ES, full-cycle or multicycle analysis; the brand and type of echo-
cardiographic machine used, and online or offline availability 
of the detection; possibilities for user correction of the bound-
aries; dependency on system gain, image quality, and common 
artifacts such as dropouts or noise; and amount of user interac-
tion needed. If no suitable automated technique is found for a 
certain analysis, manual measurements might provide the only 
practical alternative.

Overview of Automated Border  
Detection Methods
Ever since the invention of echocardiography, methods have 
been devised for the automated analysis of these images. Liter-
ally hundreds of methods have been reported,14,15 most of which 
have only academic value. An excellent overview was recently 
published by Noble and Boukerroui.14 We limit ourselves to the 
main directions of research, based on the levels of the interpre-
tation described above. We refrain from any comparisons of 
reported success scores, as there are no standard test data sets 
(yet) for this purpose, nor standard test criteria. Detected con-
tours are generally compared with contours manually drawn by 
one or more experts, or derived values such as area or volume 
are compared with an alternative measurement. Most of these 
results are hard to compare between studies. Note that good 
results on one or two cases do not prove a method’s merit: no 
matter how naive the method, one can always find some images 
on which it will work. Robustness can only be assessed by apply-
ing the method on large sets of clinical-quality images.

A listing of representative techniques is given in Table 12-2. 
We pay special attention to modern 3D approaches.

FEATURE-DRIVEN METHODS

This class of ABD methods relies principally on image inten-
sity values and basic features (levels 0 and 1 of the image 
pyramid) without making strict assumptions on shapes of 
borders and so forth. Such techniques are typically useful for 
finding irregular or topologically undetermined shapes 
(tumors, lesions) and less useful when detecting objects of 
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well-defined shape in an imperfect image (such as LV segmen-
tation in echocardiograms). Thresholding, clustering, region 
growing, and level set techniques can be placed in this class. 
Thresholding uses a fixed level of intensity to separate differ-
ent tissues, such as blood and myocardium. One of the earliest 
commercial automated analysis techniques, Acoustic Quantifi-
cation16 (Fig. 12-3), was based on thresholding of the inte-
grated backscatter level of the radiofrequency signal to separate 
blood from tissue. In clustering techniques, pixels of similar 
properties are categorized into groups (e.g., blood or myocar-
dium) based on some statistical distribution, such as Gauss-
ian17 or Rayleigh18 distributions. Most clustering approaches 
use pixel intensity, but they may also be edge or phase based.19 
In classical region growing,20 an object is segmented by itera-
tively adding similar neighboring pixels to a region and/or 
removing dissimilar pixels. Level set approaches21,22 are related 
to region growing but mathematically similar to deformable 
models (described later). The contour is implicitly described 
by an evolution equation, and the detected objects can take 
any shape and topology. As mentioned earlier, all of these 

Figure 12-3  Acoustic  quantification  on  Philips  (Hewlett-Packard) 
equipment.  (Courtesy Philips Medical Systems Ultrasound, Andover, 
Mass.)

Overview of Automated Border Detection Methods at Different Abstraction Levels

Level Name Basic Technique(s) Advanced Techniques

1. Preprocessing Heavy smoothing for noise/speckle 
reduction

Contrast stretching, histogram 
equalization

Integrated backscatter thresholding (AQ)16

Speckle suppression: anisotropic diffusion,76 adaptive filtering,37 morphologic filters,77 wavelet 
transforms78; Fourier-based filters20

2. Edge or region 
detection

Global or local thresholding37

Simple edge detectors 39,54

Temporal continuity

Advanced edge detectors: Marr-Hildreth79; Canny44,80

Pattern or profile matching38,60

Region detection: region growing20; clustering based on Gaussian17 or Rayleigh distribution18; 
resolution pyramids; neural nets; Markov random fields, level sets21,22,81

Tracking: optical flow,24-27 block similarity29-36

Registration,28 Kalman-based temporal prediction55-58,67

3. Geometric objects 
or models

Implicit models: e.g., radial search for 
candidate points, interpolation/
linking,79 smoothing/shape filtering37

Dynamic programming optimization38,39,44

Snakes/balloons/active contours/deformable models48,49,54,80

Active shape models (ASM)60,61

4. Anatomic structure 
or scene models

None or implicit:
Hard-coded
Manually positioned models
User-drawn initial shape/ROI

Model positioning/landmark finding techniques: row/column sums, template matching; Hough 
transform82; fuzzy logic78

Composite geometric shape models—2D, 2D+T, 3D, 3D+T: Point distribution models,61 3D shape 
neural nets,79 multiple active contours80

5. Interpretation, 
high-level 
knowledge

None
User intervention: correction of 

contours, etc.

Adaptation of models to image and user38,67

Use of patient group–derived models: appearance eigenvariations (AAM)59-68

Learning behavior over all cases analyzed: marginal space learning, probabilistic boosting networks70-73

Rule-based analysis,75 multiple hypothesis generation
Pathology awareness, automated classification74

Analysis-based acquisition, automated scan assistants56-58

TABLE 
12-2 

methods pose no or few restrictions on shapes of the found 
regions; this makes them vulnerable to typical ultrasound arti-
facts such as dropouts or clutter. Therefore, these methods are 
often integrated into methods with explicit models to handle 
such artifacts.23

STRUCTURE-BASED METHOD:  
TISSUE TRACKING

A good example of a structure-based method can be found in 
the various 2D tissue tracking methods. Such approaches track 
the motion of certain structures by finding correspondence 
between regions in consecutive images. Most approaches rely 
on straightforward block similarity measures such as normal-
ized cross correlation or sum of absolute differences. An alter-
native approach, optical flow, was already proposed in an early 
stage for 2D tissue tracking24,25 and recently has gained new 
interest.26,27 Also, tissue tracking can be formulated as a defor-
mation problem, and image registration can be applied.28 In 
general, such tissue tracking techniques can provide motion 
information in the form of displacement of a set of points 
(generally along a user-drawn line) or calculate a complete 2D 
displacement vector field. Recently, several 3D tissue tracking 
approaches have been realized as well.29-33 By calculating time 
integrals, total relative deformation (strain) can be calculated 
in all directions. As a 2D or 3D approach, tissue tracking can 
overcome the principal limitation of tissue Doppler imaging 
(TDI34). TDI supplies a direct physical (Doppler) velocity mea-
surement that can be performed with high temporal resolution, 
but it can only give a one-dimensional motion estimate (in the 
direction of the ultrasound beam).

As an example of a structure-based tracking method, we 
describe the approach of Lysyansky, Friedman, and col-
leagues35,36 for 2D tissue tracking. This method forms the basis 
of the 2D speckle tracking software in the EchoPAC analysis 
system (GE-Vingmed Medical Systems, Horten, Norway)  
(Fig. 12-4).

The user loosely traces an approximate endocardial contour 
in one frame of a cycle. A band outside this contour is used as 
the region of interest. Within this region (Fig. 12-4, A), the 
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that should separate blood from tissue. This object obeys geo-
metric constraints: it should resemble a certain shape, it should 
be smooth, and so on. For detection, the model is initialized 
somewhere in the image and deformed iteratively to best fit the 
image data. Mostly this involves minimizing some energy terms, 
related to the amount of deformation applied to the model 
(internal energy) and the quality of fit to the image data (exter-
nal energy). The latter can be represented by, for example, edge 
strength on the border, or contrast between inner and outer 
regions. Methods of this class can vary widely in the type of 
image features, the shape or motion model, their shape con-
straints, and their initialization and optimization strategies.

These methods operate mainly on levels 1 and 2 of the image 
pyramid, employing a geometric model (level 2), driven by 
image features (level 1). They are especially useful if much 
variation in borders is expected for different patients, such as if 
congenital defects are present.37 However, it can be difficult to 

speckle structure is analyzed and speckles of high intensities are 
identified as natural targets (see Fig. 12-4, A and B). These 
targets are tracked over consecutive frames (see Fig. 12-4, C) by 
block matching with a sum of absolute differences similarity 
criterion.34,36 From the resulting velocity field, local displace-
ment and strain are calculated (Fig. 12-5).

Similar speckle tracking approaches from other vendors are 
available. A prerequisite for successful application is a suffi-
ciently high frame rate and good image quality.

OBJECT-BASED METHODS:  
GEOMETRIC MODELING

Several popular border detection techniques are based on 
deformable geometric models. In these methods (known under 
names such as active contours, snakes, and balloons), the border 
is represented as a geometric object: a curved line or surface 

Figure 12-4  2D strain imaging. A, In a region defined by a loosely drawn endocardial contour (red dots), natural acoustic markers are identified 
in the myocardium (green dots). B, Zoomed display of found acoustic markers (green dots: center of each marker). C, These markers are tracked 
from frame to frame, and their displacements define 2D velocity vectors. (Modified from Leitman M, Lysyansky P, Sidenko S, et al: Two-dimensional 
strain—a novel software for real-time quantitative echocardiographic assessment of myocardial function.  J  Am  Soc  Echocardiogr  17:1021-1029, 
2004.)
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Figure 12-5  An example of radial time-strain curves in a normal control subject from the midventricular short-axis view. Radial strain was 
calculated by speckle tracking from multiple circumferential points over a cardiac cycle. These data were averaged to six time-strain plots to rep-
resent standard segments. Note that time to peak strain in a normal subject occurs synchronously over a very narrow time range. (From Suffoletto 
MS, Dohi K, Cannesson M, et al: Novel speckle-tracking radial strain from routine black-and-white echocardiographic images to quantify dyssyn-
chrony and predict response to cardiac resynchronization therapy. Circulation 113:960-968, 2006.)
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ES contour are manually drawn in the four-chamber and two-
chamber slices (Fig. 12-6). These shapes are interpolated spa-
tiotemporally to form a 4D geometric model. In addition, a 4D 
pattern of the intensities is created by spatiotemporal interpola-
tion of the image intensity patterns close to the manually delin-
eated borders. This 4D “edge pattern” is thus a user-defined 
description of the borders. The intensities close to the interpo-
lated 4D geometric model are then matched with the edge 
pattern. Optimal connective borders are determined using 
dynamic programming.44 After detection of all contours (see 
Fig. 12-6, D), the user may apply any corrections by overdraw-
ing part of a contour. Consecutively, all models are updated 
with the extra user-defined information, which is interpolated 
and extrapolated over the sequence, followed by a redetection 
of all nonmanual contours. The detected borders will resemble 
the user’s definition of the border, and the method is thus suit-
able for different delineation protocols, not limited to intensity 

achieve a balance here: preventing entirely implausible solu-
tions while allowing for a range of normal and pathological 
shapes.

PATTERN MATCHING

A four-dimensional (4D) semiautomatic model-based 
approach38 was developed in our lab based on pattern matching 
and dynamic programming, which can derive a 4D segmenta-
tion with very limited user interaction. It was based on the 
earlier Echo-CMS system39 for 2D image analysis that has been 
applied in studies on wall motion patterns for cardiac resyn-
chronization therapy by biventricular pacing40 and regional wall 
motion quantification for myocardial viability,41 stress echocar-
diography,42 and LV remodeling.43

Each 3D image of the 4D sequence is represented as a (cylin-
drical) set of long-axis 2D image slices. To initialize, one ED and 

Figure 12-6  Semiautomatic four-dimensional (4D) border detection based on geometric models and pattern matching. A, The method is 
initialized by manual delineation in four- (4C )  and two-chamber (2C ) , in end-diastole (ED) and end-systole (ES). From these borders, a geometric 
model (B) and edge patterns (C) are obtained. D, These are matched to the remaining cross sections and cardiac phases by dynamic programming. 
E, One of the 3D endocardial borders automatically detected over the full cycle. (Modified from Van Stralen M, Bosch JG, Voormolen MM, et al: 
Left ventricular volume estimation in cardiac 3D ultrasound: a semi-automatic border detection approach. Acad Radiol 12:1241-1249, 2005.)
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good results in comparison to MRI.48-50 This method uses man-
ually traced borders in three views (the four-chamber view, and 
views at 60° and 120° rotation) in end-diastole and end-systole 
as initialization. A 3D spline-based spatiotemporal deformable 
model is then applied,51,52 which ensures that the surface is 
smooth in time and space. The TomTec 4D RV-Function soft-
ware (Fig. 12-8) uses essentially the same approach for detecting 
borders in the RV, initialized by manual delineation of the 
borders in two perpendicular long-axis views.53

Another example is the semiautomatic 4D detection as 
implemented in the Philips QLAB analysis package. This 
method is based on the active surface detection technique 
described by Gérard and co-workers.54 A deformable surface is 
described as a two-simplex mesh; for each mesh vertex, the 
internal energy is determined by the local surface smoothness, 
and external energy by nearby image gradients combined with 
image intensity. The 3D mesh is initialized in the ED and ES 3D 
images by manually indicating five markers for mitral valve and 
apex in the two-chamber and four-chamber cross sections. A 
standard LV 3D shape is fitted affinely to the manual points to 
define an initial mesh, and the active surface optimization is 
started from there in a coarse-to-fine manner. First, rigid-body 
and affine transforms are applied, then local mesh deformations 
and mesh refinement.

After ED and ES surfaces have been found, the detection can 
be extended over the full cycle. For all remaining phases, an 
initial mesh is generated by propagating the ED and ES shapes 
using a 4D statistical heart motion model. The active surface 
optimization is then applied in each 3D image separately (Fig. 
12-9). The found shapes can be manually edited conveniently 
by 3D mesh dragging. A wide range of analytical parameters is 

transitions, and including contrast-enhanced images. For 
research purposes, it has been shown to be a valuable tool, 
especially since it allows effective, smooth 4D corrections with 
little interaction.

Similar techniques are available for 2D analysis, such as the 
Axius Velocity Vector Imaging45,46 approach commercialized by 
Siemens Medical Solutions (Malvern, Pa.). This technique, 
based on the work of Pedrizzetti and Tonti,47 requires a user-
drawn initial border and tracks the points of this border over 
one or more heart cycles. It applies template matching by cross 
correlation along lines perpendicular to the initial border and 
finds a one-dimensional path in the temporal direction for each 
point, by searching a maximum likelihood over its neighbor-
hood in the subsequent frames. Consecutively, it tracks the 
motion of all points along the direction of the border (tangen-
tial) as well. Combining these perpendicular and tangential 
displacements supplies a 2D velocity vector in each point (Fig. 
12-7, left). From the resulting borders, volumes are calculated, 
but TDI-like velocity, strain and strain rate plots are also gener-
ated (Fig. 12-7, right). The technique does not rely on speckle 
tracking or radiofrequency information and can be applied 
online or offline on B-mode images of most transducers and 
systems. Initial clinical validation shows promising results espe-
cially for cardiac resynchronization therapy.45,46

3D ACTIVE SURFACE DETECTION

Several practical methods for segmentation of 4D (3D + time) 
ultrasound images are now available. Semiautomatic analysis 
tools such as 4D-LV-Analysis (TomTec Imaging Systems GmbH, 
Unterschleissheim, Germany) are widely used and have shown 

Figure 12-7  Siemens  Axius  Velocity 
Vector  Imaging.  Border  with  arrows 
showing  the  local  direction  of  border 
motion  (left).  Velocity  for  all  points  on 
border as function of time and displayed 
as a  tissue Doppler  imaging–style color 
map  (right).  (Courtesy Siemens Medical 
Solutions, Malvern, Pa.)
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recognition and medical image analysis, as an extension of  
the active shape model60,61 approach. AAMs have been 
applied to magnetic resonance imaging62,63 and 2D and 3D 
echocardiography63-65 with very promising results. These tech-
niques derive the typical shape and appearance of an echocar-
diogram from a large set of example images with expert-drawn 
contours. Principal component analysis (PCA) on a point dis-
tribution model extracts the average organ shape and the prin-
cipal variations (eigenvariations) of shape. By warping all 
examples to the average shape, an average image and principal 
image variations can be found. By applying another PCA, 
simultaneous shape and intensity, eigenvariations are modeled 
in an appearance model (Fig. 12-11, A). Such an appearance 
model can synthetically generate “probable” echocardiographic 
images (see Fig. 12-11, C) similar to the variations shown in 
Figure 12-11, A. By deforming the model along the character-
istic model eigenvariations, using a gradient descent minimiza-
tion of the difference between the synthetic and the real image, 
the desired structure can be found (see Fig. 12-11, B). This can 
be done fast and fully automatically with good results.66

This technique has some significant advantages: it models 
both average organ shape and all variations over a population 
of examples; it models the complete organ appearance, includ-
ing typical artifacts; it captures the expert’s definition of proper 
border definition; it can model complex shapes (e.g., LV endo-
cardium plus LV epicardium, RV, valves); it is not limited to 
blood-tissue borders; and it is easily customizable for different 
types of images. Limitations of this technique are its depen-
dence on the training data, the selected population of examples, 
and the quality of the expert contours.

derived from the 3D shapes, concerning global and regional 
volumes and wall motion indexes. This method has been vali-
dated successfully against several other modalities.50,54

The method is fast and reasonably robust and supplies a 
practical tool for analysis of the 3D endocardial volume. One 
should note that because of the nature of the detection approach 
and its spatiotemporal smoothness constraints, the found sur-
faces and graphs are always relatively rounded and smooth. 
Furthermore, it may be hard to apply manual corrections, 
because this disturbs the nice temporal continuity of shapes and 
graphs: such corrections are not propagated over the temporal 
sequence.

Recently, GE introduced the 4D LVQ tool in the EchoPAC 
software55 (Fig. 12-10), an active surface technique that uses 18 
manually placed points as initialization (mitral valve annulus 
and apex on three apical views, in end-diastole and end-systole).

Orderud and colleagues33 have combined 3D deformable 
models with a very efficient Kalman filter update scheme, which 
allows fast convergence of the model to the data and subsequent 
fully automated real-time segmentation of 3D echocardio-
graphic data. Not only does this supply real-time quantification 
possibilities, it may also allow real-time optimal view extrac-
tion56,57 or feedback on imaging system settings.58

POPULATION-MODEL BASED METHOD: ACTIVE 
APPEARANCE MODELS

A relatively new class of techniques called active appearance 
models (AAMs) holds great promise. These techniques were 
originally developed by Cootes and co-workers59 for facial 

Figure 12-8  Tomtec 4D RV-function, 
semiautomated segmentation of RV 
from 4D echocardiograms.  Bottom 
right:  3D  representation  of  segmented 
RV  lumen.  Other views:  Three  orthogo-
nal cross sections showing the RV endo-
cardial  contour  in  green.  (Courtesy 
Tomtec Imaging Systems, Unterschleis-
sheim, Germany.)
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Figure 12-9  Semiautomatic  3D  active  surface  border  detection  (Philips  QLAB  3DQ  advanced).  (Courtesy Philips Medical Systems Ultrasound, 
Andover, Mass.)

Figure 12-10  LV surface detection using 4DLVQ in GE Vingmed EchoPAC software. Borders are  initialized by manual annotation of mitral 
valve annulus and apex in the standard apical views. The complete 4D surface is detected; 3D ES volume is shown with time-volume curve. (Courtesy 
J. Hansegard, GE Vingmed Ultrasound, Horten, Norway.)
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Figure 12-11  3D active appearance model segmentation. A, 3D appearance model of the LV at end-diastole, showing the average appearance 
and the first three main variations. B, Four-chamber, two-chamber, and short-axis cross sections of a 3D image with manually delineated borders. 
C, Corresponding image and borders, synthesized by the appearance model. (Courtesy K.Y.E. Leung, Rotterdam, The Netherlands.)
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Figure 12-12  Siemens Axius AutoEF detection process: border point 
candidates  with  95%  confidence  ellipses  corresponding  to  the  local 
measurement  uncertainty.  (From Comaniciu D, Zhou XS, Krishnan S: 
Robust real-time tracking of myocardial border: an information fusion 
approach. IEEE Trans Med Imaging 23[7]:849-860, 2004.)

A recent commercial application that employs a similar 
approach is the Axius Auto Ejection Fraction software (Auto 
EF) by Siemens Medical Solutions (Malvern, Pa.). Auto EF is 
based on the work of Comaniciu and colleagues67,68 It comprises 
a fully automated endocardial contour detection approach for 
the apical four-chamber and two-chamber cross sections, which 
employs a population-based statistical model of endocardial 
shape and appearance in end-diastole and end-systole. After a 
rough determination of the position of the ventricle, the appear-
ance model matches to the image and finds the endocardial 
contour for the estimated end-diastolic and end-systolic frame. 
Using a robust information fusion approach, the contour is 
tracked over the complete sequence from both frames, merging 
the motion estimated from the images (by an optical flow 
approach) with a dynamics model. The PCA-based shape model 
is strongly adapted to the current patient, and the motion esti-
mates and their varying confidence (Fig. 12-12) are combined 
with expected shape dynamics using a Kalman filter–based 
tracking. From the found contours, ED and ES volumes and EF 
are calculated, along with a full-cycle volume curve. Initial clini-
cal evaluations show promising results.69

CLASSIFICATION AND AUTOMATED 
LOCALIZATION

A novel approach for image analysis is the use of large databases 
of expert-analyzed example data to train classifiers.70-73 The 
intent is to use automated classification to find positions of 
certain structures in the image, or generate a view classification 
or even a diagnosis by image similarity. The principle is very 
much like the automated face localization in digital cameras 
and uses large numbers of simple structural image features 
generated from a selected region. By feeding a classifier many 
positive and negative examples, it can be trained to select a 
signature of such features that robustly identifies the sought 
structure. Such signatures can be calculated very effectively for 

many candidate positions and allow fast localization of typical 
structures (Fig. 12-13).

Future Promise
In recent years, several instrumental developments have had 
important beneficial effects on the feasibility of ABD, and the 
ABD methods themselves have improved considerably. Recently, 
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several useful tools for ABD have become available commer-
cially,30,36,45,48,53-55,68 and in the near future, further improvements 
in the applicability of ABD can be expected.

The complete digitization of image formation and storage 
has improved image quality considerably. Front-end improve-
ments resulting in clutter reduction, higher frame rates, and 
other benefits have also contributed considerably. The advent 
of real-time 3D imaging turned ultrasound into a truly 3D 
modality and also has greatly boosted development toward 
automated analysis. The continuous increase in computing 
power and the advent of novel algorithms have enabled such 
developments. In general, any further improvement in image 
quality is likely to enhance ABD as well.

INTELLIGENT ULTRASOUND SYSTEMS

As discussed earlier, there are several important developments 
that together may bring automated echocardiographic image 
analyses to a new level of intelligence. Robust classification 
approaches70-73 seem to offer solutions for the automated 
localization of structures and may replace manual initializa-
tion of segmentation. More realistic models (such as statistical 
models of object shape or appearance59-67) can capture patient 
variability and typical artifacts and thus provide more natural 
and realistic segmentations and even classification.74 Modeling 

Figure 12-13  Three examples of automatic localization and pose estimation of left atrium (LA) in apical two-chamber images by a Proba-
bilistic Boosting Network (PBN) classifier. Ground truth pose of LA (red box); automatically detected by PBN (green box). (Modified from Zhang 
J, Zhou SK, McMillan L, Comaniciu D: Joint real-time object detection and pose estimation using probabilistic boosting network. In Proceedings 
of the IEEE Conference on Computer Vision and Pattern Recognition, Minneapolis, Minn., June 2007, pp 1-8.)

of the complete 3D anatomy will allow handling of view vari-
ability. Integration of tissue tracking and segmentation offers 
mutual improvements.31 The advent of real-time tracking, 
segmentation, and classification allows great opportunities for 
direct quantification and image-guided feedback on probe 
position and image optimization. Significant research is 
already taking place in this field, especially aimed toward 
handheld and pocket-sized ultrasound devices, which are tar-
geted at users who are less experienced in echocardiographic 
acquisition. Automated scan assistants that can derive infor-
mation such as cardiac phase58 or judge the correctness or 
quality of an acquired view in real time57 can significantly 
improve the applicability and user friendliness of such small 
devices.

Especially for diagnosis, contributions from the realm of arti-
ficial intelligence75 and computer-aided diagnosis are desirable: 
formal reasoning from rule-based expert knowledge; generating 
multiple hypotheses with measures of confidence; reasoning 
with pathologic or congenital conditions during detection; 
checking overall consistency of an interpretation and taking 
action to resolve conflicts; opportunistically choosing an 
optimal detection strategy for the image data presented; and 
learning from operator corrections and actions. Ultimately, 
such developments should lead to an intelligent “automated 
image interpretation assistant” for echocardiographers.

KEY POINTS

 ABD plays an increasingly important role in 2D and 3D 
clinical echocardiography and allows a more quantitative 
use of echocardiography.

 Optimal image quality and rigorous standardization of 
image acquisition and analysis are essential for reliable 
ABD.

 Digital image storage with lossless or no compression is 
highly recommended.

 Application of ABD in clinical research should be applied 
with care. The user should be aware of the possibilities and 
limitations of the technique, should be able to distinguish 
imaging and detection artifacts from pathology, and should 
remain critical about the outcome.

 Modeling of anatomical and pathological variability over 
patient groups plays an increasingly important role in ABD 
techniques.

 2D tissue tracking approaches complement tissue-Doppler 
imaging applications as well as wall motion analysis by 
border detection. 3D tracking is gaining importance and 
will soon allow assessment of the true 3D contraction pat-
terns of the myocardium.

 Instrumental hardware improvements, more elaborate 3D 
and 4D modeling/analysis techniques and artificial intel-
ligence approaches have boosted, and will further improve, 
clinical feasibility of ABD.
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Background and Principles
Coronary artery disease (CAD) accounted for 4.0 million hos-
pital discharges in 2007 with more than 8 million patients pre-
senting each year to emergency departments in the United 
States with a chief complaint of chest pain.1 The challenge for 
the clinician is to identify those patients with a serious cause of 
chest pain requiring intervention. Acute coronary syndrome 
(ACS) often presents with atypical symptoms and a lack of 
diagnostic changes in the electrocardiogram (ECG) or cardiac 
markers. Time is critical when it comes to a patient with chest 
pain. Early treatment of myocardial injury, as well as other 
serious diagnoses, improves morbidity and mortality rates. 
Patients without a clear diagnosis are often admitted for obser-
vation as well as further cardiac testing, resulting in significant 
expense. Of patients presenting with chest pain, fewer than 30% 
are eventually diagnosed with ACS.2,3 Efficient diagnosis not 
only aids the patient, but reduces hospitalization time and costs.

The diagnosis of myocardial infarction is based on evidence 
of myocardial necrosis in a clinical setting consistent with myo-
cardial ischemia.4 Most commonly this involves a change in 
cardiac biomarkers in conjunction with symptoms, ECG 
changes, or abnormal cardiac imaging. Use of serum cardiac 
markers (troponin, CK-MB) is central to the evaluation of chest 
pain and/or dyspnea in the emergency department. Unfortu-
nately, these markers often take hours from symptom onset to 
exceed the normal range and are not elevated in acute coronary 
syndromes that are not associated with frank myocardial necro-
sis. Depending on the particular cardiac marker, levels can also 

be elevated in the absence of acute coronary syndrome, such as 
in the setting of renal insufficiency.5 Electrocardiographic 
changes are frequently nonspecific.

Given these limitations, echocardiography can be a useful 
adjunct in assessing the emergency-department patient with 
chest pain. The evaluation of left ventricular (LV) systolic func-
tion, specifically wall thickening, with myocardial perfusion can 
aid in the diagnosis and triage of patients with chest pain. 
Echocardiography may also be useful in the diagnosis of other 
etiologies of chest pain, including aortic dissection, aortic ste-
nosis, hypertrophic cardiomyopathy, and pericardial effusion 
(Box 13-1). This chapter focuses on the current application of 
echocardiography for early diagnosis of ACS.

Echocardiography and the Physiology  
of Acute Ischemia
Acute ischemia is associated with a number of biochemical 
and physiologic changes in myocardial tissue.6 The ischemic 
cascade begins with biochemical changes causing subsequent 
abnormalities in diastolic and systolic function. These abnor-
malities typically precede the development of symptoms, elec-
trocardiographic changes, or the increase in cardiac biomarker 
levels.7 The ability to detect myocardial ischemia earlier in the 
cascade of events by assessment of global and regional func-
tion has led to an interest in the use of echocardiography in 
patients presenting with chest pain without a clear diagnosis 
of ACS.
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should acquire necessary images in an efficient manner with 
attention to proper patient positioning, transducer selection, 
and technical settings. The technical settings may vary depend-
ing on the patient characteristics, such as the use of lower-
frequency imaging in obese patients. Second harmonic imaging 
increases the signal-to-noise ratio, resulting in clearer imaging. 
The use of echocardiographic contrast requires changes in tech-
nical settings for endocardial definition versus myocardial per-
fusion, particularly in mechanical index.

The advancement of echocardiographic technology has sub-
stantially reduced the number of patients with inadequate 
echocardiographic images. In an early study by Horowitz and 
colleagues on the use of echocardiography in patients with 
acute chest pain, adequate images were obtained in 81% of 
patients.10 A recent study evaluated patients with technically 
difficult imaging and found that the addition of contrast agent 
improved the percentage of myocardial segments visualized 
from 68% to 99%. This improvement had a direct impact on 
patient care.11

STRESS ECHOCARDIOGRAPHY

Echocardiographic imaging in conjunction with exercise or 
pharmacologic stress to assess for ischemia is safe and effective 
in detecting inducible wall-motion abnormalities. Exercise 
stress can be performed using a standard treadmill protocol 
(i.e., Bruce) or a supine bicycle protocol. The advantage of 
bicycle protocols is the ability to image wall motion throughout 
exercise, as the patient exercises on an echocardiographic table 
that can be tilted into a left lateral position. The supine bicycle 
protocol increases the energy expenditure, typically in 30-watt 
increments every 3 minutes. This allows for image comparison 
at low, medium, and high workload. Additional Doppler infor-
mation including pulmonary artery systolic pressure estimate, 
transaortic stroke volume, and valvular gradients can be 
obtained.

Treadmill studies image patients at baseline and just after 
peak exercise only. For maximum sensitivity, it is essential that 
the echocardiographic imaging begin immediately after exercise 
terminates, before significant heart rate decrease. This stress 
modality is primarily for assessment of global and regional 
systolic function (see Chapter 15).

For patients unable to exercise adequately, pharmacologic 
stress testing can be performed (see Chapter 16). Dobutamine 
is the agent most studied and, therefore, most commonly used 
in North America. Dobutamine stress echocardiography (DSE) 
has demonstrated excellent negative predictive value for the 
presence of obstructive CAD (96% at 6 months).12 Baseline 
images are obtained, followed by the infusion of dobutamine at 
incremental levels (usually 5, 10, 20, 30, 40 mcg/kg/min) of 3 
minutes’ duration. The test is terminated when the patient’s 
heart rate reaches 85% of maximum predicted heart rate, or 
there is evidence of myocardial ischemia, hypotension, signifi-
cant arrhythmia, significant LV outflow tract obstruction, or 
drug-related side effects. Patients who do not reach target heart 
rate despite 40 mcg/kg/min of dobutamine can perform hand-
grip maneuvers or be given intravenous atropine in doses of 0.1 
to 0.25 mg up to a total of 1 mg.

Endocardial definition is essential for reliable wall motion 
assessment. Images during stress decrease in quality because of 
the cardiac movement and hyperventilation. The use of second 
harmonic imaging has increased the sensitivity for the diagnosis 
of CAD from 64% to 92% in patients with poor image quality. 

In addition, while coronary blood flow is maintained at a 
constant rate over a wide range of coronary pressure through 
autoregulation, myocardial contrast echocardiography (MCE) 
may also be helpful in assessing suspected CAD. Only once a 
coronary vessel is more than 85% obstructed does the flow fall 
below a normal threshold.8 However, MCE evaluates myocar-
dial perfusion and thereby may detect severely stenotic lesions 
noninvasively as well.

Technical Aspects of Echocardiography 
in the Emergency Department
IMAGE ACQUISITION

The emergency department environment often makes the  
echocardiogram more challenging than in the controlled envi-
ronment of the echocardiography lab. Transthoracic echocar-
diographic (TTE) examination of patients with chest pain 
should focus on the evaluation of biventricular function and 
the presence of regional wall motion abnormalities (lack of 
normal wall thickening, particularly if in a vascular territory). 
It may also include assessment of myocardial blood flow using 
echocardiographic contrast (if available). The study should also 
serve to screen for nonischemic causes of cardiac chest pain 
such as aortic stenosis, hypertrophic cardiomyopathy, pericar-
dial effusion, and aortic dissection (although sensitivity for the 
last diagnosis is limited, and a negative TTE is not sufficient to 
rule it out).

The standard two-dimensional (2D)-TTE views necessary 
for assessment of wall thickening are the parasternal long- and 
short-axis views and the apical four-chamber, two-chamber and 
three-chamber views (Fig. 13-1 demonstrates the apical two-
chamber and short-axis views). If adequate image quality 
cannot be achieved from the parasternal or apical views, sub-
costal views can be extremely helpful. Off-axis or foreshortened 
views make the interpretation of regional wall motion abnor-
malities difficult and increase the likelihood of error. Images 
should be analyzed in accordance with the American Society of 
Echocardiography guidelines.9

The use of echocardiographic contrast agents can be invalu-
able in defining endocardial borders for wall motion analysis 
(see Chapter 3). Commercially available intravascular echocar-
diographic contrast agents contain gas-filled microbubbles, 
which are small enough to pass through the pulmonary circula-
tion, resulting in opacification of the LV. This results in enhance-
ment of endocardial borders (Fig. 13-2).

A well-trained, experienced sonographer or echocardio-
grapher is essential in the emergency setting. The sonographer 

Box 13-1 

GOALS OF ECHOCARDIOGRAPHY IN 
EVALUATION OF PATIENTS WITH ACUTE  
CHEST PAIN

Diagnosis of acute coronary syndrome
• Determination of coronary vascular territory involved
• Assessment of the area of myocardium at risk
• Evaluation of global ventricular function

Exclusion of other causes of chest pain
• Aortic dissection
• Pericarditis (with effusion)
• Aortic stenosis
• Hypertrophic cardiomyopathy



238 PART III Ischemic Heart Disease

IMAGE INTERPRETATION

Accurate interpretation of regional wall motion also requires an 
experienced echocardiographer. Wall thickening and systolic 
endocardial motion are evaluated for each LV segment, leading 
to its classification as hyperkinetic, normal, hypokinetic, aki-
netic, or dyskinetic.

The American Society of Echocardiography recommends  
a 16-segment model of regional wall motion evaluation  
(Fig. 13-3).9 This model is consistent with the models used in 
nuclear and magnetic resonance imaging. Each segment is 
assigned a score based on visual assessment of contractility: 
normal = 1, hypokinesis = 2, akinesis = 3, dyskinesis = 4, and 

Specificity is unchanged with second harmonic imaging.13 The 
use of echocardiographic contrast agents has also increased the 
sensitivity of stress echocardiography for the diagnosis of CAD. 
Rainbird and colleagues14 analyzed 300 consecutive patients 
undergoing DSE. The percentage of wall segments visualized 
increased from 94.4% to 99.8% with the use of LV opacification 
during peak exercise (P less than 0.01). There was no decrease 
in segment visualization at peak exercise, as was the case if an 
echocardiographic contrast agent was not used.

This technique has been safely used when performed by spe-
cially trained nurses and sonographers, with images electron-
ically transferred to the cardiologist for interpretation.15,16

Figure 13-1  Still frames from the echocardiogram of a patient with acute chest pain, showing akinesis (arrows) of the basal inferior and inferolateral 
segments, in the apical two-chamber view (A, diastole; B, systole) and the basal parasternal short axis (C, diastole; D, systole). 
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Clinical Applications
TRIAGE OF PATIENTS WITH CHEST PAIN

Ischemia-induced regional wall motion abnormalities develop 
quickly once myocardial blood flow falls below a critical level. 
Rest echocardiography has therefore been used in the assess-
ment of patients with symptoms suggestive of ACS. The diag-
nostic accuracy has, however, varied vastly between studies, 
likely because of the following factors: timing in relation to 
symptoms, infarct size, and technical variation. A recent study 
of emergency department patients with symptoms suggestive 
of ACS reported TTE to have a negative predictive value of 97%; 
however, the positive predictive valve was only 24%.23 Although 
normal systolic function at rest is reassuring, it is insufficient to 
exclude the diagnosis of ACS (Table 13-1). The evaluation of 
wall thickening by TTE is deemed appropriate in patients with 
suspected ACS but nondiagnostic initial testing.24

CLINICAL USE OF MYOCARDIAL CONTRAST 
ECHOCARDIOGRAPHY

The ability to analyze perfusion has added a potential new 
dimension to the echocardiographic assessment. A multicenter 
study by Kang and colleagues25 enrolled 114 consecutive patients 
presenting to the emergency department with chest pain on 
exertion or at rest. Patients with ST elevation or Q waves on 
ECG were excluded. Echocardiography and MCE were per-
formed to evaluate regional wall motion as well as myocardial 
perfusion. The sensitivity and specificity of a myocardial perfu-
sion defect for the diagnosis of acute myocardial infarction were 

aneurysmal = 5. The wall motion score index, a semiquantita-
tive measure of regional wall motion abnormality, is calculated 
by averaging wall motion scores for visualized segments.  
An LV with normal systolic function has a wall motion score 
index of 1, whereas a dysfunctional ventricle will have an 
increasing wall motion score index proportional to the severity. 
This score correlates with myocardial infarct size on pathologic 
studies17 and to perfusion defect size on single photon emission 
computed tomographic (SPECT) imaging.18 A similar 
14-segment wall motion index predicts long-term survival in 
patients with chest pain.19

Evaluation of stress-induced regional wall motion abnor-
malities is based on detailed comparison of rest and stress 
images, which is facilitated by simultaneous, synchronized 
display of images.

Recent refinements in tissue Doppler/speckle tracking 
imaging and the measurement of myocardial velocity allow for 
quantitative analysis of regional function.20,21 Although not 
routine at present, these quantitative measures have been shown 
to distinguish between patients with non–ST-elevation myocar-
dial infarction and unstable angina or noncoronary chest pain.22

MYOCARDIAL CONTRAST 
ECHOCARDIOGRAPHY

MCE allows for the assessment of myocardial perfusion with 
the use of intravenous echocardiographic contrast agents, as 
well as assessment of wall thickening. Myocardial perfusion is 
assessed by the injection of microbubbles at the bedside, in real 
time, with rapid image acquisition. These inert, intravascular 
microbubbles are delivered to the capillary bed in territories 
with normal perfusion. Areas that are hypoperfused lack the 
echocardiographic enhancement generated by the contrast 
agent (perfusion defect). The difference in areas with and 
without adequate perfusion is highlighted by destruction of the 
bubbles at timely intervals, allowing for image acquisition as the 
areas of normal perfusion increase in signal intensity faster 
compared to areas with hypoperfusion. The destruction of 
bubbles occurs with the use of high-intensity pulses (mechani-
cal index 1.0) synchronized to end-systole, whereas imaging 
occurs at a mechanical index of approximately 0.5 (Fig. 13-4).

Figure 13-2  Improvement in LV endocardial border delineation, particularly at the apex, with the use of intravenous echocardiographic contrast 
and second harmonic imaging (A, without contrast; B, with contrast). 

A B

V

A4

V

A4

Chest Pain in the Emergency Department

Suspected Cause of Chest Pain Alternate Imaging Techniques

Dissection Transesophageal echocardiography, CT 
angiography, MR angiography, aortogram

Coronary artery disease CT angiography, nuclear perfusion imaging, 
left heart catheterization

Pericarditis/myocarditis Cardiac MRI

Pulmonary embolus Ventilation/perfusion scan, CT angiography, 
pulmonary angiography

CT, Computed tomography; MR, magnetic resonance; MRI, magnetic resonance imaging.

TABLE 
13-1 
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increase in ability to predict future events.27 In a large, single-
center study, wall thickening and myocardial perfusion were 
significant predictors of cardiac events in patients presenting 
with chest pain and no ST-segment elevation28 (Fig. 13-5).

A predictive model for chest pain patients with nondiagnos-
tic initial testing has been developed. Abnormal regional func-
tion with or without abnormal myocardial perfusion was found 
to be an independent predictor of nonfatal myocardial infarc-
tion and cardiac death.29

USE OF ECHOCARDIOGRAPHY IN CHEST PAIN 
UNITS AND CLINICAL ALGORITHMS

Chest pain units specializing in evaluation of patients present-
ing with acute chest pain have become widely used (Box 13-2). 
Use of clinical algorithms has been evaluated by clinical out-
comes. For example, Gibler and colleagues30 developed a “Heart 
ER Program,” a diagnostic and treatment program for patients 
with chest pain in an urban tertiary-care emergency depart-
ment. More than 1000 patients with symptoms suggestive of 
ACS were enrolled. Patients with known CAD, acute ST segment 
shift, hemo dynamic instability, or clinical presentation consis-
tent with unstable angina were admitted directly. Two-
dimensional echocardiography and graded exercise testing were 
performed on all patients at the end of a 9-hour observation 
period. The results determined the disposition of the patient. 
The vast majority of patients were discharged from the emer-
gency department (82.1%); only 15% were admitted for further 
evaluation. Of patients admitted, 34% were found to have a 
cardiac etiology for their symptoms. Stress echocardiography 
can be safely used in those patients at low risk, after an initial 
6-hour observation period.31

DSE has also been studied in a clinical algorithm for chest 
pain assessment in the emergency department.32,33 Patients with 
normal ECG and cardiac markers underwent rest 2D echocar-
diograms. If the rest images were normal, a DSE protocol was 
used with a trained nurse and sonographer. The test was com-
pleted in an average time of 5.4 hours from presentation. Using 
clinical follow-up and cardiac catheterization data for compari-
son, the protocol was found to have a sensitivity of 89.5%,  
a specificity of 88.9%, and a negative predictive value of 98.5%.32

The prognostic valve of predischarge DSE in chest pain 
patients with negative cardiac markers was evaluated in 377 
patients by Bholasingh and co-workers.12 Cardiac events 
occurred in 30% of patients with a positive DSE versus 4% of 
those with a negative DSE (odds ratio [OR] 10.7, P less than 
0.0001).

A group in Italy evaluated 6723 intermediate-risk patients in 
the emergency department presenting with chest pain and a 

93% and 63%, respectively. For the diagnosis of unstable angina, 
the sensitivity was 59% with a specificity of 96%. The authors 
concluded that the use of MCE to predict clinically confirmed 
acute coronary syndrome was more sensitive than the use of 
ECG, cardiac troponins, or echocardiographic assessment of 
regional wall motion abnormalities alone.

MCE has been compared to the use of the TIMI (Throm-
bolysis In Myocardial Infarction) risk score for risk stratifica-
tion of patients presenting with chest pain.26 More than 900 
patients with suspected cardiac chest pain and a nondiagnostic 
ECG underwent MCE for perfusion and regional wall motion. 
Only 2 of 523 patients with normal regional function had a 
primary event. In patients with abnormal regional function, 
myocardial perfusion was better able to differentiate patients 
between intermediate- and high-risk groups.

MCE and SPECT were found to be equivalent in their ability 
to diagnose acute myocardial infarction in the emergency 
department in a multicenter study. MCE provided a 17% 

Figure 13-3  A  16-segment  model  for  evaluation  of  regional  wall 
motion  as  recommended  by  the  American  Society  of  Echocardiogra-
phy. A, Anterior; AL, anterolateral; AS, anteroseptal; I, inferior; IL, infero-
lateral; IS, inferoseptal; PL, posterolateral; PS, posteroseptal. (Adapted 
from Schiller NB, Shah PM, Crawford M, et al: Recommendations for 
quantification of the left ventricle by two-dimensional echocardiogra-
phy. J Am Soc Echocardiogr 2:358-367, 1989.)
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Box 13-2 

ESSENTIAL FEATURES OF A SUCCESSFUL  
CHEST PAIN UNIT

1. Telemetry capabilities
2. Timely serial cardiac marker measurements and 

electrocardiographic testing
3. Access to timely investigations such as: treadmill 

testing, echocardiography, computed tomography, 
nuclear imaging, and angiography

4. Bed availability to hold majority of patients 6 to  
12 hours
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windows were excluded. Patients had exercise echocardiography 
and exercise sestamibi nuclear stress imaging within 24 hours 
and patients with abnormal troponin levels at any time or posi-
tive stress tests were recommended for angiography. Endpoints 
for the study were greater than 50% stenosis on catheterization 
or cardiovascular events at 6 months. The exercise echo-
cardiogram was positive in 20% of the cohort, the exercise ses-
tamibi study in 24%. Fourteen patients with negative exercise 
echocardiograms were ultimately diagnosed with CAD versus 
13 patients with negative exercise sestamibi studies. The sensitiv-
ity of exercise echocardiography and exercise sestamibi imaging 
for the ultimate diagnosis of CAD in this study was similar (85% 
vs. 86%), whereas the specificity of exercise echocardiography 
was slightly higher (95% vs. 90%), leading to a higher likelihood 
ratio for a positive exercise echocardiography test.35

COST EFFECTIVENESS

Cost-effectiveness analyses of diagnostic strategies for patients 
with chest pain have found the preferred initial strategy to be 
noninvasive testing for patients with low to intermediate pretest 
probability of CAD, and coronary angiography for those with 
high pretest probability.

For example, in one study,36 the incremental cost of exercise 
echocardiography compared with exercise electrocardiography 
in 55-year old men with atypical angina was $41,900 per 
quality-adjusted life-year (QALY), a range generally considered 
cost-effective in comparison to other accepted interventions.  
In comparison, exercise SPECT cost $54,800 per QALY as com-
pared with exercise electrocardiography for these patients. 
However, in higher risk patients, such as 55-year-old men  
with typical angina, the incremental cost-effectiveness ratio of 
routine coronary angiography compared with exercise echocar-
diography was only $36,400 per QALY saved, making angiog-
raphy an attractive strategy from a cost-effectiveness standpoint. 
The incremental cost-effectiveness ratio of exercise electrocar-
diography compared with no testing was $57,700 per QALY 
saved for 55-year-old men with nonspecific chest pain. The 
authors concluded that exercise electrocardiography or exercise 

nondiagnostic ECG.34 In general, older patients or those with 
multiple risk factors or nondiagnostic ECGs had SPECT 
imaging, younger patients and those with fewer than two risk 
factors and normal ECGs underwent treadmill exercise testing, 
and those unable to exercise or with uncertain or nondiagnostic 
ETT or SPECT results had DSEs. Although the multiple types 
of testing performed make interpretation of this group’s results 
more difficult, this protocol enabled them to make the early 
diagnosis of CAD in 22% of their chest pain unit patients, with 
early discharge in 78%.

A subsequent manuscript reported on approximately 500 
patients with recent chest pain, but without ischemic ECG 
changes or definite evidence of CAD after a 6-hour workup 
including troponin levels. Patients unable to exercise and those 
with left bundle-branch block or poor echocardiographic 

Figure 13-4  An example of a normal and a positive stress echocardiogram using intravenous echocardiographic contrast material for 
assessment of myocardial perfusion. A, Apical four-chamber view with normal myocardial perfusion septum and basal lateral wall (myocardium 
appearing dark); B, apical four-chamber view with an inducible perfusion defect of the septum and apex at stress (myocardium appears dark when 
compared to the lateral wall). 

A B

Figure 13-5  Survival probabilities for patients presenting to the emer-
gency  department  with  chest  pain  and  no  ST  segment  elevation  on 
electrocardiogram (ECG) with different combinations of regional func-
tion (RF ) and myocardial perfusion (MP ) after adjustment for age, hyper-
tension,  diabetes,  hypercholesterolemia,  smoking  status,  and  ECG. 
(From Rinkevich D, Kaul S, Wang XQ, et al., Regional LV perfusion and 
function in patients presenting to the emergency department with chest 
pain and no ST-segment elevation. Eur Heart J 26:1606-1611, 2005.)
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function. In univariate analysis, LV function (OR 2.9), right 
ventricular (RV) function (OR 2.7), LV end-diastolic dimension 
(OR 1.6), LV end-systolic dimension (OR 1.4), and wall motion 
index (OR 3.0) predicted complications. Wall motion index was 
an independent predictor of complications beyond clinical and 
electrocardiographic variables.

The long-term survival of 448 patients in this study was 
examined.13 Over a follow-up period of 35 ± 12 months, inde-
pendent predictors of survival were moderate or severe LV dys-
function and more than mild valvular regurgitation. These 
echocardiographic findings offered incremental prognostic 
value over clinical and ECG findings in patients presenting with 
acute chest pain. Kaplan-Meier survival curves stratified by LV 
function and the grade of mitral regurgitation in this study are 
shown in Figures 13-6 and 13-7, respectively.

DSE has been shown to predict subsequent cardiac events in 
patients with known or suspected CAD.42 A cohort of 860 
patients was assessed using the 16-segment model for wall 
motion and followed for 52 months. The independent 

echocardiography resulted in reasonable cost-effectiveness 
ratios for patients at mild to moderate risk for CAD.

The cost effectiveness of MCE in the emergency department 
was evaluated by Wyrick and colleagues.37 Patients with a non-
diagnostic ECG, cardiac sounding chest discomfort and a 
normal MCE had a very low 24-hour event rate (0.6%). Using 
MCE would have negated the admission of 45% of those 
patients admitted, with an average cost savings of $900 per 
patient.

ASSESSMENT OF THE NEED FOR URGENT 
CORONARY ANGIOGRAPHY

Coronary angiography is still generally regarded as the gold 
standard test for diagnosing obstructive epicardial CAD. Patients 
with a nondiagnostic ECG and a high pretest probability of 
CAD often proceed directly to angiography and possible percu-
taneous coronary intervention. This technique leads to prompt 
diagnosis; in most cases, however, it does not yield information 
about the functional significance of stenosis found. Functional-
ity of lesions can be assessed in the catheterization suite with 
the use of pressure wires, but this is often time consuming and 
costly. Echocardiographic findings may assist in the decision 
regarding the need for urgent coronary angiography. Normal 
global and regional function could lead to a more conservative 
approach, with later stress imaging to rule out significant coro-
nary stenosis. Conversely, the finding of a new wall motion 
abnormality may prompt more urgent coronary angiography.

MCE for perfusion assessment may also be beneficial in 
determining the need for and timing of coronary angiography. 
Angiographic flow does not necessitate the presence of tissue 
perfusion. Several studies have evaluated the use of contrast 
echocardiography to assess microvascular reperfusion after 
acute myocardial infarction. Greaves and co-workers38 per-
formed contrast echocardiography in 15 patients post primary 
percutaneous coronary intervention for acute myocardial 
infarction. Analysis showed that a perfused hypokinetic or aki-
netic segment was 50 times more likely to recover function than 
a nonperfused segment. MCE predicted segmental myocardial 
recovery with a sensitivity of 88%, a specificity of 74%, and 
positive and negative predictive values of 83% and 81%, respec-
tively. MCE outperformed other known modalities such as 
TIMI frame rate, myocardial blush grade, and percentage of ST 
segment resolution.

Myocardial viability post acute myocardial infarction  
determined by MCE and SPECT imaging were compared in  
99 patients. Only MCE-determined viability was found to be  
an independent multivariate predictor of morbidity and 
mortality.39

RISK STRATIFICATION AND ANALYSIS  
OF LONG-TERM CLINICAL OUTCOME

A number of studies have demonstrated incremental utility of 
echocardiography, beyond clinical assessment and electrocardi-
ography in predicting clinical outcome of patients with acute 
chest pain.40,41 In a prospective study of patients visiting a large 
urban emergency department, Fleischmann and colleagues40 
identified echocardiographic predictors of serious predischarge 
complications (significant recurrent myocardial ischemia, heart 
failure, and arrhythmia) in patients with chest pain. Doppler 
echocardiograms performed an average of 21 hours after  
presentation assessed biventricular, regional, and valvular 

Figure 13-6  Kaplan-Meier survival curves for patients presenting with 
chest pain stratified by LV dysfunction (LVD). (From Fleischmann KE, Lee 
RT, Come PC, et al: Impact of valvular regurgitation and ventricular 
dysfunction on long term survival in patients with chest pain.  Am  J 
Cardiol 80:1266-1272, 1997. From Excerpta Medica Inc.)
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Figure 13-7  Kaplan-Meier survival curves for patients presenting with 
chest pain stratified by grade of mitral regurgitation (MR) (on a 4+ scale). 
(From Fleischmann KE, Lee RT, Come PC, et al: Impact of valvular regur-
gitation and ventricular dysfunction on long term survival in patients with 
chest pain. Am J Cardiol 80:1266-1272, 1997. From Excerpta Medica Inc.)
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evaluated by scanning for signs of right atrial collapse, RV col-
lapse, exaggerated respiratory variation in tricuspid and/or 
mitral valve inflow velocities, and inferior vena cava size and 
respiratory variation. (See Chapter 29.) The use of echocardio-
graphic guidance for pericardiocentesis has been shown to 
enhance the safety of the procedure.46

Screening for aortic stenosis involves 2D imaging for calcifi-
cation and restricted movement of the valve, as well as Doppler 
measurement of transvalvular gradients (see Chapter 23).  
Similarly, signs of hypertrophic obstructive cardiomyopathy 
include hypertrophy (asymmetric), the presence of systolic 
anterior motion of the anterior mitral valve leaflet, and Doppler 
evidence of a dynamic gradient in the LV outflow tract (see 
Chapter 27).

Limitations
ISCHEMIA EVALUATION

Echocardiographic evaluation of patients with suspected acute 
coronary syndrome has several limitations. Between episodes of 
cardiac ischemia, the wall thickening may be completely normal, 
so normal LV systolic function in a pain-free patient cannot rule 
out cardiac ischemia as the cause of the patient’s symptoms. In 
addition, small areas of ischemic myocardium, particularly in 
the subendocardium, may not result in a discernible wall 
motion abnormality, leading to false negatives. Using MCE to 
evaluate perfusion provides better risk stratification in these 
patients. Additional testing as appropriate to the patient’s risk 
should be considered after infarction is ruled out.

The presence of preexisting LV dysfunction makes the evalu-
ation of new regional wall motion abnormalities more difficult 
and may decrease the specificity of this technique.

IMAGE QUALITY

Detection of regional wall motion abnormalities requires ade-
quate visualization of endocardial borders, which may be dif-
ficult in patients with morbid obesity, chest wall deformity, 
chest trauma, or recent thoracic surgery. The use of second 
harmonic imaging with echocardiographic contrast adminis-
tration may improve endocardial border delineation in such 
patients and make echocardiographic evaluation in the emer-
gency department more feasible.

PERSONNEL AVAILABILITY

Ready availability of skilled sonographers and echocardiogra-
phers is essential to expanding the use of echocardiography in 
the evaluation of patients with chest pain in the emergency 
department. Both sonographers and echocardiographers are 
generally available during usual working hours in most hospi-
tals. However, it may not be economically practical to have 
personnel on site 24 hours a day for many medical centers. 
Contacting “on-call” sonographers and echocardiographers 
outside the hospital is inevitably associated with delays in the 
management of such patients. The national shortage of sonog-
raphers complicates the situation further.45

Digital tele-echocardiography systems, which allow trans-
mission of digital images over a high-speed network to an  
experienced echocardiographer outside the hospital for  
immediate evaluation, may aid in ensuring adequate image 
interpretation.

predictors of cardiac events were history of congestive heart 
failure (hazard ratio 2.51), percentage of abnormal segments at 
peak stress (hazard ratio 1.23), and abnormal LV end-systolic 
volume response to stress (hazard ratio 1.98). The noninvasive 
diagnosis of CAD in women has been historically more difficult 
than in men. DSE may be the diagnostic test of choice in this 
patient population given its higher specificity.43

The use of exercise over pharmacologic stress has the advan-
tage of accurately assessing functional capacity, an important 
prognostic indicator. Exercise echocardiography has been com-
pared to DSE for the detection of CAD. A study by Dagianti and 
co-workers44 compared dipyridamole echocardiography and 
dobutamine echocardiography with exercise echocardiography 
for the detection of CAD in 100 patients. Diagnostic accuracy 
was equal for exercise and dobutamine echocardiography at 
87%, which was higher than that for dipyridamole (78%).

EVALUATION OF OTHER CAUSES  
OF CHEST PAIN

Although the assessment of global and regional ventricular 
function is the core of the echocardiogram for the patient pre-
senting with chest pain, it is essential to also provide a rapid 
screen for other nonischemic causes of chest pain.

Aortic dissection is a life-threatening diagnosis that may be 
detected on TTE, although sensitivity is limited (see Chapter 
36). An intimal flap may be identified in the aortic root, proxi-
mal ascending aorta, arch, or descending abdominal aorta. It is 
important to note that the sensitivity of TTE imaging for aortic 
dissection is only 79%, compared to 99% for transesophageal 
echocardiograms.45 Therefore, a negative TTE is not sufficient 
to exclude the diagnosis if clinical suspicion exists. Other poten-
tial clues to aortic dissection would include aortic regurgitation, 
a dilated proximal aorta, and the presence of a pericardial 
effusion.

Pericardial effusion can be diagnosed on TTE. The subcostal 
window is especially useful in patients with limited apical  
and parasternal image quality (Fig. 13-8). The potential 
hemodynamic consequences of a pericardial effusion may be 

Figure 13-8  Transthoracic images of a patient presenting to the 
emergency department with atypical chest pain. This subcostal view 
shows a small pericardial effusion  (arrow). The patient was diagnosed 
with pericarditis. 
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Future Developments
TELE-ECHOCARDIOGRAPHY

Electronic transmission of images has been used successfully in 
a variety of telemedicine projects (Table 13-2). Successful use 
in nonemergent settings has been reported in the difficult diag-
nostic cases, such as patients with congenital heart disease 
requiring special expertise.47-49 Trippi and colleagues15 (described 
previously) used DSE in the emergency department to deter-
mine which patients presenting with chest pain could be safely 
discharged. In this study, echocardiograms were digitized into 
a quad-screen systolic eight-frame cineloop format (resolution 
320 by 240 pixels), then transmitted to the interpreting physi-
cian over the standard telephone line using a proprietary “loss-
less” format predating current DICOM standards.50,51

Technologic developments since that time, including higher 
memory capacity, faster microprocessors, and network connec-
tions via the Internet or dedicated lines, may result in more 
widespread use. Of course, transmission of patient-specific data 
also requires proper encryption and adequate safeguards to 
ensure patient privacy.

STRAIN ANALYSIS FOR REGIONAL FUNCTION

Tissue-Doppler imaging52-54 and speckle tracking have been 
shown to increase the sensitivity of regional function assess-
ment (Fig. 13-9). Currently used for research purposes, these 
techniques have potential to aid in evaluation of regional wall 

Figure 13-9  Tissue-Doppler imaging of the LV in the apical four-
chamber view in a patient with ischemia-induced LV dysfunction. 
Areas of interest are highlighted at the basal septum and basal lateral 
wall. Results on the right represent the tissue velocities in the two areas 
of interest throughout the cardiac cycle. 

A4

motion once techniques are simplified for use on a routine 
clinical basis. (See Chapter 10.)

Summary
TTE can provide useful information in the diagnosis and  
triage of patients presenting with acute chest pain. Depending 
on the situation, stress echocardiography or transesophageal 

A Sampling of Clinical Studies for Use of Echocardiography in the Assessment of Chest Pain

Year Study Sample Size Population Result

1984 Nishimuraa 61 Patients within 12 hours of an acute MI Increased wall motion score index was predictive of in-hospital 
complications

1990 Peelsb 43 Acute chest pain with non diagnostic ECG 
and no history of CAD

88% sensitive
78% specific for diagnosis of ischemia when compared to angiography

1991 Sabiac 171 Patients presenting with cardiac symptoms LV systolic dysfunction predicts both short- and long-term cardiac events

1994 Fleischmannd 513 Patients presenting with chest pain Moderate LV systolic dysfunction and significant valvular regurgitation 
independently predict survival

1997 Trippie 163 Patients presenting with chest pain, normal 
markers and nondiagnostic ECG

DSE has a negative predictive value of 98.5% for coronary artery ischemia

2003 Bholasinghf 377 Patient with chest pain and nondiagnostic 
ECG, negative markers

DSE was an independent predictor of cardiac events

2005 Kangg 114 Patients presenting with chest pain at rest Myocardial perfusion defect on contrast echocardiography was associated 
with an odds ratio of 21 for the diagnosis of acute MI

2005 Tongh 957 Patients with chest pain and nondiagnostic 
ECG

Contrast echocardiography provides short- and long-term prognostic 
information before results of cardiac markers

2005 Rinkevichi 1017 Patients with chest pain, no ST elevation Wall thickening and myocardial perfusion predicted cardiac events

2010 Weij 720 Patients with chest pain and no ST elevation Regional wall motion abnormality ± abnormal perfusion was an 
independent predictor of nonfatal MI and cardiac death
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echocardiography may provide additional information. The 
echocardiogram elicits information about global function, 
regional function, valvular function, and pericardial effusion. 
This not only helps in triage of patients with suspected acute 
coronary syndrome, but also can provide information on both 

KEY POINTS

 Acute chest pain results in millions of emergency depart-
ment visits annually. Early diagnosis improves patient 
outcomes as well as reduces hospital costs.

 Echocardiography can help screen for the presence of 
myocardial ischemia with the assessment of wall motion. 
Wall motion abnormalities occur before the onset of 
symptoms or ECG changes in the ischemic cascade.

 The presence of aortic valve disease, LV or RV dysfunc-
tion, elevated pulmonary systolic pressure, or pericardial 
effusion could all be helpful in diagnosis of the patient 
with chest pain.

 Myocardial contrast agents are now commonly used not 
only for LV opacification and better endocardial defini-
tion, but also for perfusion assessment. MCE has a sensi-
tivity of greater than 90% for the presence of acute 
myocardial infarction.

 Stress echocardiography is a safe and cost-effective way to 
assess for the presence of significant CAD.

 Treadmill stress echocardiograms require rapid acquisi-
tion of images after peak exercise to maintain sensitivity.

 Bicycle echocardiography can assess for evidence of induc-
ible ischemia, as well as the effect of exercise on valvular 
disease, shunt or pulmonary artery pressure.

 Dobutamine echocardiograms have been used for the 
assessment of chest pain in patients with normal cardiac 
markers and normal ECG. The negative predictive valve 
has been shown to be greater than 98%.

 For patients at intermediate risk of CAD, stress echocar-
diography has been shown to be cost effective over routine 
treadmill testing or SPECT imaging.

 Echocardiograms performed early in the evaluation of 
patients with chest pain are prognostic for in-hospital 
complications as well as long-term prognosis.

short- and long-term outcomes. Newer techniques using  
echocardiographic contrast agents for LV opacification and 
myocardial perfusion have further enhanced the bedside echo-
cardiographic assessment of patients with chest pain.
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Applicable Modes of Echocardiography 
in the Coronary Care Unit
Echocardiography is ideally suited for cardiac imaging in the 
coronary care unit, with major advantages compared to other 
imaging modalities including its portability, ease of use, relative 
low cost, and the wealth of anatomic, hemodynamic, and func-
tional information able to be obtained rapidly at the bedside. 
Soon after its earliest introduction, the use of transthoracic 
echocardiography (TTE) was extended to routine use in the 
coronary care unit, where it provides rapid bedside assessment 
of all stages of ischemic heart disease, ranging from presenta-
tions with undifferentiated acute chest pain, confirmation of 
acute myocardial infarction (MI), acute MI mechanical compli-
cations and heart failure, and the management of chronic isch-
emic heart disease.1

In the patient presenting with chest pain who has a nondi-
agnostic electrocardiogram (ECG), identification of a segmen-
tal wall motion abnormality assists in the determination of 
definitive therapy. High-quality two-dimensional (2D) imaging 
obtained either during chest pain or shortly thereafter has a 
negative predictive value of approximately 95% for the identi-
fication of acute MI. In the patient with an established MI, early 
evaluation of left ventricular (LV) ejection fraction, regional 
wall motion, diastolic function, and mitral regurgitation  
greatly assists with management. When recurrent chest pain 
complicates reperfusion therapy, electrocardiographic changes 
may be nonspecific. In this situation, echocardiography helps 

differentiate between recurrent ischemia and pericarditis. The 
cause of hemodynamic instability in patients with MI, includ-
ing pump failure and mechanical complications, often can be 
established by bedside TTE without invasive monitoring.

Despite advances in echocardiographic imaging, assessment 
of regional wall motion remains a challenge with interobserver 
variability. The use of left-sided contrast agents for LV opacifi-
cation improves interobserver agreement and has been shown 
to be superior to routine evaluation for the detection of acute 
coronary syndromes.2 Because perfusion abnormalities precede 
wall motion abnormalities in the ischemic cascade, myocardial 
contrast echocardiography has a higher sensitivity for the detec-
tion of coronary artery disease.3 Myocardial contrast echo-
cardiography also has a significant role in the evaluation of 
myocardial viability.4 Quantitation with myocardial strain tech-
niques is a further significant step forward to reduce interob-
server variability in the assessment of regional wall motion 
abnormalities. Myocardial strain was initially based on tissue 
Doppler, with the main limitation of angle dependence, and has 
been largely replaced by the development of speckle-tracking 
techniques.5-7

Progressive improvements and miniaturization of handheld 
echocardiographic instruments have resulted in their increasing 
use as an adjunct to the physical examination. They are particu-
larly useful for targeted evaluation of global and regional LV 
and right ventricular (RV) systolic function and for the detec-
tion of pericardial effusion. Several studies have shown the 
utility of these systems,8-10 but they are not yet comparable to 
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acute coronary syndromes, showing a higher specificity for 
infarction than for ischemia. Other causes of segmental dys-
function must be recognized, and a false-positive diagnosis can 
often be avoided if wall thickening is examined in addition to 
endocardial motion. The inward motion of the endocardial 
surface may be delayed or paradoxical owing to abnormal con-
duction in the presence of Wolff-Parkinson-White syndrome,17 
a left bundle branch block,18 or RV pacing.19 Paradoxical septal 
motion also is present in RV volume overload and following 
open-heart surgery.20 In these conditions, the systolic thicken-
ing of the septum or other involved segment (e.g., posterolateral 
wall in Wolff-Parkinson-White syndrome) should be preserved. 
Nonischemic causes of segmental dysfunction that result in 
reduced systolic thickening and endocardial motion include 
focal myocarditis, idiopathic cardiomyopathy, and the apical 
ballooning syndrome (takotsubo cardiomyopathy).21 TTE is 
valuable in the diagnosis of takotsubo cardiomyopathy, with 
characteristic acute features of LV impairment in a noncoro-
nary distribution and early improvement of LV function on 
serial echo consistent with myocardial stunning rather than 
MI.22 Tong and colleagues23 reported on the diagnostic and 
prognostic value of myocardial contrast echocardiography in 
957 patients presenting to the emergency department with sus-
pected cardiac chest pain and a nondiagnostic ECG. Only 2 of 
523 patients with normal regional function had an early primary 
event, and regional function provided incremental prognostic 
value for predicting intermediate and late events. In patients 
with abnormal regional function, myocardial perfusion further 
classified patients into intermediate- and high-risk groups. The 
authors suggested that patients with both abnormal regional 
function and abnormal myocardial perfusion are at high risk 
for early cardiac events and could be triaged even before cardiac 
serum markers become available. Although this is a promising 
technology, expertise in the acquisition and interpretation of 
the images may not be widely available, and the cost effective-
ness requires further study. Newer techniques for the evaluation 
of regional wall motion, including myocardial strain rate 
imaging and tissue characterization, are discussed in more 
detail in Chapter 10.

LOCALIZATION OF INFARCTION

The classification of acute MI according to electrocardiographic 
patterns has been based largely on comparing autopsy findings 
with the distribution of pathologic Q waves during the chronic 
phase of infarction. Echocardiographic localization has signifi-
cant advantages over electrocardiographic localization, particu-
larly for apical and lateral wall infarction.

In 1989, the American Society of Echocardiography recom-
mended a 16-segment model for LV segmentation.16 More 
recently, in an attempt to establish segmentation standards 
applicable to all types of imaging, including echocardiography, 

full-service systems, and care should be exercised to ensure that 
clinicians using and reporting studies with these instruments 
are appropriately trained. (See Chapter 8.)

In patients with severe hemodynamic compromise, TTE may 
be limited by mechanical ventilation, recent cardiac surgery, 
and an inability to adequately position the patient. Whereas the 
use of contrast agents has reduced the need for alternative 
imaging modalities in this situation, transesophageal echocar-
diography (TEE) has proven to be efficacious, especially in 
ruling out complications related to cardiac rupture and for the 
assessment of global and regional ventricular function. With 
careful sedation and close monitoring, TEE can be performed 
safely early after acute MI.

Stress echocardiography has an important role in the postin-
farction period for the assessment of myocardial viability and 
inducible myocardial ischemia. (See Chapters 15 and 16.) Dobu-
tamine stress echocardiography (DSE), using low doses that do 
not significantly alter hemodynamics, improves function in 
viable but not in nonviable myocardial segments. Higher doses 
of dobutamine and exercise echocardiography can be used to 
detect residual ischemia. DSE should be used with caution early 
after MI as a result of reports of free wall rupture in association 
with high-dose dobutamine stress testing within the first week 
following MI.11 Cardiac magnetic resonance imaging (MRI) is 
increasingly used for the assessment of myocardial viability as 
well as ischemia and may provide improved image quality. 
However, MRI is not as readily available as TTE in most cardiac 
centers, is not portable, and is not suitable in certain patients, 
including patients with a pacemaker or implanted cardiac defi-
brillator, and those with certain arrhythmias.

Three-dimensional (3D) echocardiography has evolved  
from a research tool with limited clinical applicability to wide-
spread clinical use. (See Chapter 4.) Recent reports have dem-
onstrated the clinical feasibility of volumetric analysis of 
real-time 3D echocardiographic data that allows fast, semiau-
tomated, dynamic measurement of LV volume and ejection 
fraction; automated detection of regional wall motion abnor-
malities12; and real-time 3D echocardiographic perfusion 
imaging.13 It is likely that real-time 3D echocardiography will 
continue to play a prominent role in the comprehensive assess-
ment of patients with coronary artery disease.

Echocardiography in the Diagnosis  
and Localization of Acute  
Myocardial Infarction
DIAGNOSTIC ROLE OF ECHOCARDIOGRAPHY

The accuracy of an echocardiographic diagnosis of an MI is 
dependent on its ability to detect wall motion abnormalities in 
the involved segment. The severity of the wall motion abnor-
mality depends on the transmural extent of the infarction, and 
the circumferential limits depend on the arterial distribution 
and collateral blood supply. Images of the left ventricle (LV) 
adequate for segmental analysis of wall motion can be obtained 
in more than 90% of patients by skilled sonographers, and the 
use of left-sided contrast agents has increased the percentage  
of patients in whom technically adequate images can be 
obtained.14,15 The most widely used scoring system for grading 
the severity of a wall motion abnormality is that recommended 
by the American Society of Echocardiography,16 as shown in 
Table 14-1. Several studies have examined the specificity of 
echocardiographic wall motion abnormalities for diagnosis of 

Scoring System for Grading Wall Motion16

Score Wall Motion
Endocardial 

Motion* Wall Thickening*

1 Normal Normal Normal (>30%)

2 Hypokinesis Reduced Reduced (<30%)

3 Akinesis Absent Absent

4 Dyskinesis Outward Thinning

5 Aneurysmal Diastolic deformity Absent or thinning

*In systole.

TABLE 
14-1 
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With routine echocardiographic studies, the 16-segment model 
can be used, without the apical cap. The LV segments and the 
approximate and most common coronary arterial distribution 
in relation to these segments are depicted in Figures 14-1 and 
14-2, respectively. The anterior, anterolateral, anteroseptal, and 

nuclear perfusion imaging, cardiovascular MRI, and cardiac 
computed tomography (CT), a 17-segment model has been 
proposed.24 This new model includes the apical cap, which is 
the segment beyond the end of the LV cavity, and is generally 
only seen with some contrast and myocardial perfusion studies. 

Figure 14-1  Segmental analysis of LV walls, based on schematic views, in parasternal and apical views. (From Lang RM, Bierig M, Devereux RB, 
et al: Chamber Quantification Writing Group; American Society of Echocardiography’s Guidelines and Standards Committee; European Association 
of Echocardiography. Recommendations for chamber quantification: a report from the American Society of Echocardiography’s Guidelines and 
Standards Committee and the Chamber Quantification Writing Group, developed in conjunction with the European Association of Echocardiogra-
phy, a branch of the European Society of Cardiology. J Am Soc Echocardiogr 18[12]:1440-1463, 2005.)
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anterior apex of the RV may be supplied by the LAD “wrapping” 
around the apex of the heart. Isolated RV infarction has been 
reported to occur in fewer than 3% of autopsy studies of acute 
MI.28

The diagnosis of RV infarction should be suspected in a 
patient with jugular venous distention and clear lung fields in 
the setting of an inferior MI. The clinical importance of RV 
infarction is emphasized by the much higher incidence of 
hemodynamic compromise, arrhythmias, and in-hospital mor-
tality than MI involving only the LV.29 The electrocardiographic 
sign of 1-mm ST segment elevation in V4R is sensitive and 
specific for the diagnosis, but these changes may resolve within 
12 hours and do not provide information as to the extent of 
involvement or its hemodynamic impact.30

Echocardiography plays a vital role in the evaluation of 
patients with suspected RV infarction31 (Box 14-1). In an early 
report, Sharpe and colleagues32 described the M-mode echocar-
diographic findings of RV infarction including RV enlargement 
and paradoxical septal motion. The 2D echocardiographic signs 
of RV infarction include RV dilation, decreased RV function, 
segmental wall motion abnormalities, and paradoxical septal 
motion.33 In many cases, the inferior wall motion abnormality 
may be relatively small with preserved overall LV function. 
Tissue Doppler echocardiography may provide complementary 
evidence for RV infarction. In a study of 60 patients with a first 
acute inferior MI, a tricuspid valve annulus peak systolic veloc-
ity less than 12 cm/s had a sensitivity, specificity, and negative 
predictive value of 81%, 82%, and 92%, respectively, for RV 
infarction.34 Tricuspid annular plane systolic excursion of 
14 mm or less is a useful objective measure of RV dysfunction 
and should be measured in patients with suspected RV infarc-
tion. Reduced RV compliance may be detected by an increased 
A wave velocity on the hepatic vein flow signal and by a short 
pressure half-time of the pulmonary regurgitant jet (less  
than 150 ms). The latter has been shown to be a predictor of 
in-hospital events in patients with RV infarction.35 Character-
istic echocardiographic features of RV failure with high RA 
pressures include bowing of the interatrial septum into the left 
atrium (LA) and dilation of the inferior vena cava with lack of 
inspiratory collapse. These echocardiographic indicators of RV 
function correlate with clinical status and prognosis.36

Echocardiography also plays a crucial role in detecting com-
plications of RV infarction, including ventricular septal rupture, 

apical (anterior and septal) segments correspond to the left 
anterior descending (LAD) artery distribution. Isolated disease 
in a diagonal branch of the LAD artery results in a discrete wall 
motion abnormality in the portion of the anterolateral wall 
supplied by that vessel. The lateral wall and lateral apex are in 
the distribution of the left circumflex artery. The inferolateral 
wall is supplied by the posterior descending artery. In 80% of 
the population, the posterior descending artery arises from the 
right coronary artery and supplies the inferolateral wall and  
the inferior free wall and inferior septum (right dominant). In 
the other 20% of patients, the posterior descending artery arises 
from the circumflex artery (left dominant system). The right 
ventricle (RV) is supplied by the right coronary artery via its 
acute marginal branches. In general, infarctions in the LAD 
distribution tend to be more apically situated, whereas those in 
the right coronary artery and the circumflex distribution are 
more basal in their location. The extent of apical involvement 
and its distribution depends, to a degree, on the relative supply 
from the left anterior and posterior descending arteries. It 
should be noted that the extent of the segmental wall motion 
is related to the exact coronary anatomy in an individual patient, 
which may be variable. In addition, the presence of collaterals 
and previous bypass surgery alters the distribution of ischemia 
and infarction relative to the involved arterial supply.

Direct visualization of the ostia of the left main coronary 
artery and right coronary artery and the proximal LAD artery 
in adults may be achieved using TTE and TEE, and this may be 
useful to exclude anomalous coronary artery origins. (See 
Chapter 17.) Transthoracic Doppler echocardiography may also 
be useful to determine coronary artery flow. Otsuka and col-
leagues25 recently showed that the detection of reverse flow in 
the distal right coronary artery and the inferior septal branches 
using transthoracic Doppler echocardiography detected an 
occluded right coronary artery with a sensitivity and specificity 
of 100% and 98%, respectively. Lee and colleagues26 showed in 
a study of 46 consecutive patients with first acute anterior MI 
that diastolic peak distal LAD artery flow velocity equal to 
25 cm/s by transthoracic Doppler echocardiography could dis-
tinguish TIMI 3 flow in the LAD coronary artery from TIMI 2 
flow with a sensitivity, specificity, and accuracy of 77%, 94%, 
and 89%, respectively. The use of contrast agents may expand 
the feasibility of this technology to localize a coronary artery 
stenosis and quantify coronary flow.

RIGHT VENTRICULAR INFARCTION

Although RV infarction was first described in the 1930s, it was 
only after the hemodynamic consequences were recognized in 
the 1970s that RV infarction was considered a clinical entity.

RV infarction occurs in up to 50% of inferior MI, but hemo-
dynamic compromise develops in fewer than half of such 
cases.27 The RV is predominantly supplied by acute marginal 
branches of the right coronary artery, and occlusion of the right 
coronary artery proximal to the origin of these branches results 
in ischemic dysfunction of the RV. When the occlusion is distal 
to the right atrial (RA) branches, augmented RA contractility 
enhances RV function and cardiac output. Conversely, more 
proximal occlusions result in ischemic depression of RA con-
tractility, which impairs RV filling and function, resulting in 
more severe hemodynamic compromise. Much less commonly, 
RV infarction occurs in association with acute anteroseptal  
MI as a result of a variation of coronary artery anatomy in 
which RV branches arise from the LAD artery.28 In addition, the 

Box 14-1 

ECHOCARDIOGRAPHIC SIGNS OF RIGHT 
VENTRICULAR INFARCTION

Primary
RV dilation
Segmental wall motion abnormality of the RV free wall
Decreased descent of the RV base
Tricuspid valve annulus peak systolic velocity <12 cm/s

Secondary
Paradoxic septal motion
Tricuspid regurgitation
Tricuspid papillary muscle rupture
Pulmonary regurgitant jet pressure half-time <150 ms
Dilated inferior vena cava
Right-to-left interatrial septal bowing
Right-to-left shunting across patent foramen ovale
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measurement of PCWP and cardiac output may be performed 
in patients with acute MI complicated by cardiac failure or 
cardiogenic shock, recent data suggest that the use of invasive 
catheters in critically ill patients may be associated with 
increased mortality.43

A carefully performed Doppler echocardiographic study  
can provide sufficient information to determine a patient’s 
hemodynamic category after infarction. The noninvasive mea-
surement of cardiac output and PCWP in patients with acute 
MI and cardiac failure is useful to guide therapy and for 
prognosis.

A simple echocardiographic method of estimating cardiac 
output is to measure the velocity-time integral of aortic flow by 
pulsed-wave or continuous-wave Doppler. In patients with 
acute MI, various measures of LV diastolic function have been 
shown to accurately estimate PCWP when compared to invasive 
measurements. Earlier studies demonstrated the value of trans-
mitral Doppler to estimate PCWP. In a study of postinfarction 
patients with LV ejection fraction less than 35%, a mitral decel-
eration time of less than 120 ms was highly predictive of a 
PCWP greater than 20 mm Hg.44

Subsequent studies showed the value of pulmonary venous 
flow Doppler to estimate PCWP. In subjects older than 40 years 
of age with normal filling pressures, pulmonary venous peak 
velocities and velocity-time integrals are higher during systole 

severe tricuspid regurgitation (as a result of papillary muscle 
ischemic dysfunction or rupture) and functional regurgitation 
resulting from tricuspid valve annular dilatation. In addition, 
severe hypoxemia resulting from right-to-left shunting across a 
patent foramen ovale may occur with large RV infarction asso-
ciated with elevated RA pressures.

In most cases of RV infarction, RV function improves and 
returns to near normal within 3 to 12 months regardless of the 
patency of the infarct-related artery, although the improvement 
may not be complete when compared to a control group.37 
Experimental evidence suggests that this unique feature of RV 
functional recovery is a result of the beneficial effects of col-
laterals and the more favorable oxygen supply-demand charac-
teristics compared to the LV.37 Because the acutely ischemic 
dysfunctional RV represents predominantly viable myocar-
dium, which may spontaneously recover or respond favorably 
to successful reperfusion even late after the onset of occlusion, 
it has been suggested that the term RV infarction is largely a 
misnomer and that the term RV ischemic dysfunction should be 
used.38 However, it is important to recognize that RV infarction 
is associated with high in-hospital mortality, and early pharma-
cologic39 or mechanical33 reperfusion enhances recovery of RV 
function with an improved clinical course and survival. 
Although relatively uncommon, cardiogenic shock due to RV 
infarction has similar poor outcomes to patients with cardio-
genic shock due to LV infarction.40

Detecting Complications of Acute  
Myocardial Infarction
The prognosis of MI markedly improved with the advent of 
thrombolysis and primary percutaneous coronary intervention 
(PCI), and survival is excellent for most patients who receive 
timely restoration of flow of the culprit vessel. A large MI, typi-
cally due to prolonged occlusion of the LAD resulting in a large 
territory of severely hypokinetic myocardium, may be compli-
cated early and late by pump failure. In the acutely hemody-
namically unstable patient, it is critical to exclude cardiac 
rupture, a situation that is potentially amenable to surgery, 
before concluding that cardiogenic shock is on the basis of 
pump failure (Box 14-2). In most cases, TTE (supplemented 
when necessary by TEE) is sufficient to exclude papillary muscle, 
free wall, and ventricular septal rupture. Most of the earlier 
published studies on the incidence of mechanical complications 
of acute MI were performed in the prethrombolytic era, when 
TTE was in its relative infancy with respect to image quality and 
expertise in reporting. Table 14-2 compares the incidence of 
mechanical complications after acute MI before and in the 
reperfusion era.

HEMODYNAMIC CLASSIFICATION  
OF MYOCARDIAL INFARCTION USING  
DOPPLER ECHOCARDIOGRAPHY

In 1967, Killip and coworkers41 classified patients with acute MI 
into four groups depending on the clinical manifestations of 
cardiac failure on admission. In 1977, Forrester et al42 classified 
patients with acute MI using right heart catheterization into 
four groups based on cardiac index and pulmonary capillary 
wedge pressure (PCWP). Both classifications predicted 
in-hospital mortality independently of the patient’s age, gender, 
precipitating factors, and location of the MI. Although invasive 

Comparison of the Incidence of Mechanical Complications 
after Acute Myocardial Infarction before and in the 
Reperfusion Era

MI Complication
Before Reperfusion 

Era (Average)
In Reperfusion 

Era

Pericardial effusion 25% 6.6%

LV thrombus (anterior 
MI)

35-40% 5.5%

Mitral regurgitation 53% 28%

Infarct expansion 30% 4%

Septal rupture 1-3% 0.6%

Free wall rupture 2% 0.8%

Adapted from Guereta P, Khalifeb K, Jobicc Y, et al: Echocardiographic assessment of the 
incidence of mechanical complications during the early phase of myocardial infarction 
in the reperfusion era: a French multicenter prospective registry. Arch Cardiovasc Dis 
101:41-47, 2008.

MI, Myocardial infarction.

TABLE 
14-2 

Box 14-2 

ECHOCARDIOGRAPHY IN COMPLICATIONS OF 
MYOCARDIAL INFARCTION

Hemodynamic States
Hypovolemia
RV infarction
Globally reduced LV contractility

Mechanical Complications
Papillary muscle rupture and severe mitral regurgitation
Ventricular septal rupture
Free wall rupture and tamponade

Other
LV aneurysm
Mural thrombus
Pericardial effusion
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thrombolytics and/or primary PCI, with a prevalence related to 
the timing of restoring patency of the culprit vessel.52 
Colchicine may be used for the treatment of pericarditis in this  
setting, and early postinfarction pericarditis is usually self-
limiting after a few days. Late cardiac tamponade and constric-
tive pericarditis are not recognized complications. Onset after 
10 days is usually considered Dressler syndrome, which also has 
a much lower incidence in the modern era of early reperfusion, 
of 0.5% with thrombolysis and 0.1% with primary PCI.

A pericardial effusion that occurs after an MI is not pathog-
nomonic of pericarditis, and there is only a weak association 
between pericarditis and pericardial effusion in this setting. 
Several investigators have reported on the incidence of pericar-
dial effusion following infarction, with an average incidence of 
approximately 25%.53 In these studies, pericardial effusion was 
associated with larger infarctions as measured by wall motion 
scores or degree of creatine kinase elevation. The incidence of 
congestive heart failure and mortality is higher in those patients 
with effusions apparent on echocardiography. These earlier 
reports of a high incidence of pericardial effusion after an MI 
were mostly in the prethrombolytic era in the 1980s. In a con-
temporary large study of 908 patients from 25 French hospi-
tals,54 a pericardial effusion was noted in 6.6% of patients when 
assessed by ECG at admission and at discharge. In most cases 
the effusion was small and hemodynamically insignificant. 
Infarct-associated pericardial effusion usually occurs within the 
first 5 days but may occur at anytime during the first 3 weeks. 
The effusion is usually small, and circumferential effusions are 
rare. Spontaneous resolution of the effusion is usually slow, 
ranging up to 6 to 18 months. Moderate to large pericardial 
effusion (10 mm or more) after an MI is uncommon. Although 
most often associated with LV free wall rupture, it can also 
occur with heart failure or pericarditis. In the largest published 
study on moderate to large pericardial effusion after an MI, the 
overall 30-day mortality rate was 43% and was higher in those 
with cardiac tamponade and electromechanical dissociation 
(89%) than in those with cardiac tamponade and hypotension 
(22%) and those without initial tamponade (17%). Even in the 
absence of electromechanical dissociation or tamponade, mor-
tality was twice that of patients with a moderate to large peri-
cardial effusion.55

Although cardiac rupture is the most common cause of a 
moderate to large pericardial effusion early after acute MI, the 
differential diagnosis in the acute setting must include aortic 
dissection and perimyocarditis. In addition, iatrogenic pericar-
dial effusion may occur after coronary stenting with vessel 
rupture, after implantation of a temporary pacemaker with per-
foration of the RV, after cardiac biopsy, and after a transseptal 
puncture for interventional procedures.

ACUTE MITRAL REGURGITATION

Acute mitral valve incompetence in the setting of MI is usually 
a result of necrosis and rupture of papillary muscle tissue (Fig. 
14-3). Incomplete coaptation of the mitral valve leaflets second-
ary to LV remodeling and distortion of ventricular architecture 
may also cause mitral regurgitation, and this is discussed in 
more detail later.

The clinical recognition of mitral regurgitation in the setting 
of MI may be confounded by several variables. Up to 50% of 
patients with hemodynamically significant mitral regurgitation 
do not have an audible murmur owing to rapid equalization of 
LV and LA pressures (especially in a low output state) or because 

than during diastole, and the duration of the pulmonary venous 
A wave is less than that of the mitral A wave. With high filling 
pressures, diastolic filling predominates and the A wave dura-
tion exceeds that of the mitral A wave. In patients with acute 
MI, a systolic fraction of pulmonary venous flow less than 45% 
was highly associated with a PCWP greater than 18 mm Hg.45 
In a study comparing pulmonary venous flow Doppler to trans-
mitral Doppler to estimate PCWP in patients with acute MI, 
the deceleration time of the diastolic component of pulmonary 
venous flow had a better correlation with PCWP than the 
mitral deceleration time. The sensitivity and specificity of a 
diastolic component pulmonary venous deceleration time less 
than 160 ms in predicting a PCWP greater than or equal to 
18 mm Hg were 97% and 96%, respectively, compared with 
86% and 59%, respectively, for a mitral deceleration time of 
less than 130 ms.45

Several newer parameters of LV diastolic function have been 
studied in postinfarction patients. Tissue Doppler imaging 
measuring mitral annular velocities is a well-validated method 
for estimating PCWP.46 The Tei index, defined as the sum of 
isovolumic contraction and relaxation times divided by ejection 
time, expresses global LV function. In patients with acute MI, 
the Tei index has been shown to correlate significantly with the 
PCWP and the cardiac index. A Tei index of 0.60 or greater 
diagnosed impaired hemodynamics (PCWP of at least 18 mm 
Hg and/or cardiac index of 2.2 L/min/m2 or less) with a sensi-
tivity, specificity, and accuracy of 86%, 82%, and 83%, respec-
tively.47 In addition, a Tei index of 0.55 or greater can distinguish 
pseudonormal/restrictive mitral flow from normal mitral flow 
with a sensitivity, specificity, and accuracy of 84%, 100%, and 
88%, respectively.48

Elevated pulmonary artery systolic pressure is associated 
with increased mortality in acute MI.49 Doppler echocardio-
graphic measurement of pulmonary artery systolic pressure 
using tricuspid regurgitant jets has been well validated, and the 
size and respiratory dynamics of the inferior vena cava can be 
used to estimate RA pressure.

Combining these parameters with measurements (quantita-
tive or qualitative) of LV and RV function, color flow Doppler 
interrogation for mitral regurgitation, and assessment of 
mechanical complications results in a comprehensive evalua-
tion of the hemodynamic state after infarction. When the data 
from a transthoracic examination are incomplete, one should 
not hesitate to employ TEE given its established safety even in 
the critically ill patient. Of course, the hemodynamic informa-
tion available from an echocardiographic examination is  
available only at a single point in time, and continued  
invasive monitoring may be necessary in patients with ongoing 
instability.

POSTINFARCTION PERICARDITIS AND  
PERICARDIAL EFFUSION

Postinfarction pericarditis occurs within the first 4 days follow-
ing an ST segment elevation MI treated with early thrombolysis 
or primary PCI.50,51 The reported frequency of postinfarction 
pericarditis is variable depending on the definition used, with 
most studies basing the diagnosis on the presence of one or 
more of the following: pericardial chest pain, pericardial fric-
tion rub, and/or typical ECG changes. Regardless of the defini-
tion used, the incidence of postinfarction pericarditis has 
markedly decreased from up to 25% in the prethrombolytic era 
to approximately 5% in large studies of patients treated with 
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a single coronary artery (posterior descending artery) com-
pared to the dual coronary artery supply of the anterolateral 
papillary muscle (LAD and circumflex arteries) (Fig. 14-4). 
Chordae to both leaflets arise from each of the papillary muscles, 
so that in cases of “complete” rupture of the entire trunk of a 
papillary muscle, both leaflets are affected. In less severe cases, 
the rupture is “incomplete” and only a single head is torn. The 
2D echocardiographic findings include prolapse of one or both 
leaflets, a flail leaflet, and liberation of a portion of the papillary 
muscle. In some patients, the ruptured muscle may remain 
tethered to the chordae, and chaotic motion is present. Spectral 
and color flow Doppler imaging of the jet is usually easily 
accomplished with surface imaging, but an eccentric path of 
flow may complicate its identification. TEE is superior in this 
regard.

When only a single head of the papillary muscle is affected 
(incomplete rupture), medical stabilization often is possible. 
When rupture is complete, involving the main trunk of the 
papillary muscle, the complication is uniformly fatal without 
immediate recognition and prompt surgical repair.

VENTRICULAR SEPTAL RUPTURE

Ventricular septal defect owing to myocardial rupture had a 
reported incidence during the prethrombolytic era of 1% to 2% 
of all acute MIs and up to 5% of all fatal infarctions.59 In the 
GUSTO-1 trial, the incidence of ventricular septal rupture was 
only 0.2% (84 of 41,021 enrolled patients), suggesting that 

the murmur is obscured by lung sounds in a patient with pul-
monary edema or mechanical ventilation. In those patients with 
a new systolic murmur and evidence of cardiac failure, the main 
differential diagnosis is papillary muscle rupture and acute ven-
tricular septal rupture. In this situation, TTE is highly accurate 
in establishing the cause, but TEE may be necessary to deter-
mine the precise anatomic defect.

Detection and grading of mitral regurgitation is accom-
plished with 2D, M-mode, color, and spectral Doppler tech-
niques. 2D imaging may detect abnormalities in the mitral valve 
apparatus, including flail leaflets and/or ruptured papillary 
muscle. Even if not clearly visualized, papillary muscle rupture 
should be suspected when there is an eccentric jet of mitral 
regurgitation with a relatively normal-sized LA. Although color 
flow parameters are those most often used, accurate grading of 
mitral regurgitation severity should encompass other Doppler-
echocardiographic signs as well.56 In the patient with pulmo-
nary edema, the unexpected findings of a small infarction, a 
hyperdynamic LV, or increased early mitral inflow velocity57 
should prompt a careful search for mitral regurgitation even 
when color flow Doppler mapping is unrevealing.

Papillary muscle necrosis with rupture and acute severe 
mitral regurgitation is a life-threatening complication of MI 
that almost always requires urgent surgical intervention. In a 
review of papillary muscle rupture, 15 of 17 cases occurred in 
patients with inferior infarction and rupture of the posterome-
dial papillary muscle.58 The more frequent involvement of the 
posteromedial papillary muscle is due to its blood supply from 

Figure 14-3  TEE (65° view) showing (A) papillary muscle rupture (arrow) and (B) severe mitral regurgitation due to papillary muscle rupture. 

LA
LA

LV LV

A B

Figure 14-4  TEE (transgastric views) of posteromedial papillary muscle rupture (left), which is more common as a result of its single blood supply, 
and anterolateral papillary muscle rupture (right), which is less common as a result of a dual blood supply. 
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is often necessary to use nonconventional imaging planes, first 
with color Doppler to locate the defect, and then with 2D 
imaging. The width of the jet by color flow Doppler correlates 
with the size of the defect as measured at surgery. Although the 
peak gradient across the ventricular septal defect measured with 
continuous wave Doppler allows an estimate of RV systolic 
pressure, the measurement should be used with caution in 
patients with complex defects involving indirect tracts through 
the myocardium. Associated echocardiographic findings of 
elevated RV pressure include RV dilation, decreased RV systolic 
function, and paradoxical septal motion. Signs of increased RA 
pressure include RA dilation, bowing of the interatrial septum 
toward the left throughout the cardiac cycle, and plethora of  
the inferior vena cava. When TTE is suboptimal, TEE is  
highly accurate with improved delineation of the site of defect, 
morphology, presence of multiple defects, and extent of RV 
involvement.

Although ventricular septal rupture carries a very high mor-
tality rate, with and without urgent surgery, echocardiography 
may risk stratify patients. Complex septal ruptures and RV 
involvement are significant determinants of adverse clinical 
outcome.65 Rupture of the posterior septum after inferior MI is 
associated with a higher mortality rate, related to the degree of 
associated RV dysfunction. Moreover, posterior septal ruptures 
tend to be more complex and associated with remote myocar-
dial involvement. In contrast, anterior septal defects more  
often have a direct course and involve a discrete myocardial 
region. The strongest indicator of poor prognosis is the devel-
opment of cardiogenic shock associated with as much as a 90% 

thrombolytic therapy reduced the incidence of rupture.60 
Primary PCI has also reduced the incidence of ventricular septal 
rupture to 0.2% to 0.5%. In the largest published series, of 408 
patients with ventricular septal rupture complicating acute MI 
between 1990 and 2007, the rate of rupture remained unchanged 
at 0.25% to 0.31%, and the mortality rate remained high and 
relatively constant. The survival benefit associated with surgical 
repair was seen only in hospital but not at 30 days or 1 year. 
Overall in-hospital, 30-day, and 1-year mortality rates were 
50%, 54%, and 65%, respectively, similar to previous reports.59

Ruptures occur only in the presence of transmural infarction 
and result from hemorrhage within the necrotic zone. Inde-
pendent risk factors for the development of a ventricular  
septal defect include first infarction, advanced age (older than 
65 years), hypertension, female gender, and chronic renal 
disease.61 In addition, there is a higher incidence in patients 
without a history of prior angina and with infarcts in the dis-
tribution of a single vessel. Thus, septal rupture is more likely 
following abrupt occlusion of a single artery that vascularizes a 
territory for which there is little collateral flow. Unlike papillary 
muscle rupture, ventricular septal rupture occurs with equal 
frequency among patients with anterior (LAD) and inferior 
(right coronary artery) infarctions but less frequently in those 
with lateral (left circumflex artery) infarctions.62

In the prethrombolytic era, ventricular septal rupture usually 
presented 3 to 6 days after acute MI, whereas most ventricular 
septal ruptures associated with early thrombolytic therapy or 
primary PCI occur at a peak incidence time within 24 hours 
after treatment.60 Thus, although timely restoration of culprit 
vessel patency reduces the rate of rupture, it tends to occur 
earlier. Thrombolytic therapy that is delayed more than  
12 hours following the onset of chest pain may increase the 
incidence of ventricular septal rupture.63

Patients with ventricular septal rupture usually present with 
recurrent chest pain, dyspnea, and sudden hypotension or 
shock. A new harsh pansystolic murmur is present in approxi-
mately 50% of patients but may be difficult to distinguish clini-
cally from acute severe mitral regurgitation and may be relatively 
soft with LV failure or pulmonary hypertension. Particular ECG 
changes may be associated with an increased likelihood of septal 
rupture. It has recently been shown that in patients with ante-
rior MI with ST-segment elevation in all inferior ECG leads in 
addition to anterior leads, ventricular septal rupture occurred 
in 9 of 21 patients (43%), but those ECG changes were present 
in only 10 of 275 patients (3.6%) of those who did not have 
septal rupture.64

Bedside echocardiography is highly sensitive and specific in 
the diagnosis of ventricular septal rupture. Simple ventricular 
septal rupture is a discrete defect with a direct through-and-
through communication between the LV and RV, with ventricu-
lar entry and exit sites located at a similar horizontal level. 
Complex ventricular septal rupture has entry and exit sites at 
different levels along the ventricular septum through a dissect-
ing hemorrhage. A dissecting hematoma is seen as intramyo-
cardial echocardiographic lucent defects. Ventricular septal 
ruptures may be multiple, and there may be associated LV free 
wall or papillary muscle rupture. Infarct expansion is readily 
diagnosed by echocardiography and typically occurs before 
rupture. Ventricular septal rupture due to occlusion of the right 
coronary artery usually occurs in the basal inferior septum (Fig. 
14-5), and ventricular septal rupture after acute anterior MI 
most often occurs in the distal one third of the septum (Fig. 
14-6). When ventricular septal rupture is clinically suspected, it 

Figure 14-5  TTE  (subcostal  view)  showing  a  large  ventricular  septal 
defect resulting from a rupture in a patient with a large inferior myocar-
dial  infarction.  The  area  of  discontinuity  can  be  visualized  as  a  large, 
irregularly shaped area of myocardial dropout (arrow). Note the dilated 
RV consistent with RV infarction or RV volume/pressure overload. 
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0.5%).71 Conversely, late reperfusion appears to increase the risk 
of myocardial rupture though decreasing overall mortality.72 
Nonrandomized, retrospective studies comparing primary PCI 
with thrombolysis have shown a significantly lower risk of free 
wall rupture in patients treated with primary PCI.

Ventricular free wall rupture usually presents clinically as an 
acute catastrophic event rapidly leading to death. However, 
recent pathologic and clinical studies have suggested that some 
cases may take a subacute or chronic course when a small 
rupture is temporarily sealed by fibrinous pericardial adhesions 
or thrombus. Intramural hematoma or hemorrhage at the junc-
tion of the necrotic and the normal myocardium results in  
a small endocardial rent. The tear usually takes a circuitous 
pathway through the myocardium, ending in a small epicardial 
opening. A prodrome of persistent or recurrent chest pain (in 
the absence of an elevation in creatinine kinase), repetitive 
large-volume emesis, unexplained agitation, hypotension, or 
syncope may be associated with the initial small tear. A small 
amount of hemorrhage into the pericardial space may precede 
the final catastrophic event. Patients diagnosed during this sub-
acute phase and taken promptly to surgery have a greater chance 
of survival. In a prospective study of 608 consecutive patients 
with acute MI, subacute free wall rupture (death occurring  
30 minutes to a few days after the first clinical indication of the 
event) was identified in 2.5%, whereas acute free wall rupture 
(death within 30 minutes) occurred in 4.1% cases. The long-
term outcome of survivors who underwent urgent surgery was 
good.73

Echocardiography has a high sensitivity for diagnosing 
rupture. An echocardiographic feature of risk for rupture is 
infarct expansion with significant wall thinning at the infarct 
site. A small pericardial effusion is a common finding after an 
uncomplicated transmural MI, but increasing size of a pericar-
dial effusion and the presence of thrombus in the pericardial 
space significantly increases the specificity for rupture (greater 
than 98%), as shown in Figure 14-8. The absence of pericardial 
effusion virtually excludes rupture. An intrapericardial throm-
bus appears as an echo-dense mass; it may be mobile, undulat-
ing within the pericardial space, or immobile, impinging on the 
cardiac chambers.73 Direct visualization of the myocardial tear 

mortality rate. Early surgery appears to improve survival when 
cardiogenic shock is present, with the SHOCK trial investigators 
reporting a survival rate of 19% in the surgically treated group 
compared to 5% in the medically treated group.66 When the 
patient can be stabilized medically, operative mortality may be 
improved when surgical repair is delayed until 6 weeks follow-
ing the event. In select patients, a conservative approach may 
be appropriate and associated with a good midterm outcome. 
A recent report described 7 patients of 27 with post-MI ven-
tricular septal rupture who did not undergo surgery and were 
followed up for a mean of approximately 3 years. All 7 patients 
had single-vessel disease, small defect size (on average 9.8 mm), 
minimal left-to-right shunt, and preserved RV function.65 
Although early definitive surgical correction remains the gold 
standard for treatment, percutaneous device closure should be 
considered in certain cases (Fig. 14-7). Potentially suitable can-
didates for a transcatheter approach include simple defects that 
are smaller than 15 mm, either in the acute setting when the 
surgical risk is considered prohibitively high, or in the subacute 
and chronic setting with comparable mortality to surgery.67

RUPTURE OF THE VENTRICULAR FREE WALL

Rupture of the free wall of the LV is the second most common 
mechanical cause of death in acute ST segment elevation MI 
after cardiogenic shock due to pump failure and is usually, 
although not invariably, a fatal event.68 Risk factors for free wall 
rupture are similar to those for papillary muscle and ventricular 
septal rupture; however, this complication is more likely to 
occur in patients with a transmural MI involving the inferolat-
eral wall associated with a left circumflex occlusion or with  
a LAD occlusion.69 Early successful reperfusion appears to 
decrease the risk of rupture. In a study of 1300 patients, the 
overall incidence of cardiac rupture was lower in those receiving 
thrombolytic therapy (1.7%) than in those in the conventional 
therapy group (2.7%). Among patients who received thrombo-
lytic therapy, patients older than 70 years and women had 
higher rates of rupture.70 Moreover, patients in whom reperfu-
sion was unsuccessful have a significantly higher rate of rupture 
than those who were successfully reperfused (5.9% versus 

Figure 14-6  TTE (subcostal view) showing a ventricular septal defect resulting from rupture involving the apical septum (left). Color flow Doppler 
demonstrates left-to-right shunting across the septal defect (right). Also note the small circumferential pericardial effusion (PE). 
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Figure 14-8  TTE showing hemorrhagic pericardial effusion with thrombus within pericardial space (arrow ) in apical four-chamber view (left ) and 
subcostal view (right ). Note the dilated and plethoric inferior vena cava (IVC ). 
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Figure 14-7  A, Left ventriculography before closure of postinfarction ventricular septal defect showing left-to-right shunt (left panel ) and angio-
graphic image (right panel ) showing the Amplatzer device in position (black arrow), before release from delivery cable (white arrow). B, TEE images 
at 0° showing a postinfarction ventricular septal defect  (VSD)  located  in  the mid  inferior septum  (left panel ) and postprocedure showing device 
placement in the mid inferior septum (right panel ). (From Ahmed A, Ruygrok P, Wilson N, et al. Percutaneous closure of post-myocardial infarction 
ventricular septal defects: a single centre Experience. Heart Lung Circ 17:119-123, 2008.)
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with TTE is relatively uncommon, reported in up to 40% of 
patients. When the diagnosis is uncertain, the use of left heart 
contrast may clearly delineate the tear.74

The mortality rate of free wall rupture in the absence of 
surgical intervention has been reported to be very high, although 
recent series report as much as a 50% survival rate in patients 
who underwent pericardiocentesis and conservative medical 
management.75 The in-hospital mortality rate for those 
who undergo surgical repair is in the range of 40%. Those  
who survive until hospital discharge appear to have a good 

long-term prognosis.68 Thus, early echocardiographic diagnosis 
with prompt surgical or percutaneous drainage is mandatory 
in patients who develop postinfarction myocardial rupture.

PSEUDOANEURYSM

A pseudoaneurysm is a contained rupture of the LV free wall. 
It usually represents a complication of an acute MI, but it  
may also occur after cardiac surgery, chest trauma, and endo-
carditis. An LV pseudoaneurysm is not uncommonly diagnosed  
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incidentally, with 48% (25 of 52 patients with LV pseudoaneu-
rysm) diagnosed incidentally in a series from the Mayo Clinic. 
The majority of pseudoaneurysms are located in the inferopos-
terior or inferolateral regions (associated with right coronary or 
left circumflex coronary occlusions) and rarely occur within the 
ventricular septum.76

It is important to distinguish a pseudoaneurysm, which has 
a high likelihood of spontaneous rupture, from a true aneu-
rysm, which seldom ruptures. The walls of the pseudoaneurysm 
are composed of organizing thrombus from hemorrhage into 
the pericardial space after cardiac rupture, and varying amounts 
of the epicardium and parietal pericardium. In contrast, the 
wall of a true aneurysm consists of dense fibrous tissue with 
excellent tensile strength (Fig. 14-9). An often-described distin-
guishing echocardiographic feature of a pseudoaneurysm is the 
narrow neck, with a ratio of neck diameter to maximum aneu-
rysm diameter less than 0.5, compared with the broader 
“entrance” to the body of a true aneurysm. However, this sign 
may not always be reliable and has been reported to be only 
60% sensitive in distinguishing a pseudoaneurysm from a true 
aneurysm.76 This is particularly the case with aneurysms at the 
base of the heart, most commonly after inferior MI. Spectral 
and color Doppler imaging demonstrate characteristic flow in 
and out of the pericardial cavity at the site of the tear (Fig. 
14-10), as well as abnormal flow within the pseudoaneurysm.

Surgical repair is the preferred treatment, although conserva-
tive medical treatment in certain high-risk patients may not be 
associated with an increased risk of cardiac rupture.77 Percuta-
neous closure of a pseudoaneurysm is a potential approach in 
carefully selected patients and is performed with TEE guidance 
(Fig. 14-11).

INFARCT EXPANSION AND TRUE  
ANEURYSM FORMATION

Infarct expansion represents acute remodeling with an increase 
in the circumferential extent of the area of infarction that results 
from stretching and thinning of the infarcted zone. This process 
typically occurs 24 to 72 hours after acute transmural MI. Early 

Figure 14-9  Difference  between  true  aneurysm  (A)  and  false  aneu-
rysm (B). Note that in true aneurysm there is continuity of myocardium 
in the region of dilation (arrows), in contrast to loss of this continuity in 
pseudoaneurysm  with  abrupt  area  of  rupture  (arrow).  (Modified from 
MacKenzie JW, Lemole GM: Pseudoaneurysm of the left ventricle. Tex 
Heart Inst J 21:296-301, 1994.)
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Figure 14-10  TTE in apical three-chamber view demonstrating rupture of midinferolateral wall with flow from LV cavity into pseudoaneurysm in 
systole (left) and from pseudoaneurysm into LV cavity in diastole (right). Wall of pseudoaneurysm is not shown. 
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Figure 14-11  TTE in apical four-chamber view demonstrating large pseudoaneurysm of midinferolateral wall (left). Solid arrow, pseudoaneurysm; 
dashed arrow,  site  of  free  wall  rupture.  Appearance  after  transcatheter  closure  is  shown  at  right.  Solid arrow,  Amplatzer  device;  dashed arrow, 
catheter. 
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Figure 14-12  A, Apical four-chamber view at end-diastole. Note thin-walled and expanded apex compared to basal and mid-LV segments. There 
is no diastolic deformity of apex; thus this is not a true apical aneurysm. B, Apical four-chamber view at end-systole. Note augmented contractility 
of basal and mid-LV segments, and akinetic and expanded apex. 
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Figure 14-13  A, Apical four-chamber view of LV at end-diastole. Note aneurysmal apex (arrow) with characteristic deformity of true apical aneu-
rysm. B, Apical four-chamber view of LV at end-systole. Note augmented contractility of basal and mid-LV segments, but not of aneurysmal apex. 
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clinical studies demonstrated that infarct expansion with a con-
sequent increase in LV volume and wall stress was associated 
with an in-hospital mortality rate up to 40%. Although any 
region of the LV may be affected, it is more common after 
anteroapical MI. Echocardiographic features of infarct expan-
sion include an aneurysmal bulge of the myocardium with 
reduced local wall thickness (Fig. 14-12). This thin necrotic wall 
has low tensile strength and typically precedes mechanical 

complications including ventricular septal rupture, free wall 
rupture, and papillary muscle rupture.

In the absence of rupture, the final expression of infarct 
expansion is aneurysm formation, which occurs only with 
transmural infarction and a full-thickness scar. A true aneurysm 
is defined as a deformity of the thinned infarct segment that is 
apparent during diastole as well as during systole and demon-
strates a diastolic contour abnormality (Fig. 14-13). In contrast, 
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(1 year) mortality and is associated with an increased incidence  
of cardiac failure. Second, thrombi are frequently found within 
aneurysms and are associated with systemic embolization. 
Third, aneurysms may cause life-threatening ventricular 
arrhythmias. In patients with heart failure or ventricular 
arrhythmias, aneurysmectomy may be recommended, and 
echocardiography plays an important role in patient selection. 
When considering aneurysmectomy, it is important to ensure 
that the basal portions of the LV have normal function. A basal 
(residual) shortening fraction or ejection fraction greater than 
18% or 40%, respectively, is more likely to be associated with a 
satisfactory result. Newer surgical approaches to managing ven-
tricular aneurysms include reduction myoplasty and Dor myo-
plasty.80 Echocardiography also plays an important role in 
assessing the feasibility of these techniques.

LEFT VENTRICULAR THROMBUS

Studies in the prethrombolytic era reported incidence rates of 
thrombus formation after anterior MI, especially those involv-
ing the apex, of up to 60%, and rarely in inferior infarction.81 
LV thrombus tends to develop on the endocardium of akinetic, 
nonviable segments. The peak timing of thrombus formation 
after acute MI is 3 days, but thrombus may occur as early as 
within a few hours in large areas of apical akinesis and may 
occur a few weeks after an MI. In general, thrombolytic therapy 
has decreased the rate of mural thrombus development, but 
thrombus formation may still occur after lytic therapy and con-
current antithrombin and antiplatelet agents. In the GISSI-2 
trial there was no significant difference between the four treat-
ment groups (recombinant tissue plasminogen activator with 
or without heparin, streptokinase with or without heparin), 
with respect to thrombus formation with an overall incidence 
of 28%.82 The overall tendency for reperfusion therapy to 
decrease the size of the infarction is likely to lower the risk of 
thrombus formation. The incidence of LV thrombus is also 
reduced by primary PCI for acute MI. In a recent study of 100 
consecutive patients with acute anterior ST-elevation MI 
(excluding patients who presented with cardiogenic shock) 
treated with stenting of the LAD within 2 to 12 hours of 
symptom onset, LV thrombus was diagnosed by echocardiog-
raphy in 13 patients and by cardiac MRI in 2 patients. All 
patients underwent echocardiography within the first 1 to  
3 days, 4.5 ± 1.1 days post-MI, and after 3 months.83 All patients 
were treated with aspirin 75 mg/day and clopidogrel 75 mg/day, 
50% were treated with a glycoprotein IIb/IIIa inhibitor, and 
20% received thrombolysis before stenting. Of the 15 patients 
(15%) diagnosed with LV thrombus, 10 were diagnosed within 
the first week, 4 were diagnosed between 1 and 4 weeks, and 1 
was diagnosed between 4 and 12 weeks. Other studies have 
reported a lower prevalence of LV thrombus in patients with 
acute MI treated with primary stenting,84,85 but these studies 
included patients with lower-risk nonanterior MIs, were retro-
spective, and did not utilize serial echocardiograms or MRI. 
Thus, LV thrombus remains a common complication of ante-
rior MI treated with contemporary intervention. The major 
focus of the currently used pharmacologic agents after acute MI 
is the antiplatelet effects, and antiplatelet treatment has little or 
no influence on thrombin generation, which plays a key role in 
the development of LV thrombus. The major mechanism of the 
reduced prevalence of LV thrombus in the reperfusion era is 
rapid restoration of culprit vessel patency and limited myocar-
dial damage.

a dyskinetic myocardial segment deforms during systole, 
extending beyond the normal contour of the myocardium. The 
involved myocardial segment is scarred with thin walls (less 
than 7 mm) and increased echogenicity owing to the increased 
collagen content. The wall of the aneurysm may eventually 
calcify. Most aneurysms occur in the LV apex and anterior wall, 
and less commonly in the inferior wall (Fig. 14-14). Aneurysms 
of the lateral wall are very uncommon. The reported incidence 
of aneurysm formation after acute MI before the reperfusion 
era is quite variable, with an average of 30%78,79 Although the 
use of thrombolytic therapy per se has not been convincingly 
shown to reduce the frequency of aneurysm formation, a study 
of 205 patients presenting with acute MI reported a significantly 
reduced incidence of aneurysm formation in those patients 
receiving thrombolytic therapy and exhibiting a patent infarct-
related artery compared to those who received thrombolytic 
therapy but without a patent infarct-related artery.78 A similar 
reduced incidence of LV aneurysm formation of primary PCI 
has been reported.

Serial 2D echocardiographic studies show that aneurysmal 
dilation is present as early as 5 days after MI. New aneurysms 
after 3 months are unlikely. Spontaneous rupture of an acute 
aneurysm is rare, and late rupture virtually never occurs. Aneu-
rysms may vary in size; very small aneurysms may be difficult 
to visualize by echocardiography. Technically, the detection of 
an apical aneurysm is highly dependent on the skill of the 
operator. Routine employment of high-frequency transducers 
with a shallow focal point enhances near-field resolution and 
aids examination of the LV apex. Left-sided contrast agents also 
may enable detection of small apical aneurysms. Using these 
methods, the sensitivity of TTE for detection of apical aneu-
rysms should approach 100%. It should be noted that TEE may 
not provide adequate visualization of the LV apex and therefore, 
in our experience, is less sensitive than surface imaging.

Echocardiographic recognition of a LV aneurysm is clinically 
relevant for the following reasons: First, the early formation  
of an aneurysm adversely affects early (in-hospital) and late  

Figure 14-14  Parasternal  long-axis view showing massive basal  infe-
rior wall aneurysm (arrow). Note wide neck of aneurysm consistent with 
true aneurysm, rather than pseudoaneurysm. 

LV

LA
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The echocardiographic appearance of a mural thrombus is 
that of a mass distinct from the endocardium and protruding 
to a variable extent into the LV cavity (Fig. 14-15). Under ideal 
conditions, the surface of the thrombus can be distinguished 
clearly from the underlying endocardium and the mass can be 
visualized in two different imaging planes. The tissue charac-
teristics of an acute thrombus are usually similar to those of the 
myocardium. A chronic thrombus may have increased reflectiv-
ity, demonstrate a layered appearance corresponding to the 
lines of Zahn, and contain areas of calcification. The base of 
attachment to the wall may be broad in the case of a sessile 
thrombus and narrow in a pedunculated thrombus. Occasion-
ally, thrombus may have a cystic appearance with a relative 
echolucency to the center of the thrombus. False-positive echo-
cardiographic diagnoses are usually a result of pseudotendons 
(i.e., false chordae) spanning the LV apex, coarse trabeculations 
associated with LV hypertrophy, or near-field artifacts (com-
monly present with low-frequency transducers). High-frequency 
transducers with a short focus point can sometimes differenti-
ate true thrombus from these other phenomena. Left-sided 
contrast agents may outline the contours of the thrombus,  
creating a filling defect with improved detection of thrombus 
(Fig. 14-16).

The greatest clinical concern of a mural thrombus is the 
potential for systemic embolization, especially stroke. The like-
lihood of an embolic event is highest in the first 2 weeks after 
an acute MI and decreases over the following 6 weeks. After this 
time, there is endothelialization of the thrombus associated 
with reduced embolic potential. When multiple characteristics 
of the thrombus are analyzed, mobility of the thrombus is most 
closely associated (positive predictive value 85%) with embolic 
events, and when both mobility and protrusion of the thrombus 
into the LV cavity occur, embolic rates of up to 40% have been 
reported. Anticoagulant therapy appears to decrease the risk of 
embolic events and enhances the resolution of thrombus, but 
there are no prospective randomized studies confirming this. 
Spontaneous resolution of LV thrombus may occur. In any 
given patient on anticoagulation, the morphology may sponta-
neously change from sessile to pedunculated and vice versa; 
mobility may resolve spontaneously.86 This emphasizes the need 
to follow patients with LV thrombus with serial echocardiogra-
phy. Thrombectomy should be considered in selected patients 
in whom a very high-risk thrombus morphology is detected.

Risk Stratification after  
Myocardial Infarction
Despite advances in the management of acute MI, patients who 
survive are at increased risk of cardiac morbidity and mortality. 
Routine echocardiographic measures after acute MI include 
assessment of LV volume, systolic and diastolic function, 
regional wall motion abnormalities, and the presence and 
degree of mitral regurgitation. In addition, evaluation of myo-
cardial viability and residual ischemia guides revascularization 
strategies.

LEFT VENTRICULAR SYSTOLIC FUNCTION

Echocardiographic measures of global LV systolic function 
including LV ejection fraction and LV end-systolic volume are 
well established predictors of prognosis after acute MI and can 
be accurately measured by echocardiography in the vast 

Figure 14-15  Top,  Acute  thrombus  (arrow)  in  LV  apex.  Note  that 
thrombus is homogeneous in texture, without evidence of calcification. 
Middle, Protruding thrombus (arrow), a feature associated with increased 
embolic risk. Bottom, Uncommonly, thrombus may be cystic in appear-
ance (arrow). 
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majority of patients. Although LV ejection fraction is a powerful 
predictor of outcome, the ejection fraction may be normal as a 
result of compensatory regional hyperkinesis in the nonin-
farcted segments despite extensive myocardial damage, such as 
in inferior MI.87 In a study of 605 patients with acute MI, White 
and colleagues88 showed that LV end-systolic volume was the 
single best prognostic indicator for survival, and superior to LV 
ejection fraction in patients with LV ejection fraction less than 
50%.

REGIONAL WALL MOTION SCORE

Semiquantitative assessment of regional systolic function using 
wall motion score index is an alternative to ejection fraction for 
the assessment of LV systolic function.89 An echocardiographic 
wall motion score has been the most widely used measure of 
functional infarct size in clinical practice. The total score is 
derived by assigning a grade of 1 through 5 (see Table 14-1) to 
each myocardial segment that is adequately visualized. For a 
segment to be scored, the majority of the endocardium within 
that segment must be apparent, and wall thickening and endo-
cardial motion should be examined. The scores for each segment 
are added and then divided by the number of segments graded 
for a total wall motion score. Several studies have demonstrated 
that a higher wall motion score index (12 to 24 hours after 
admission) is associated with a higher rate of in-hospital com-
plications, including malignant arrhythmias, pump failure, and 
death.89,90 A higher wall motion score index also predicts a 
higher rate of complications, including free wall rupture, ven-
tricular septal rupture, papillary muscle rupture, and death 
from cardiogenic shock. A higher wall motion score, signifying 
a more extensive infarction, also is predictive of late mortality. 
In a study of 767 patients with acute MI, echocardiography was 
performed at a median of 1 day after admission, and patients 
were followed for a median of 19 months. Whereas both LV 
ejection fraction and wall motion score index were powerful 
predictors of all-cause mortality by univariate analysis, wall 
motion score index was an independent predictor of death, 
primarily in patients with non–ST segment elevation MI. In 
addition, mortality was high in patients with extensive regional 
wall motion abnormalities but relatively preserved ejection 
fraction, most likely as a result of compensatory regional 
hyperkinsesis.91

Wall motion abnormalities remote from the infarction site 
may be present early in the course of the infarction or may 

Figure 14-16  A, Apical four-chamber view of LV showing nonspecific echodensity at apical septum (arrow). B, With use of myocardial contrast, 
apical thrombus (arrow) is now more obviously visible as a filling defect. 

LV

A B

The Role of Diastolic Functional Parameters in Prognosis 
after Myocardial Infarction

Study n Comment

MeRGE AMI (2008)93 3396 Restrictive filling is independent predictor 
of mortality after acute MI regardless of 
LV ejection fraction, LV end-systolic 
volume index, and Killip class.

Kruszewski (2010)92 400 Ratio of mitral E wave to early mitral 
annulus diastolic velocity (E/E′) >15 
measured day 1 after acute MI associated 
with increased risk of adverse events 
within first year and medium-term 
mortality.

Whalley (2006)95 3855 Mortality is four times higher in patients 
with restrictive filling pattern than in 
those with nonrestrictive filling patterns 
after acute MI.

Moller (2003)94 110 Patients with a persistently abnormal or a 
deterioration of LV filling pattern as 
opposed to improved or normal filling 
are at increased risk of cardiac death and 
readmission as a result of heart failure.

Moller (2000)96 125 Restrictive filling and pseudonormal filling 
independently predicted death.

Hillis (2004)97 250 Ratio of mitral E wave to early mitral 
annulus diastolic velocity (E/E′) >15 was 
the most powerful independent predictor 
of survival.

Moller (2001)98 67 Ratio of mitral E wave velocity to color 
M-mode flow propagation velocity ≥1.5 
was a significant predictor of the 
composite of cardiac death and 
readmission for heart failure.

MeRGE, Meta-analysis Research Group in Echocardiography.

TABLE 
14-3 

develop in the presence of postinfarction angina, suggesting de 
novo ischemia. The echocardiographic finding of remote asyn-
ergy at or soon after clinical presentation is strong evidence of 
multivessel disease. Abnormal wall motion in a second (or even 
third) coronary distribution is possibly a result of (1) previous 
infarction, (2) increased myocardial oxygen demands placed on 
the noninfarcted segment as a result of increased wall stress 
outstripping its oxygen supply, or (3) a cessation in its collateral 
blood supply that originated from the newly occluded vessel.

LEFT VENTRICULAR DIASTOLIC FUNCTION

Doppler echocardiography for the assessment of LV diastolic 
function provides accurate prognostic information in the early 
phase after acute MI92-98 (Table 14-3). The ratio of early (E 
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displacement of the papillary muscles, a process that is associ-
ated with increased mortality and risk of cardiac failure. The 
use of beta-blockers and angiotensin-converting enzyme inhib-
itors after acute MI has been shown to prevent or retard 
remodeling.

Echocardiography, including 3D echocardiography, plays a 
major role in predicting ventricular remodeling and functional 
recovery. Although thrombolysis and percutaneous coronary 
artery interventions frequently restore patency of the infarct-
related artery, myocardial perfusion may be absent, which is 
associated with adverse outcomes. Myocardial contrast echo-
cardiography is an accurate measure of reperfusion at a micro-
vascular level, has been shown in multiple studies to predict LV 
function after MI,103,104 and may predict functional recovery 
after acute MI.105-108 Echocardiography during low-dose dobu-
tamine infusion is used to detect myocardial viability in seg-
ments that have persistent dysfunction following reperfusion. 
Low-dose DSE can detect contractile reserve of dysfunctional 
myocardium and predict LV dilatation109,110 and functional 
recovery.111 LV strain and strain rate quantified using tissue-
Doppler or speckle-tracking imaging after acute MI can dif-
ferentiate between transmural and nontransmural MI and thus 
reflect the extent of nonviable myocardium.112 In addition to 
this useful diagnostic information, the LV strain parameters 
have been shown to independently predict death or the devel-
opment of heart failure during follow-up after acute MI and 
may provide incremental prognostic information beyond LV 
ejection fraction.113,114 Studies utilizing color-coded tissue 
Doppler imaging and speckle-tracking radial strain analysis for 
the assessment of LV dyssynchrony after acute MI have shown 
that the presence of LV dyssynchrony at baseline was signifi-
cantly related to the extent of LV dilatation at 6 months 
follow-up.115 Additional larger studies are needed to determine 
the prognostic valve of measures of LV dyssynchrony after 
acute MI.

STRESS ECHOCARDIOGRAPHY

Echocardiography during higher-dose dobutamine infusion or 
with dynamic stress can be used to detect residual ischemia and 
provides prognostic value superior to that of exercise electro-
cardiography in the postinfarction period. A normal stress echo 
provides favorable prognostic information in patients with pre-
served ejection fraction after MI, with a reported 5-year survival 
of 94%. In addition, a 95% 1-year survival after acute MI was 
reported in patients with a negative stress echocardiogram 
compared with 85% and 75% in those with high- and low-dose 
ischemia, respectively.116 Caution should be exercised in the first 
week after a transmural infarction because cases of myocardial 
rupture during high-dose dobutamine infusion have been 
reported.11 Improvement of wall motion during low-dose 
dobutamine infusion (contractile reserve) indicates the pres-
ence of viable (stunned) myocardium that improves spontane-
ously in function after acute MI and is associated with an 
improved outcome. Stress echocardiography is discussed in 
further detail in Chapters 15 and 16.

CORONARY FLOW RESERVE

Coronary flow reserve is defined as the ratio between the  
hyperemic diastolic flow velocity (after intravenous adenosine 
infusion) and the resting diastolic flow velocity. Noninvasive 
assessment of coronary flow reserve, especially of the LAD 

wave) to late (A wave) transmitral peak velocities and a short-
ened deceleration time of early transmitral flow were one of the 
earliest measures of LV diastolic function shown to be powerful 
predictors of outcome. In a study of 125 consecutive patients 
with acute MI, Moller and colleagues96 demonstrated that 
pseudonormal and restrictive filling patterns were related to 
progressive LV dilatation and predicted cardiac mortality. Spe-
cifically, 1-year survival was 100% in patients with normal 
filling, 89% in those with impaired relaxation, 50% in those 
with a pseudonormal pattern, and 35% in those with a restric-
tive pattern. The Meta-Analysis Research Group in Echocar-
diography (MeRGE)93 is the largest study published to date on 
the Doppler echocardiography in acute MI. This study showed 
that a restrictive filling pattern occurs in approximately 20% of 
patients with acute MI and when present is associated with a 
nearly threefold increase in mortality. This relationship is inde-
pendent of age, LV size, LV ejection fraction, and Killip class. In 
a tissue Doppler study of 250 patients with acute MI, an E/E′ 
ratio greater than 15 predicted all-cause mortality incremental 
to LV ejection fraction, age, and a restrictive filling transmitral 
filling pattern.97 In addition, this study showed that measure-
ment of E/E′ allowed risk stratification among patients with 
normal and reduced LV systolic function. The value of serial 
echocardiography after MI is emphasized by the finding that 
patients with a persistently abnormal or deteriorating LV filling 
pattern as opposed to improved or normal filling are at increased 
risk of cardiac death and readmission as a result of heart failure 
after acute MI.98

LEFT ATRIAL VOLUME

In contrast to Doppler indices of LV diastolic function, LA 
volume is a more stable parameter integrating the effects of 
elevated left filling pressures from preexisting cardiovascular 
conditions and acute disease. Beinart and colleagues99 demon-
strated that LA volume index (corrected for body surface area) 
measured within 48 hours of an acute MI is an independent 
predictor of 5-year mortality and was a more powerful predic-
tor than LV volumes and the presence of mitral regurgitation. 
Similarly, Moller and colleagues100 showed that LA volume 
index was a powerful predictor of mortality and remained an 
independent predictor after adjustment for clinical factors, LV 
systolic function, and Doppler-derived parameters of diastolic 
function.

LEFT VENTRICULAR REMODELING

After transmural MI, alterations in LV structure and function 
occur, commonly referred to as LV remodeling.101 The early 
phase of LV remodeling is confined to the infarct zone and 
consists primarily of infarct expansion, whereas the late phase 
involves changes in the entire myocardium and may continue 
for months. The major factors that determine the magnitude 
and duration of the remodeling process include the size  
and location of the initial infarct (usually a complication of a 
larger anterior infarction), the patency and time to restoration 
of flow in the infarct-related artery, neurohormonal activation, 
and the ability of the extracellular matrix to form a stable, 
mature collagen scar.102 The major clinical significance of 
remodeling is the resultant ventricular dilatation with reduced 
contractility, associated with an increased incidence of cardiac 
failure, arrhythmias, and death. In addition, remodeling may 
also cause mitral regurgitation as a result of apical and lateral  
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MI may also result in apical and posterior displacement of the 
LV wall supporting the papillary muscle and the papillary 
muscle itself, with abnormal mitral leaflet coaptation and mitral 
regurgitation. In addition, dilatation of the mitral annulus to 
varying degrees usually also contributes to the regurgitation. It 
is important to realize that, depending on the site of the infarc-
tion and the degree of remodeling, one mitral leaflet may be 
more involved than the other (the posterior leaflet is more com-
monly involved) and the regurgitation jet may therefore be 
eccentric, which is a common cause for underestimating the 
severity of mitral regurgitation.

The presence of ischemic mitral regurgitation in acute MI is 
associated with an adverse prognosis and increases mortality 
even when mild, with a graded relationship between severity 
and reduced survival.124 In a study of 417 patients with acute 
MI, mild mitral regurgitation (present in 29%) and moderate 
or severe mitral regurgitation (present in 6%) diagnosed by 
echocardiography were independently associated with increased 
1-year mortality.125

In patients requiring surgical myocardial revascularization, it 
is generally accepted that mitral valve surgery is necessary for 
severe ischemic regurgitation and not for mild regurgitation, 
but it is controversial how to treat moderate ischemic mitral 
regurgitation.126 A recent study demonstrated that coronary 
artery bypass graft surgery alone may be sufficient to correct 
moderate mitral regurgitation when regurgitant severity 
decreases during DSE.127

Summary
Early experimental models employing echocardiography for the 
detection and quantitation of ischemia and infarction helped 
investigators elucidate the pathophysiology. This work was 
directly transferable into the coronary care unit and provided 
the basis for the clinical, diagnostic, and prognostic role of 
echocardiography. Advances in echocardiography, especially 
color flow Doppler imaging, increased the capabilities of  
echocardiography in detecting the occurrence of complications, 
such as ventricular septal defect and papillary muscle rupture. 
Newer modalities, including myocardial contrast echocar-
diography, speckle-tracking radial strain analysis, and 3D  

artery, has been shown to provide prognostic information in 
patients with stable coronary artery disease and in patients 
early after acute MI.117 In a study of 329 patients with known 
or suspected coronary artery disease and a negative stress echo-
cardiogram, a coronary flow reserve of 1.92 or less was the best 
predictor of future cardiac events, with a sensitivity of 77% and 
specificity of 85%. The optimal cutoff ratio for predicting myo-
cardial viability was 1.5 for coronary flow velocity reserve  
24 hours after acute PCI for acute anterior MI, with a sensitiv-
ity and specificity of 94% and 91%, respectively.118 In a further 
study of 15 patients with first acute anterior MI who under-
went PCI, a diastolic deceleration time of the LAD artery flow 
velocity less than 190 ms was always related to nonviable 
myocardium.119

MITRAL REGURGITATION

Mitral regurgitation is common among patients presenting 
with acute MI, and the prevalence increases twofold in patients 
with heart failure.120 Earlier studies reported a prevalence of 
mitral regurgitation in acute MI by angiography of 2% to 
19%,121 whereas echocardiographic studies report a widely 
varying prevalence of 8% to 74%.122 The different reported 
prevalences of mitral regurgitation may be a result of different 
sensitivities of the two imaging modalities and the timing of 
imaging. In addition, some recent studies included patients 
with troponin-positive acute coronary syndromes, which previ-
ously may not have been considered an acute MI.

Mitral regurgitation diagnosed in acute MI may be a result 
of preexisting mitral regurgitation, for example as a result of 
structural leaflet disease (such as mitral valve prolapse), which 
needs to be differentiated from ischemic causes directly related 
to the MI, such as papillary muscle rupture (discussed in detail 
previously). Ischemic mitral regurgitation can be defined as 
valvular incompetence associated with myocardial ischemia or 
infarction in the absence of primary leaflet or chordal pathol-
ogy and may vary from trivial to severe123 (Fig. 14-17). Papillary 
muscle dysfunction represents malfunction of the scarred pap-
illary muscle and of the underlying ventricular wall. This results 
in retraction of the anterior or posterior leaflet and malcoapta-
tion. The LV remodeling process that occurs after a transmural 

Figure 14-17  Ischemic mitral regurgitation in patient with inferolateral myocardial infarction. Note normal thickening in systole of anterior 
interventricular septum compared to  lack of thickening of akinetic  inferolateral wall  (systolic  frame at  right compared with end-diastolic  frame at 
left), with resultant posteriorly directed jet of mitral regurgitation. 
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echocardiography, continue to show promise in the compre-
hensive evaluation of patients admitted to the coronary care 
unit, including accurate assessment of LV systolic and diastolic 
function, regional wall motion abnormalities, and myocardial 
perfusion and viability. Based on a wealth of accumulated data 

KEY POINTS

 The principal advantages of TTE in the coronary care unit 
include its portability, noninvasive nature, and the wealth 
of anatomic and hemodynamic information provided.

 The use of left-sided contrast agents has increased the 
percentage of patients in whom technically adequate 
images can be obtained.

 TTE provides key prognostic information after MI.
 All mechanical complications of MI can be detected by 

echocardiography.
 Echocardiography is the gold-standard imaging modality 

for the evaluation of ischemic mitral regurgitation.
 Provided proper precautions are taken, TEE is safe in the 

early postinfarction period and provides complementary 
information to TTE when needed.

 Pharmacologic stress echocardiography with dobutamine 
allows the identification of viable myocardium and 

residual ischemia after MI, which helps determine optimal 
revascularization strategies.

 Handheld echocardiographic instruments provide a rapid 
bedside assessment of wall motion, global ventricular 
function, and pericardial effusion.

 Myocardial contrast echocardiography allows a compre-
hensive assessment of global and regional LV function, 
myocardial perfusion, and myocardial viability and can 
predict functional recovery after MI.

 Myocardial strain with speckle-tracking techniques allows 
accurate quantification of regional wall motion.

 Ongoing advances in echocardiographic imaging, includ-
ing 3D echocardiography, will see real-time 3D echocar-
diography play an increasing role in the assessment of 
patients with coronary artery disease.

on the diagnostic and prognostic value of echocardiography in 
the coronary care unit, its portability and noninvasive nature, 
and continuing advances in technology, will ensure that echo-
cardiography remains the noninvasive imaging modality of 
choice in the coronary care unit.
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Stress echocardiography integrates echocardiographic imaging 
with exercise electrocardiographic (ECG) testing to aid in real-
time evaluation of ischemic, valvular, and cardiopulmonary 
heart disease. Accuracy for stress echocardiography to detect 
extent and location of myocardial ischemia is excellent, particu-
larly when baseline ECG abnormalities render standard exercise 
ECG testing nondiagnostic.1,2 In addition to initial coronary 
disease diagnosis, stress echocardiography is used to monitor 
disease progression in patients with known disease and assess 
clinical response to medical therapy. Stress echocardiography 
provides valuable information on myocardial viability, risk 
stratification, and prognostication. Nonischemia applications 
of stress echocardiography include evaluation and clinical man-
agement of cardiopulmonary, congenital, and valvular heart 
disease. Future advances include three-dimensional (3D) 
imaging, spectral Doppler interrogation with stress, myocardial 
strain and strain rate analysis, and integration of coronary flow 
reserve data using myocardial perfusion images.

The premise of stress echocardiography is provocation of 
transient myocardial ischemia by one of various cardiac 
stressors.3-6 Nonexercise cardiac stressors include pharmaco-
logic and pacing protocols (see Chapter 16). Pharmacologic 
stressors include agents that increase myocardial contractility 
and oxygen demand (dobutamine) and agents that induce tran-
sient regional hypoperfusion via coronary vasodilation (dipyri-
damole). Exercise stress is generally preferred over pharmacologic 
stress, as it allow for evaluation of exercise tolerance, symptom 
provocation, and prognostication.7 Exercise stressors include 
treadmill and bicycle ergometry protocols. Images are acquired 
during peak exercise or, because of imaging difficulty due to 
patient motion, immediately after exercise cessation. Imaging 
data are then integrated with ECG data, exercise tolerance, and 
patient symptoms for final interpretation.

Capability for echocardiography to detect myocardial isch-
emia was shown more than three decades ago in animal models 

demonstrating concordance between severity and duration of 
coronary perfusion impairment and visualized regional wall 
motion abnormalities.8,9 Early corroborating human studies 
using M-mode imaging demonstrated left anterior descending 
artery territory ischemia via reduced interventricular septal 
motion.10 In one of the earliest descriptions of inducible isch-
emia during bicycle exercise, septal wall motion abnormalities, 
visualized by M-mode imaging, correlated with occlusion of the 
left anterior descending artery.11 However, inability to image 
more than a discrete portion of the heart with M-mode imaging 
limited its overall utility as a diagnostic tool. Subsequent devel-
opment of two-dimensional (2D) imaging allowed tomographic 
cardiac imaging, increasing utility for ischemia assessment.12 
Advances in transducer performance and development of har-
monic imaging and digital loop grabbers have dramatically 
improved image quality and simplified interpretation. Stress 
echocardiography is now widely available.13 Clinical guidelines 
provide recommendations regarding application of stress echo-
cardiography as a first-line diagnostic tool.5,6

Physiologic Principles of Exercise 
Echocardiography
During exercise, increases in myocardial oxygen demand results 
in augmented systolic function with increased myocardial 
thickening. With a hemodynamically significant coronary ste-
nosis, the relative disparity in oxygen delivery to the distal coro-
nary bed cannot meet increases in myocardial oxygen demand. 
Transient hypoperfusion results in mechanical dysfunction of 
affected myocardium. Stress echocardiography is well suited to 
assess this ischemic response by visualizing global and regional 
myocardial motion, allowing for localization of coronary 
lesions, given that coronary artery anatomy and myocardial 
distribution are relatively similar among patients (see  
Chapter 13).14
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testing. In contrast, stress testing with integrated cardiac imaging 
identifies ischemia earlier, at onset of regional hypoperfusion 
(nuclear perfusion stress) or with systolic dysfunction (echo-
cardiography). With stressor cessation and restoration of ade-
quate coronary flow, induced abnormalities typically recover 
rapidly, but may persist if ischemia is severe. Early studies using 
echocardiographic imaging during angioplasty balloon infla-
tion demonstrate onset of regional systolic dysfunction as early 
as 19 seconds after balloon inflation, with subsequent ischemic 
ECG changes and angina occurring 30 to 40 seconds after infla-
tion. These abnor malities typically resolved within 10 to 
20 seconds after balloon deflation.17,19,20 Angioplasty balloon 
inflation models represent ischemia from a dynamic obstruc-
tion; imaging during provoked ischemia with a fixed coronary 
obstruction has shown a similar temporal progression with 
mechanical dysfunction preceding ECG changes and angina.21,22

In the absence of a physiologically significant coronary nar-
rowing, the myocardial response to stress is augmented systolic 
function with increased inward hyperdynamic motion. In 
the presence of ischemia, myocardial responses include the 
following:
1. Hypokinesis, myocardial thickening with inward motion 

less than 5 mm or relatively less than the rest of the 
myocardium

2. Akinesis, absence of thickening or inward motion
3. Dyskinesis, thinned myocardium with paradoxical outward 

systolic motion, a passive myocardial response to increased 
intraventricular pressure23

In absence of disease, baseline systolic function is generally 
normal and myocardial response to exercise is hyperdynamic 
(Fig. 15-3). In ischemic but noninfarcted myocardium, the 
stress response is concordant with ischemia severity: hypokine-
sis in mild cases progressing to akinesis in more severe cases. 
Chronically infarcted regions with permanent transmural 
injury appear thinned and akinetic or dyskinetic. Acutely 
infarcted myocardium appears hypokinetic or akinetic with 
normal wall thickness as postinfarction remodeling has not yet 
occurred. If blood flow is rapidly restored to acutely infarcted 

Myocardial ischemia generally progresses in a defined 
sequence of events, termed the ischemic cascade.15 Ischemia is 
initiated by regional hypoperfusion of a distal coronary bed. 
After resultant metabolic changes within affected myocardium, 
alterations in function occur; initially with abnormalities in 
myocardial relaxation (diastolic dysfunction), and subsequently 
with systolic dysfunction of affected segments. Only in the later 
stages of ischemia are characteristic ECG changes, such as ST 
segment depression, and frank angina manifest (Fig. 15-1).16,17 
Propagation of ischemia generally proceeds from the subendo-
cardium outward to the subepicardial layer in cases of more 
severe or prolonged ischemia.18 However, because endocardial 
myocardial oxygen demand is higher, only moderate ischemia 
is needed to produce visually identifiable contractile dysfunc-
tion. With exercise ECG testing, ischemia diagnosis occurs with 
onset of angina or ECG changes, occurring in the later stages 
of the ischemic cascade (Fig. 15-2), contributing to acknowl-
edged limitations in diagnostic accuracy for exercise ECG 

Figure 15-1  Ischemic cascade.  Ischemia  is  initiated  by  myocardial 
hypoperfusion.  Following  metabolic  changes  within  affected  myocar-
dium,  alterations  in  function  occur;  initially  with  diastolic  dysfunction, 
then progressing to systolic dysfunction. In the later stages of ischemia, 
characteristic  electrocardiographic  (ECG)  changes  and  frank  angina 
manifest. 
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Figure 15-2  Treadmill exercise ECG stress study. This patient exercised 7 minutes and 28 seconds on a standard Bruce protocol (9 METs) and 
experienced chest discomfort and presyncope at peak stress. Baseline electrocardiogram (ECG) showed normal sinus rhythm with T wave inversion 
in lead III (left). Peak stress ECG showed horizontal ST depression in leads II, III, aVF, and V4-V6. Subsequent angiography revealed a proximal 80% 
left anterior descending artery lesion and moderate disease in the left circumflex artery. 
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functional capacity.29 Metabolic equivalents (METs) are a 
measure of oxygen (O2) consumption where 1 MET (resting 
metabolic state) equals 3.5 mL O2 per kg/min. Exercise stressors 
should be used unless the patient is unable to achieve at least 5 
METs or use the exercise equipment. Exercise protocols most 
widely used are treadmill and bicycle ergometry (upright or 
supine). In the United States, treadmill protocols are more 
common, unless the patient has neurologic, vascular, or ortho-
pedic constraints that limit treadmill exercise performance.

Regardless of exercise stress type, an adequate workload is 
necessary to provide a diagnostic study. The most common 
hemodynamic target used is achievement of a heart rate goal 
based on patient age and gender, calculated as 85% of the 
maximal predicted heart rate: (estimated 220 − patient’s age − 
For men and 210 – patient age for women). If necessary, work-
load can be augmented with other measures such as 
hyperventilation or handgrip exercise.30 During the stress study, 
patients should subjectively report exertion level, using stan-
dardized scales, such as the Borg rating of perceived exertion 
(Box 15-1).31 It is institution and physician dependent whether 
exercise is discontinued once hemodynamic targets are achieved, 
or whether the patient continues to maximum exercise 
capacity.

With treadmill exercise protocols, baseline echocardiographic 
images are obtained in a left lateral decubitus position to facili-
tate acoustic windows (Table 15-1). Exercise then commences 
according to standardized protocols.31 Most patients who are 
reasonably active perform the Bruce protocol. However, in 
patients with mobility restrictions or limited exercise tolerance, 
the Cornell or Naughton protocols are other options to allow 
for at least 6 to 12 minutes of continuous exercise. Systolic 
blood pressure is monitored throughout the study and should 
increase by at least 20 mm Hg with exercise. The treadmill 
portion is halted for: 
(1) concerning symptoms (severe angina, ataxia, dizziness, 

pallor,

myocardium, return of function is variable temporally and spa-
tially. Regions of transmural infarct resulting from prolonged 
ischemia typically remain hypocontractile, but tissue subjected 
to only a short duration of coronary flow limitation typically 
regains contractility. Time duration of myocardial recovery 
after an infarction varies from days to months and is termed 
stunned myocardium. Prediction of functional recovery stunned 
segments may be accomplished with low dose dobutamine 
stress echocardiography or other modalities of viability testing 
(see Chapter 16).

The effect of ischemic on myocardial wall motion and thick-
ening is proportional to the severity of impaired coronary blood 
flow.22,24 For intermediate-range lesions (50% to 60% stenosis 
of the epicardial vessel) or single-vessel disease where only a few 
myocardial segments are affected, abnormalities during isch-
emia are typically subtle and transient or may be absent alto-
gether. Assuming use of an adequate stressor, the severity of 
coronary narrowing where systolic dysfunction is perceptible is 
approximately 60% stenosis, with progression to akinesis when 
greater than 80% stenosis is present (Fig. 15-4). Note that visual 
estimates of stenosis severity based on planar angiographic 
images may not necessarily correlate with physiologically sig-
nificant occlusions.24-26 In the absence of significant coronary 
stenoses, exercise-induced reductions in relative coronary flow 
reserve may occur in patients with microvascular disease or 
increased myocardial mass, as occurs in left ventricular hyper-
trophy. In these cases, although a stressor may produce charac-
teristic ECG changes or anginal symptoms, frank regional wall 
motion abnormalities may not be evident.27,28

Exercise Stressors Used  
for Stress Echocardiography
In individuals able to exercise maximally, exercise stress is pre-
ferred over nonexercise stressors, as it allows for a contextual 
understanding of results relative to patient symptoms and 

Figure 15-3  Images from a normal 
exercise echocardiogram study taken 
at rest and immediately after cessation 
of treadmill exercise. Upper left: Apical 
four-chamber  view  during  rest.  Upper 
right:  Apical  four-chamber  view  after 
exercise  stress,  Lower left:  Apical  four-
chamber  view  during  rest.  Lower right: 
Apical  four-chamber  view  after  exercise 
stress. At rest, LV chamber size is normal. 
After  exercise,  there  is  hyperdynamic 
function of all segments with a decrease 
in chamber size. 
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Figure 15-4  Abnormal treadmill stress echocardiogram. The patient 
exercised 7 minutes and 30 seconds on a standard Bruce protocol and 
developed angina at peak stress. Top: Apical two-chamber view atrest 
during systole. Middle: After exercise, there is thinning and hypokinesis 
of the entire apex and distal inferior wall in the apical two-chamber view 
(arrows). Bottom: On the apical four-chamber stress view, there is thin-
ning and dyskinesis of the entire apex and distal inferoseptum (arrows). 
All other segments became hyperdynamic. 

(5) hemodynamic targets are achieved.31 Based on total exercise 
duration, a nomogram based on age, gender, and degree of 
physical conditioning provides an estimate of functional 
aerobic impairment.32

Because patient motion limits imaging during active tread-
mill use, “stress” imaging is performed immediately after exer-
cise cessation without a cool-down period. The duration of 
ischemia induced abnormalities is variable, dependent on coro-
nary occlusion severity, number of vessels affected, presence of 
collateral blood flow, and achieved workload.33 Although isch-
emic abnormalities can persist for some time after exercise ces-
sation, most reverse within minutes. Therefore, expeditious 
imaging is critical; image acquisition within 60 to 90 seconds 
after exercise completion is generally adequate. Reasonable 
patient agility is required to transition to the imaging table, 
reassume a left lateral decubitus position, and allow imaging 
within this time window (see Table 15-1). If prolonged delays 
in patient transfer occur or acoustic windows are suboptimal, 
transient ischemia may be missed. This is particularly true with 
intermediate-range occlusions or single-vessel disease where 
induced abnormalities are often fleeting. Although feasibility of 
peak stress imaging on the treadmill has been demonstrated, 
the minimal incremental benefit attributable to time savings 
while scanning upright coupled with difficulties in obtaining 
reproducible results limits widespread use.34

For bicycle ergometry, baseline images are obtained in a left 
lateral decubitus position (see Table 15-1). Patients perform 
either upright or supine bicycle exercise with a goal of achieving 
increases in wattage, 2 to 3 minutes per stage. At each stage, 
pedal resistance increases in a stepwise manner and the patient 
must maintain a constant cadence (about 60 rpm). Because 
workload is effort driven, achievement of maximal workload is 
more patient dependent than in treadmill protocols. After com-
pletion of exercise, the patient reassumes a left lateral decubitus 
position for further imaging. If apical windows are not easily 
accessible, subcostal views provide an alternative. During 
upright or supine ergometry, most myocardial segments can be 
well visualized.35 However, care must be taken to avoid apical 
foreshortening as can occur with even mild head elevation. For 
supine bicycle ergometry, integrated imaging stretchers allow 
patient rotation and positioning such that transition to a sepa-
rate imaging bed is obviated, resulting in time savings (see Table 
15-1). Bicycle protocols allow for a relatively stationary position 
for simultaneous image acquisition during active exercise.36,37 

Box 15-1 

BORG RATING OF PERCEIVED EXERTION

6  No exertion at all
7  Extremely light
8
9  Very light

10
11  Light
12
13  Somewhat hard
14
15  Hard (heavy)
16
17  Very hard
18
19  Extremely hard
20  Maximal exertion

(2) severe hypertension (systolic blood pressure greater than 
220 mm Hg),

(3) hypotensive response (more than 10 mm Hg drop in sys-
tolic blood pressure),

(4) concerning ECG changes or arrhythmias, or
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Imaging concurrent with peak stress, as opposed to immediate 
posttreadmill imaging, increases sensitivity for detecting tran-
sient ischemia.36,38,39

In the United States, treadmill stress is favored over bicycle 
ergometry because of widespread availability of treadmills in 
hospital settings and familiarity of walking as a form of exercise. 
Treadmill ECG testing, as an established diagnostic modality, is 
well validated, providing a wealth of prognostic information 
referenced to exercise duration and ECG response to exercise. 
With treadmill exercise, patients generally achieve higher work-
loads than with bicycle exercise, increasing likelihood of attain-
ing hemodynamic targets. Supine ergometry stress typically 
produces a lower heart rate increase and a systolic blood pres-
sure response about 20 mm Hg higher than that of upright 
exercise because of physiologic differences in preload. Addition-
ally, maximum oxygen uptake tends to be lower with bicycle 
ergometry (10% to 20%) and should be considered during 
study interpretation.31 Last, with supine ergometry, where the 
lower extremities must be supported against gravity, if quadri-
ceps fatigue precedes maximal workload, patients may prema-
turely discontinue exercise.

In Europe, where bicycling is a more common form of exer-
cise, bicycle protocols are favored. Guided by real-time wall 
motion evaluation, bicycle protocols allow for ischemia detec-
tion at onset, allowing identification of the ischemic threshold, 
in contrast to treadmill protocols that use ECG changes or 
symptom onset as a time point to discontinue exercise. Real-
time ischemia identification allows for increased detection of 
subtle or transient ischemia with single-vessel disease or 
intermediate-severity lesions. Bicycle protocols allows imaging 
without the “all-or nothing” constraints of a narrow immediate 
poststress imaging window, as seen in treadmill protocols. The 
choice of which stressor to employ should be individualized to 
the ability of the patient to perform exercise, experience level 
of the personnel administering the study, and availability of 
equipment. Published reports demonstrate comparable accu-
racy between different exercise protocols.39-41 As long as an 
adequate workload is achieved, overall accuracy is likely equiva-
lent regardless of the stressor employed.42

Methodology
EQUIPMENT

The standard for laboratories performing exercise echocar-
diography includes high-quality instruments with a digital 
frame grabber, harmonic imaging capability, and an offline 
analysis system. Appropriate equipment (treadmill or bicycle 

ergometer) should be available, as should imaging beds with 
lateral cutouts to facilitate apical imaging. A cardiac arrest cart 
and defibrillator should be easily accessible.5,6

Digital frame grabbers and split-screen displays allow side-
by-side comparison of rest and stress images to facilitate iden-
tification of regional wall motion abnormalities. Digital frame 
capture rates ranging from 20- to 100-ms intervals are looped 
and replayed continuously for analysis.43,44 These intervals allow 
for variable capture within the cardiac cycle ranging from 
systole alone to the entire cardiac cycle. Most systems acquire 
eight frame digital loops per view with about 50 ms for each 
frame. However, if heart rate exceeds 150 bpm, image quality 
may be improved by reducing the capture interval to 30 to 
40 ms. Digital clips of about 10 to 20 seconds per view are 
needed for adequate wall motion analysis. Gating of baseline 
and stress images to the ECG allows comparative analysis of 
endocardial motion at the same point in the cardiac cycle, opti-
mizing identification of interval changes in regional function. 
A videotaped backup recording of the study is helpful to ensure 
that digital loops accurately reflect myocardial motion.45

PROCEDURE

A brief history is taken to document symptoms, atherosclerosis 
risk factors, and current medications and to review basic labo-
ratory findings. Written informed consent should be obtained 
before the procedure. An activity-specific questionnaire may aid 
in predicting peak exercise capacity.46 Patients should refrain 
from oral intake 3 to 4 hours before the procedure.31 Medica-
tions that may affect maximal workload (i.e., atrioventricular 
nodal blocking agents) should be held for one or two doses, 
unless the study purpose is to diagnose ischemia while on active 
therapy or risk of an adverse event off medication is deemed 
too high. Telemetry leads are placed at standard limb and pre-
cordial sites, slightly displacing leads that interfere with acoustic 
windows. One ECG lead is concurrently displayed on the echo-
cardiography monitor to allow image gating and correlate 
changes in wall motion with ECG abnormalities. Information 
on heart rate, rhythm, exercise capacity, and blood pressure is 
recorded (Box 15-2).29 Common ECG criteria for ischemia are 
greater than 1 mm horizontal or down-sloping ST depression 
at least 60 ms after the end of the QRS complex in anatomically 
contiguous leads.29 Patients should be intermittently asked for 
presence or severity of symptoms. If severe symptoms occur or 
ischemia develops, the study should be discontinued. Monitor-
ing should continue until blood pressure, heart rate, and ECG 
have returned to near-baseline levels and any induced symp-
toms have resolved. Study results should be conveyed to the 

Exercise Stress Protocols for Echocardiography

Treadmill Upright Bicycle Supine Bicycle

1. Patient on imaging bed
Image parasternal long-axis view
Image parasternal short-axis view
Image apical four-chamber
Image apical two-chamber

1. Patient on imaging bed
Image parasternal long-axis view
Image parasternal short-axis view
Image apical four-chamber
Image apical two-chamber

1. Patient on integrated imaging bed
Image parasternal long-axis view
Image parasternal short-axis view
Image apical four-chamber
Image apical two-chamber

2. Patient moves to treadmill 2. Patient moves to bicycle 2. Patient remains on integrated bed

3. Exercise commences 3. Image apical rest views 3. Exercise commences

4. Exercise cessation 4. Exercise commences 4. Imaging at each stage end

5. Patient moves to imaging bed
Postexercise imaging

5. Imaging at each stage end 5. Exercise cessation

6. Exercise cessation 6. Postexercise imaging

7. Patient moves to imaging bed
Postexercise imaging

TABLE 
15-1 
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to 20% of cases), transpulmonary contrast aids endocardial 
border definition (Fig. 15-5). Transpulmonary contrast is par-
ticularly helpful for assessing anterior and lateral wall motion, 
regions that may be more difficult to see in larger patients or 
those with underlying pulmonary disease. However, because 
contrast lasts only 1 to 2 minutes after injection, separate injec-
tions are needed for baseline and stress images. For treadmill 
studies, contrast is injected during peak exercise so it is in place 
during poststress imaging.

IMAGING

Myocardial segments are evaluated in multiple views to avoid 
misdiagnosis due to an oblique image plane. Prestress optimiza-
tion of image planes and views is critical to maximize diagnostic 
accuracy. The four basic views used are concordant with stan-
dard transthoracic tomographic planes: the parasternal short- 
and long-axis views and the apical four- and two-chamber 
views. Subcostal views are not commonly used but may be 
substituted in the rare instance when they provide better images, 
such with intervening lung tissue due to chronic pulmonary 
disease.35 Once baseline images are obtained, acoustic windows 
are identified and marked to minimize transducer repositioning 
on poststress imaging. Because induced ischemia may normal-
ize quickly, sequencing for poststress imaging typically starts 
with apical windows, moving to parasternal windows. Several 
digital loops are acquired in each view in rapid sequence to 
optimize loop selection for comparison. Vigorous cardiac con-
traction, tachycardia, and exaggerated respiration increases 
translational and rotational movement of the heart. Patients 
with excessive cardiac motion should briefly halt respiration at 

Figure 15-5  Abnormal  treadmill  stress  echocardiogram  with  transpulmonary  contrast  to  enhance  the  endocardial  border.  Upper left:  Resting 
four-chamber view shows normal LV cavity size with symmetric systolic wall motion. Bottom left and right: After exercise, aneurysmal dilation and 
hypokinesis are seen in the entire apex, distal inferoseptum, and distal anterior wall (arrows). Other segments are hyperdynamic. Upper right: Sub-
sequent angiography revealed mid-90% left anterior descending artery lesion (arrow). 

Box 15-2 

EXERCISE ECG TESTING MEASUREMENT 
PARAMETERS

Hemodynamic and Symptomatic Parameters
1.  Heart rate (last 10 seconds of each minute)
2.  Blood pressure (last 30 seconds of each stage)
3.  Exercise duration
4.  Heart rate recovery after exercise cessation
5.  Time to onset/resolution of angina
6.  Subjective level of perceived exertion
7.  Other cardiopulmonary symptoms (presyncope, 

dyspnea)

ECG Parameters
1.  ST segment elevation/depression and slope
2.  Arrhythmias
3.  Number leads involved
4.  Time to onset and resolution ST abnormalities

Adapted from Gibbons L, Balady GJ, Bricker JT, et al: ACC/AHA Guideline 
update for exercise testing: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines. J Am Coll 
Cardiol 40:1431-1440, 2002.

ECG, Electrocardiography.

referring provider promptly, with immediate discussion when 
the stress test is strongly positive.

Optimal acoustic windows are located and baseline echocar-
diographic images obtained. If baseline abnormalities are seen, 
a brief transthoracic study should be performed to evaluate 
ventricular dysfunction, significant valvular abnormalities, or 
pericardial effusion. If baseline image quality is suboptimal (up 
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bed so the patient knows what is expected. Emergency medical 
equipment, drugs, and supplies should be readily available.

PERSONNEL

Staffing for exercise echocardiography requires at least two 
people: a sonographer and a medical professional to monitor 
the patient and evaluate for symptom onset.6 A physician 
trained in advanced cardiac life support should be in the imme-
diate vicinity of the stress laboratory and available for emer-
gencies.29,49 In many laboratories, physician supervision is a 
requirement, either physically or more remotely, observing 
from a monitor. However, several studies document the safety 
of exercise supervision by properly trained allied health profes-
sionals such as physician assistants, exercise physiologists, or 
registered nurses.50,51 Regardless of the personnel used, consid-
erable skill on the part of the medical supervisor, sonographer, 
and/or technician is needed to facilitate an adequate study and 
recognize signs and symptoms of ischemic heart disease.

There is a significant learning curve associated with the tech-
nical challenges of image acquisition, study implementation, 
and interpretation. To optimize imaging, sonographers should 
have completed training in standard transthoracic imaging with 
an additional 3 months of training in exercise echocardiogra-
phy and should possess basic knowledge of coronary anatomy 
and myocardial distribution. It is recommended that sonogra-
phers complete more than 50 stress studies to claim proficiency 
and perform more than 10 studies per month to maintain 
appropriate skill level. Physicians responsible for supervision 
and interpretation should be at least level II trained in echocar-
diography (Box 15-3). Supervised overreading of at least 100 
studies by a level III–trained echocardiographer with indepen-
dent interpretation of 200 studies is recommended to attain a 
minimum competence level for independent interpretation, 
and additional interpretation of more than 15 studies per 
month is recommended to maintain skills.6,52 Although these 
volumes are reasonable for routine study interpretation, more 
specialized applications, such as evaluation of valvular heart 

end- or midexpiration to aid in maintaining a relatively con-
stant imaging plane. With normalization of heart rate near to 
baseline, an additional set of images should be obtained to 
evaluate for late-onset ischemia.

DOPPLER

Doppler echocardiography is not routinely performed during 
stress echocardiography for ischemia evaluation. Rapid heart 
rate and additional time requirements for imaging do not allow 
for reliable data acquisition. Doppler-derived indicators of 
myocardial response to stress include left ventricular (LV) ejec-
tion velocity, aortic systolic ejection rates, transmitral filling 
velocities, and tissue Doppler interrogation of myocardial 
velocities. Although research-based applications using Doppler 
interrogation during peak stress suggest some additive value, 
the additional time demands of Doppler interrogation in its 
current state, coupled with relatively small incremental gain in 
information, limit routine use. In patients with valve lesions 
who have equivocal symptoms or are asymptomatic, tailored 
Doppler interrogation during exercise echocardiography pro-
vides objective data on exercise tolerance, symptom provoca-
tion, hemodynamic effects of exercise, and pulmonary pressure 
response to exercise (see later discussion).47

ROOM LAYOUT

Room layout is critical to success of the procedure. The narrow 
time window between exercise cessation and recording of post-
stress images necessitates spatial optimization to maximize time 
savings and facilitate image acquisition. A typical floor plan 
minimizes the number of steps and impediments for patient 
transfers (Fig. 15-6).48 Adequate space around the imaging bed 
for the ECG and echocardiography instruments, sonographer, 
and medical professionals is necessary. Patients should receive 
clear instructions on maneuvers required after exercise termina-
tion to avoid introducing unnecessary delay. Often, it helps to 
have a “practice” transition from the treadmill to the imaging 

Figure 15-6  Room layout.  Stress  echocar-
diography laboratory equipment set-up. Begin-
ning  at  the  bottom  of  the  figure  and  moving 
clockwise: storage cupboards with intravenous 
(IV )   equipment,  crash  cart,  imaging  bed  with 
shelf above for pulse oximeter and automated 
blood  pressure  (BP)  cuff,  echocardiography 
machine with frame grabber, IV pump for phar-
macologic stress echocardiography, manual BP 
cuff,  treadmill,  electrocardiography  (ECG) 
machine.  The  patient  moves  between  the 
imaging  bed  and  the  treadmill,  requiring  no 
more  than  two steps  in each direction  (yellow 
arrows).
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from akinetic regions, leading to overestimation of ischemic 
burden.56 Stress-induced global hypokinesis, or a lack of hyper-
dynamic response to exercise, may be seen in patients with 
disease in all major epicardial coronary arteries, or “balanced” 
ischemia. However, other markers of coronary artery disease are 
usually identifiable, such as decreased exercise tolerance, isch-
emic ECG changes, or angina. Rarely, a lack of hyperdynamic 
response occurs in absence of major coronary artery obstruc-
tion, such as in left ventricular hypertrophy, diabetes, severe 
arterial hypertension, and hypertrophic cardiomyopathy. Angi-
ographic studies in these subsets suggest a reduction in coro-
nary flow reserve due to microvascular disease, with smaller 
regions of ischemia failing to manifest in frank mechanical 
dysfunction. Because heterogeneity in wall motion is absent, 
diagnostic accuracy to identify ischemia is lowered.57,58 Although 
current diagnostic testing does not allow for definitive diagnosis 
of microvascular ischemia, advances in myocardial contrast 
perfusion imaging may increase understanding of this disease 
process in the future.

Interpretation of stress echocardiography remains largely 
qualitative, with visualized wall motion abnormalities the core 
marker of ischemia. This approach is generally adequate for 
patient management. Reliability and reproducibility of study 
interpretation are largely dependent on interpreter experience.59 
Adequate physician and sonographer training and conservative 
interpretation criteria improve diagnostic sensitivity, consis-
tency, reliability and validity.60,61 A logical approach to interpre-
tation is essential. Echocardiographers should be cognizant of 
the patient’s clinical history. For example, in patients with prior 
coronary bypass surgery, wall motion analysis may suggest col-
lateralized vessels, not a typical pattern for patients without 
coronary disease. Similarly, in individuals with prior infarcts, 
tethering effects on adjacent nonischemic regions should be 
considered.

Interpreters should be vigilant for induced wall motion 
changes that do not actually signify ischemia. Such “false-
positive” findings include abnormal septal motion with  
ventricular pacing, an intrinsic conduction abnormality, or 
postoperative changes. Another false-positive septal abnormal-
ity is early relaxation of the anteroseptal region relative to other 
segments. “Early relaxation” can usually be timed in the cardiac 
cycle to just before mitral valve opening and is not indicative of 
ischemia.62 Other commonly misdiagnosed regions include the 
basal inferior wall. Without prior bypass revascularization, an 
isolated basal wall motion abnormality should be scrutinized 
closely, given the unlikelihood of an isolated proximal wall 
abnormality with hyperdynamic mid and distal segments.59 
Falsely negative studies are most commonly due to procedural 
difficulties, such as inadequate workload, performance below 
the ischemic threshold, inexperienced interpreters, poor endo-
cardial border definition, and inferior image quality. Myocardial 
regions more subject to “false negatives” or missed ischemia 
include the lateral wall, particularly in obese patients, and those 
where interposed lung tissue hinders imaging.

With residual coronary occlusion and chronic ischemia, 
stress echocardiography can be used to evaluate for viable  
myocardium. Viable myocardium is hypokinetic, as minimally 
adequate blood flow meets basal metabolic needs but is insuf-
ficient to support normal function. Distinguishing between 
viable or infarcted myocardium has been applied to coronary 
revascularization, based on the premise that revascularization 
of viable tissue improves systolic function and reduces ischemic 
burden.4 For stress echocardiography, a “biphasic” response is 

disease, warrant more clinical expertise and volume.53 Continu-
ous quality-improvement practices should be employed to 
ensure consistency and accuracy of interpretations.54

INTERPRETATION

A normal study is one where there is normal resting wall motion 
with a hyperdynamic response to exercise (see Fig. 15-3). With 
abnormal studies, location, extent, and severity of interval 
changes are noted and recorded (Table 15-2). During interpre-
tation, provoked abnormalities concordant with a coronary 
artery distribution should be noted. More detailed segmental 
analysis using the 16-segment LV model (see Figure 13-3) and 
standard wall motion analysis scale (normal, hypokinetic, aki-
netic, dyskinetic) may be used for reporting.14 Several factors 
affect myocardial appearance and response to stress:
1. Compensatory hyperdynamic function of nonischemic 

regions
2. Tethering of nonischemic regions
3. Balanced ischemia
4. Lack of hyperdynamic response to stress

With prolonged ischemia, compensatory hyperdynamic 
function in regions remote to ischemic zones occurs because of 
a physiologic response of the ventricle to maintain overall 
cardiac output.55 If pronounced, this may mask stress induced 
abnormalities in ischemic segments. Nonischemic segments 
adjacent to ischemic myocardium may show decreased motion 
despite the presence of adequate blood flow because of tethering 

Box 15-3 

RECOMMENDED PHYSICIAN KNOWLEDGE FOR 
PERFORMANCE AND INTERPRETATION OF 
STRESS ECHOCARDIOGRAPHY6

•  Understand indications and limitations of exercise 
echocardiography with knowledge of alternative 
diagnostic procedures

•  Knowledge of cardiovascular drugs and effects on stress 
response

•  Understand study endpoints and indications for study 
termination

•  Understand diagnostic accuracy and prognostic value of 
stress echocardiography in different patient populations

•  Identify LV wall segments, recognize wall motion 
abnormalities, and interpret digitally acquired images

•  Understand conditions and circumstances for 
indeterminate or false test results

•  Competence in cardiopulmonary resuscitation
•  Apply Doppler data to physiologic changes occurring 

during stress (hemodynamic studies)

Interpretation of Myocardial Response to Stress

Resting Myocardial 
Appearance

Myocardial Response to 
Exercise Interpretation

Normal Hyperdynamic Nonischemic

Normal Hypokinetic or akinetic Ischemic

Normal Unchanged (lack of 
hyperdynamic 
response)

Microvascular 
ischemia or 
balanced ischemia

Hypokinetic Akinetic Infarcted myocardium

Akinetic Dyskinetic Transmural infarct

TABLE 
15-2 
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50% coronary artery stenosis used as the definition of disease 
presence), patients with true ischemia but less severe occlusion 
would be erroneously labeled “false positive.” Higher set points 
increase sensitivity by increasing true positive likelihood and 
reducing false negatives.24,65-70 Additionally, there are acknowl-
edged limitations of 2D angiography in measuring hemody-
namic significance of lesions.71,72 However, limited data using 
quantitative angiography demonstrate excellent correlation 
with stress echocardiography results.22,25

Diagnostic accuracy is affected by factors that introduce 
bias.73,74 Early exercise echocardiography studies suffered from 
reporting bias, where newer modalities are favored over old. For 
example, if echocardiographic stress test accuracy is compared 
with standard ECG testing, the exercise ECG portion is the 
same. Echocardiographic imaging is only additive with impos-
sibility for a “worse” performance. Validation studies for exer-
cise echocardiography tended to be performed at higher-volume 
centers with increased clinical expertise, drawing from patient 
groups with prior myocardial infarction or known disease, 
where higher pretest probability increased test sensitivity. With 
acceptance of test validity of a modality, posttest referral bias is 
introduced (Fig. 15-7), where only positive tests are referred for 
confirmatory testing (in this case, angiography), and negative 
tests are accepted as correct without verification.75 Last, with 
accepted use of a modality and more widespread application, 
pretest disease probability drops with drifts in sensitivity and 
specificity. This has been documented with nuclear perfusion 
stress, for which larger-cohort data are available.76

Diagnostic accuracy depends on disease prevalence in the 
tested population, definition of disease “presence,” and criteria 
used to define a positive test. Inclusion of borderline or equivo-
cal findings (i.e., identifying a lack of a hyperdynamic response 
as ischemia) increases likelihood of identifying disease, raising 
sensitivity at the expense of specificity by increasing false posi-
tives. If image quality is suboptimal or with delay in poststress 
imaging, diagnostic accuracy suffers (Table 15-3).36,38,39,42,70 With 
single-vessel disease, the ischemic zone is relatively smaller and 

the hallmark of viable myocardium where mild augmentation 
in wall motion occurs following a low-level stressor, but with 
higher stressor doses, segments become frankly ischemic and 
decrease contractility, again becoming hypokinetic or akinetic. 
Because of the subtlety in wall motion assessment during viabil-
ity testing, exercise stressors have not proven reliable, and con-
ventional protocols use pharmacologic stressors (see Chapter 
16). The future role of viability testing is not clear. A recent 
substudy of the Surgical Treatment for Ischemic Heart Failure 
Trial found that identification of substantial viable myocardium 
did significantly affect 5-year mortality comparing medical 
therapy with and without bypass surgery, implying that viability 
assessment alone should not be the deciding factor in determin-
ing treatment strategy.63

More quantitative approaches to exercise echocardiography 
provide standardized interpretation but are labor intensive to 
implement. The most commonly used semiquantitative appli-
cation is the wall motion score index, in which the LV is divided 
into segments and regional wall motion of each segment is 
assessed (see Chapter 13, page 239).14 Wall motion is graded 
between 1 and 4 depending on abnormality severity (0 hyper-
kinetic, 1 normal motion, 2 hypokinetic, 3 akinetic, and 4 dys-
kinetic). The summed total is divided by the number of segments 
evaluated to calculate a global wall motion score index. Alter-
natively, individual coronary artery distributions can be assigned 
to obtain a regional wall motion score index. Similar to qualita-
tive interpretation, overscoring of nonischemic segments “teth-
ered” to ischemic myocardium overestimates ischemic burden.

Computer-driven algorithms offer the potential for decreas-
ing time demands for quantitative analysis. The centroid and 
centerline algorithms gauge wall motion referenced to a “base-
line” within the LV. With the centroid method, multiple radii 
extending from a geometric center of mass to the endocardial 
and epicardial surfaces of the LV are generated and relative dif-
ferences in wall motion between rest and stress images are com-
pared. With the centerline method, distance measurements of 
the endocardium and epicardium perpendicular to the mid-
point of the myocardium are compared. However, subjective 
decision making by the interpreter is still needed in marking 
endocardial and epicardial borders. (See Chapter 12.) Avail-
ability of automated endocardial border recognition algorithms 
is increasing. However, the need for superior image quality for 
accurate border delineation is paradoxic, because excellent 
qualitative interpretation is usually possible without the time 
demands of quantitative measurement. Moreover, most avail-
able analysis packages rely on radial motion analysis and do not 
reliably account for torsional or translational movement. 
Although a quantitative tool is an attractive concept to increase 
ease and reliability of interpretation, with the added labor 
requirements no currently available tools supplant standard 
qualitative analysis.64

Diagnostic Accuracy of Exercise 
Echocardiography
Diagnostic accuracy of cardiac stress testing is generally reported 
as sensitivity and specificity to detect angiographically identi-
fied lesions. However, consideration of stenosis severity that 
denotes disease presence should be made. Stenosis thresholds 
create artificial distinctions (disease present versus not present) 
in a process that actually represents a spectrum. If the “set 
point” is higher (use of greater than 70% versus greater than 

Figure 15-7  Posttest referral bias.  Because  abnormal  test  results 
lead  to  increased  referral  for  confirmatory  coronary  catheterization, 
studies evaluating diagnostic accuracy have relatively higher true posi-
tive and false positive rates, which result in higher sensitivity and lower 
specificity.74 

Patient with
suspected CAD

Referred to
stress imaging

“Normal”
result

“Abnormal”
result

↓ Catheterization ↑ Catheterization

↓ TN ↓ FN ↑ TP ↑ FP

↓ Specificity ↑ Sensitivity
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Stress echocardiography and nuclear perfusion stress provide 
reasonably comparable information with regard to ischemia 
diagnosis, diagnosis of myocardial viability, and prognostica-
tion.78,80 Accuracy for both modalities is improved with multi-
vessel disease, increased disease severity, a higher ischemic 
workload achieved, and more experienced readers. However, 
because echocardiographic imaging is performed in real time, 
stress echocardiography can provide concurrent data on valvu-
lar function and pulmonary pressures during testing and offers 

ischemia is more difficult to detect, lowering sensitivity by 
increasing false-negative studies, approximately 75% compared 
to overall sensitivity of 84% in all patients with coronary 
disease.70,77 Patients unable to achieve a high workload are less 
likely to reach an ischemic threshold, as can occur in patients 
on medications that lower heart rate response to exercise (i.e., 
atrioventricular nodal blocking agents). Last, interpreter experi-
ence is critical, with increased diagnostic accuracy seen for 
higher-volume, more experienced readers. Overall, exercise 
echocardiography is both sensitive and specific for ischemia 
identification (accuracy 85% to 90%) (Table 15-4). A meta-
analysis of more than 2600 patients drawing from 24 studies 
reported overall sensitivity of 85% and specificity of 77%.78

Comparison with Other  
Stress Modalities
Exercise ECG testing is the most established stress modality, 
widely available and well validated for initial coronary artery 
disease diagnosis, cardiac risk assessment, and prognostication. 
In a review of 58 exercise ECG studies involving nearly 12,000 
patients undergoing both coronary angiography and exercise 
testing, mean sensitivity was 67% with mean specificity of 
72%.29 The greatest diagnostic value for exercise ECG testing is 
its negative predictive value. However, if baseline ECG abnor-
malities are present, sensitivity and specificity decline.57 Addi-
tionally, ECG ST segment changes during exercise can be 
effected by factors other than ischemia, such as endogenous 
estrogen, which can have a digoxin-like effect on the ECG, and 
hyperventilation, which can cause diffuse ST segment abnor-
malities.79 For patients with baseline ST-T segment abnormali-
ties, left bundle branch block, left ventricular hypertrophy, and 
paced rhythms, imaging cardiac stress testing (echocardiogra-
phy or nuclear perfusion stress) is preferred over exercise ECG 
testing. Although overall diagnostic accuracy for ischemia is 
improved with the addition of imaging, additional equipment, 
space, and personnel with specialized expertise are needed. 
With the added time demands and costs, it is logistically impos-
sible and cost ineffective to replace all exercise ECG tests with 
imaging studies. Exercise imaging studies should therefore be 
targeted in those with nondiagnostic ECGs, either at baseline 
or anticipated during stress (Table 15-5).

Factors Affecting Exercise Echocardiography Interpretation 
and Accuracy

Lowered Specificity  
(False-Positive Errors)

Lowered Sensitivity  
(False-Negative Errors)

Hypertensive response to stress as 
abnormal

Poor image quality

Basal inferior wall abnormalities 
as abnormal

Excessive postexercise delay to 
imaging

Tethered segments as abnormal Single-vessel disease

Lack of hyperdynamic response as 
abnormal

Testing patients with lower pretest 
disease probability

Early septal relaxation as 
abnormal

Lateral wall abnormalities

Interventricular conduction delay 
or paced rhythms

Inadequate workload (suboptimal 
effort or medications)

Valvular heart disease with loss of 
contractile reserve

Multivessel disease with balanced 
ischemia

Cardiomyopathies Mild or intermediate-severity 
stenoses

Inexperienced personnel Inexperienced personnel

TABLE 
15-3 

Selected Studies: Diagnostic Accuracy for Exercise 
Echocardiography

Study Mode

Number 
of 

Patients

Criteria for 
Significant 
Occlusion Sensitivity Specificity Accuracy

Armstrong 
(1986)1

TME 95 >50% 88% 87% 87%

Armstrong 
(1987)65

TME 123 >50% 88% 86% 88%

Ryan 
(1988)67

TME 64 >50% 78% 100% 86%

Pozzoli 
(1991)69

UBE 75 >50% 71% 96% 80%

Marwick 
(1992)70

TME 150 >50% 84% 86% 85%

Quinones 
(1992)81

TME 112 >50% 74% 88% 78%

Hecht 
(1993)38

SBE 180 >50% 93% 86% 91%

Ryan 
(1993)37

UBE 309 >50% 91% 78% 87%

Mertes 
(1993)110

SBE 79 >50% 84% 85% 85%

Marangelli 
(1994)66

TME 80 >75% 89% 91% 90%

Marwick 
(1994)*

BE 86 >50% 88% 80% 85%

Williams 
(1994)*

UBE 70 >50% 88% 84% 86%

Marwick 
(1995)149

TME/ 
UBE

161 >50% 80% 81% 81%

Dagianti 
(1995)41

SBE 60 >70% 76% 94% 87%

Luotolahti 
(1996)*

UBE 118 >50% 94% 70% 92%

Roger 
(1997)75

TME 340 >50% 78% 41% 69%

SBE, Supine bicycle ergometry; TME, treadmill echocardiography; UBE, upright bicycle 
ergometry.

*References:
Luotolahti M, Saraste M, Hartiala J: Exercise echocardiography in the diagnosis of coronary 

artery disease. Ann Med 28:73-77, 1996.
Marwick TH, D’Hondt AM, Mairesse GH, et al: Comparative ability of dobutamine and 

exercise stress in inducing myocardial ischaemia in active patients. Br Heart J 72:31-38, 
1994.

Williams MJ, Marwick TH, O’Gorman D, Foale RA: Comparison of exercise echocar-
diography with an exercise score to diagnose coronary artery disease in women. Am J 
Cardiol 74:435-438, 1994.

TABLE 
15-4 

Comparison: Different Exercise Test Modalities

Exercise ECG Exercise Nuclear Perfusion Exercise Echocardiography

Largest historical 
database

Versatile
Limited accuracy 

with baseline 
ECG 
abnormalities

Additional time 
requirement (~4 hr)

Increased personnel 
training

Increased expertise
Equipment requirements
Most sensitive modality
Significant increase in cost 

(~5× higher than ECG)

Additional time requirement 
(~30 min)

Increased personnel training
Increased expertise
Equipment requirements
Most specific modality
Significant increase in cost 

(~2.5× higher than ECG)
Directly visualizes wall 

motion

ECG, Electrocardiography.

TABLE 
15-5 
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COST EFFECTIVENESS

Care providers should be aware of, and incorporate into their 
clinical practice, relative costs of procedures. Cost consider-
ations for various cardiac stress modalities include the patient’s 
incurred costs, Medicare and insurer reimbursement charges, 
and additional costs of downstream diagnostic testing prompted 
by the study. Prior comparative cost analyses highlight the 
importance of pretest disease probability assessment in select-
ing diagnostic modality type. For example, with high pretest 
probability, the most cost-effective course may be to proceed 
directly to angiography.

Several papers comment on cost effectiveness for cardiac 
stress testing.85-87 Medicare fees provide comparative and rela-
tive costs for professional and technical fees.29 The “test-only” 
relative value units for exercise ECG testing are least, with 
imaging additive, approximately 2.3× higher for echocardiog-
raphy and 5.3× higher for nuclear perfusion stress.29 However, 
test-only costs do not account for increased accuracy and 
reduced confirmatory downstream testing that imaging confers. 
When this is accounted for, cost-based analyses favor stress 
imaging studies, particularly when the likelihood of a nondiag-
nostic stress ECG study is high.85-89

The diagnostic value of any testing modality is greatest when 
it significantly increases (based on a positive result) or lowers 
(based on a negative result) coronary artery disease suspicion. 
Thus, the greatest value is in patients with intermediate range 
pretest probability (range 20% to 80%). In patients with a low 
pretest probability, such as those with few cardiovascular risk 
factors, a positive result is more likely “false positive.” Similarly, 
in individuals with high pretest probability, a negative result 
may be looked on with skepticism, and direct coronary angiog-
raphy should be considered. Providers should be aware of direct 
and downstream costs of different diagnostic options and rela-
tive expertise in the various modalities at their institutions. 
Current diagnostic schemes and pathways have not yet incor-
porated routine use of newer diagnostic technologies such as 
cardiac magnetic resonance imaging or multislice computed 
tomographic angiography.

SAFETY

There are no adverse effects with exercise echocardiography 
other than those associated with physical exercise and risk 
incurred from provoked ischemia. Unlike other forms of diag-
nostic testing, such as angiography or nuclear perfusion stress, 
radiation exposure is absent. Major complications are rare, with 
myocardial infarction reported in approximately 1 in 2500 tests 
and death in approximately 1 in 10,000.29,31,90 Contraindications 
include those normally associated with exercise ECG testing 
(Box 15-4).

APPROPRIATE USE AND QUALITY ASSURANCE

Cardiac imaging studies comprise about 50% of medical diag-
nostic testing. However, recent studies suggest that about 10% 
to 15% of these studies are either inappropriate or non-
contributory.91 With impending concerns around Medicare sol-
vency, there is now increased scrutiny on appropriate use of 
cardiac imaging modalities.92,93 Implications of appropriate use 
are critical, because such testing often dictates downstream use 
of other tests, such as coronary angiography. The American 
College of Cardiology has published appropriateness criteria to 

additional information and safety by identifying preexisting 
conditions that may affect testing, such as valvular heart disease. 
For exercise echocardiography, radiation exposure is absent 
and, unless transpulmonary contrast is needed, intravenous 
access is not needed. Stress echocardiography can be performed 
within 1 to 2 hours, whereas nuclear perfusion stress requires, 
at a minimum, several hours to complete.

Comparative studies between echocardiography and nuclear 
perfusion stress modalities tend to occur in centers where 
expertise in a particular modality is favored. Earlier compara-
tive studies with nuclear modalities used thallium scintigraphy. 
Contemporary practice currently uses sestamibi or thallium 
single photon emission computed tomography (SPECT), which 
reduces imaging artifacts. Studies document comparable per-
formance between echocardiography and nuclear modali-
ties.69,81-83 Summary receiver operating characteristic curves 
show superiority of exercise echocardiography to exercise ECG 
testing, with comparable sensitivity to exercise SPECT. When 
specificity is reduced (higher sensitivity valued), nuclear perfu-
sion stress modalities tend to perform better (Fig. 15-8).84 A 
meta-analysis drawing from 44 studies confirmed comparable 
sensitivity between echocardiography (85%) and nuclear testing 
(87%).78 For both modalities, sensitivity for single-vessel disease 
is lower than for multivessel disease (in one study, sensitivity 
for single-vessel disease was 61% for nuclear versus 58% for 
echocardiography).81

Stress echocardiography differs from nuclear perfusion stress 
by assessing functional consequences of ischemia rather than 
alterations in regional myocardial perfusion. Therefore, if 
resting wall motion abnormalities are present, subtle ischemia 
may be more difficult to interpret, resulting in slight advantages 
in sensitivity seen with nuclear perfusion stress. Overall, nuclear 
perfusion stress tends to offer higher sensitivity, higher techni-
cal success rate, less interobserver variability, and better accu-
racy for detecting ischemia when resting wall motion 
abnormalities are present. Advantages for stress echocardiogra-
phy include shorter test time, greater patient convenience, 
higher specificity, versatility, the absence of radiation exposure, 
and lower cost. In most centers, the choice is driven by local 
personnel expertise and facility accommodation.

Figure 15-8  Receiver operator characteristic curves for exercise 
echocardiography compared to nuclear perfusion stress testing. 
True positive rate (sensitivity) is plotted on the y-axis and false positive 
rate  (1-specificity)  is  plotted  on  the  x-axis.  When  specificity  is  valued, 
echocardiography  tends  to  perform  better.84  SPECT,  Single  photon 
emission computed tomography. 
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echocardiography is an attractive option for an initial diagnostic 
study, especially considering shorter test duration, absence of 
radiation exposure, cost savings, and patient convenience.

Exercise testing in asymptomatic individuals for coronary 
disease diagnosis is not recommended.102 Although functional 
capacity and hemodynamic response to exercise are gauged, 
there is no evidence that results from such testing affect clinical 
outcome, especially given that prognosis in low-risk patients is 
excellent and false-positive findings may instigate unnecessary 
additional testing. However, judicious testing in certain asymp-
tomatic high-risk subsets, such as those with diabetes or  
vascular disease, is often considered, particularly for those con-
templating higher-risk activities such as a new vigorous exercise 
regimen.102

CORONARY ARTERY DISEASE: KNOWN  
CORONARY ARTERY DISEASE

Cardiac stress testing after a recent myocardial infarction allows 
assessment of injury extent and residual ischemia, potentially 
aiding in decision making for future therapies. Although now 
rare in contemporary practice, if a patient with a recent infarc-
tion did not undergo angiography, a submaximal predischarge 
stress test 3 to 7 days after the event is recommended for risk 
assessment.103 Submaximal protocols have lower hemodynamic 
endpoints (goal only 5 METs or 70% predicted maximum heart 
rate).104 As early as 2 to 3 weeks after an infarction, a symptom-
limited stress test can be performed reasonably safely, with inci-
dence of infarction less than 1%.29,105 Given ECG abnormalities 
frequently present, the sensitivity of exercise ECG testing in this 
population is poor, in the range of 50% to 70%.81 As with other 
applications, overall diagnostic accuracy for cardiac imaging 
stress studies is significantly improved over exercise ECG testing, 
with visual localization of ischemic territory.

In individuals under consideration for revascularization 
(percutaneously or surgically), echocardiography viability pro-
tocols are well established for pharmacologic stressors (i.e., 
dobutamine) (see Chapter 16).106 Viability testing with exercise 
stressors is not routinely performed. Although limited data 
using low-level bicycle ergometry demonstrates feasibility, 
accuracy is not as high as with pharmacologic applications, and 
tethering from resting wall motion abnormalities increases dif-
ficulty of interpretation.107,108 In 52 postinfarction patients who 
underwent low-level supine bicycle exercise and low-dose 
dobutamine echocardiography, sensitivity for predicting func-
tional recovery with exercise was only 81%, compared to 91% 
for dobutamine.109

provide expert consensus–guided recommendations for cardiac 
imaging, drawing from clinical scenarios; a score is assigned to 
clinical scenarios ranging from 1 (inappropriate) to 9 (appro-
priate).94 For example, an “appropriate” stress echocardiogra-
phy indication would be in a patient with an intermediate 
pretest probability of coronary artery disease and an uninter-
pretable ECG, versus an “inappropriate” indication such as 
routine transpulmonary contrast use despite adequate visual-
ization of all segments on noncontrast images. Recent studies 
evaluating these developed criteria suggest that approximately 
10% to 15% of studies may be classified as “inappropriate.”95 
Future refinement should aid in altering clinical practice to 
guide individual patient care and maximize cardiac imaging 
utility by educating care providers and influencing policy 
making regarding payer coverage. Additional recent publi-
cations have also addressed quality assurance for stress 
echocardiography.54

Applications
CORONARY ARTERY DISEASE:  
INITIAL DIAGNOSIS

The primary application of exercise echocardiography is in 
diagnosing and managing coronary disease.5,6 In patients with 
angina symptoms and moderate pretest probability, stress 
testing should be performed within 3 to 7 days of symptom 
onset as long as the patient is asymptomatic at the time of the 
study. Symptomatic patients with higher pretest disease prob-
ability (ischemic ECG change or positive cardiac biomarkers) 
should proceed directly to coronary angiography. Exercise 
echocardiography is also valuable for distinguishing between 
ischemic and nonischemic cardiopulmonary disease such as 
pulmonary hypertension or valvular heart disease.96

Historically, initial evaluation for chest discomfort was in the 
emergency department, with hospital admission to rule out 
acute infarction prior to risk stratification. Now, intermediate- 
and lower-risk patients are increasingly managed with emer-
gency department “chest pain units” that perform triage and risk 
stratify patients and provide expedited stress testing once an 
acute coronary syndrome has been excluded.97,98 (See Chapter 
13.) This approach has been effective in identifying higher-risk 
individuals while concurrently reducing inpatient stays.99 
Although test modality is institution dependent, reports dem-
onstrate improved accuracy with exercise echocardiography 
over exercise ECG testing, with comparable performance com-
pared to nuclear perfusion stress.100,101 Given this, exercise 

DBP, Diastolic blood pressure; SBP, systolic blood pressure.

Box 15-4 

CONTRAINDICATIONS FOR EXERCISE ECHOCARDIOGRAPHY

Absolute Contraindications Relative Contraindications
Acute myocardial infarction (within 48 hr)
High-risk unstable angina
Uncontrolled cardiac arrhythmias
Symptomatic severe aortic stenosis
Symptomatic heart failure
Acute pulmonary embolus
Acute aortic dissection
Acute myocarditis or pericarditis

Left main coronary stenosis
Severe arterial hypertension (SBP >200 mm Hg, DBP >110 mm Hg)
Poor acoustic windows/image quality (not aided by transpulmonary contrast)
Mental or physical impairment with inability to exercise
Tachyarrhythmias or bradyarrhythmias
Atrioventricular nodal blocking agents
Hypertrophic cardiomyopathy
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cardiac stress testing. Moreover, there is a relative paucity of 
female representation in cardiovascular studies that evaluate 
different diagnostic modalities. Poor study representation and 
inadequate test validation adversely affect diagnostic accuracy. 
In a metaanalysis of studies published between 1966 and 1995, 
only 27 studies included at least 50 women who underwent 
exercise testing and angiography, and only 3 used exercise 
echocardiography.143

Exercise ECG testing in women is associated with increased 
false-positive findings, often due to resting ST-T wave abnor-
malities or hypertension-induced abnormalities.29,144 Studies 
document false-positive ST segment depressions in as many as 
40% of women compared to less than 10% of men.145,146 Because 
of isotope scatter and attenuation, nuclear imaging also has 
limitations; accuracy of thallium-201 perfusion imaging is 
reduced with obscuration of the inferior wall in obese patients 
and of the anterior wall in large-breasted women. This has been 
ameliorated, in part, with use of technecium-99m, a higher-
energy radioisotope that provides better tissue penetration.147

In a meta-analysis of 19 exercise ECG studies which included 
at least 50 women, weighted mean sensitivity was only 61% with 
specificity of 70%.143 Imaging increases diagnostic accuracy 
with a weighted mean sensitivity of 86% and specificity of 79% 
for stress echocardiography and 78% and 64%, respectively, for 
nuclear perfusion stress.143 Published diagnostic accuracy of 
exercise echocardiography in women is presented in Table 15-6. 
Because likelihood of a nondiagnostic exercise ECG study is 
higher in women, some studies support imaging stress studies 
as an initial diagnostic modality.148 A cost analysis balancing 
cost with the lowest number of false negatives and fewest inap-
propriate angiography referrals found that exercise echocar-
diography provided the best accuracy at the lowest cost.149 
However, uniform referral for imaging stress studies would be 
logistically difficult and impractical, particularly given that the 
negative predictive value of a normal exercise ECG study 
remains high.

Concordant with the general population, stress echocardiog-
raphy provides prognostic information in women.150-153 In a 

Following percutaneous revascularization, stress echocar-
diography can document improvement in exercise tolerance 
and regional function.110,111 Echocardiographic imaging pro-
vides improved diagnostic accuracy for restenosis over exercise 
ECG, with one study showing sensitivity for exercise echocar-
diography 83% compared to only 42% for exercise ECG.110-113 
As with other comparative studies, exercise echocardiography 
performs similarly to nuclear perfusion stress for restenosis 
diagnosis, with 89% concordance.114 Exercise echocardiography 
after surgical coronary revascularization allows assessment of 
graft patency and evaluation for residual ischemia.115-117 
However, in clinical practice, cardiac stress testing surveillance 
in any asymptomatic individual is controversial, considering 
the lack of impact on clinical outcomes.

CORONARY ARTERY DISEASE: PROGNOSIS

Presence of resting wall motion abnormalities, ejection fraction, 
and location and severity of regional wall motion abnormalities 
identified by echocardiography are well-validated predictors of 
cardiovascular events in patients with coronary disease, chest 
discomfort, or congestive heart failure.118-121 Prognostic factors 
derived from exercise ECG testing include exercise duration, 
achieved workload, induced ST segment abnormalities, and 
hemodynamic response to exercise, including heart rate 
recovery.122-124 With visual assessment of ventricular function, 
ischemic response, and additional information gained from the 
exercise ECG portion of the study, exercise echocardiography is 
well suited to allow prognostication.125-128 Poorer outcome is 
seen in patients with resting wall motion abnormalities, larger 
ischemic regions, and shorter exercise duration and time onset 
to ischemia.129-135 In an observational study of 4004 patients 
undergoing exercise echocardiography, 16.7% of patients devel-
oped echocardiographic evidence of ischemia despite symptom 
absence or ischemic ECG changes and were more likely to suffer 
a major adverse cardiac event or death in the following 5 years.136 
Exercise echocardiography has also demonstrated prognostic 
value in patients with baseline systolic dysfunction. In 1107 
patients with ejection fraction less than 50%, 5-year mortality 
was significantly higher in those with who developed ischemia 
during stress echocardiography (Fig. 15-9).137 The positive pre-
dictive value for myocardial infarction and death for stress 
echocardiography ranges from 63% to 80%, with negative pre-
dictive value 78% to 95%, and is uniformly improved over 
exercise ECG testing, particularly in patients with resting ECG 
abnormalities.136,138,139

In patients without known coronary disease, the negative 
predictive value of exercise echocardiography is excellent, with 
likelihood of a major cardiac event over the next several years 
less than 1%.140-142 A meta-analysis evaluating the prognostic 
value of stress imaging showed comparable results between 
exercise echocardiography and exercise nuclear perfusion stress. 
For exercise echocardiography, negative predictive value for 
primary outcomes (infarction or cardiac death) was 98.4% with 
an estimated annualized rate for a primary outcome of only 
0.54% per year.141

CORONARY DISEASE DIAGNOSIS IN WOMEN

Women with coronary disease tend to have fewer obstructive 
coronary lesions and less single-vessel disease, are older at the 
time of presentation, and have more comorbidities and func-
tional debilitation, leading to acknowledged limitations in 

Figure 15-9  All-cause mortality according to severity of baseline sys-
tolic dysfunction and ischemia presence during exercise echocardiog-
raphy.137 Survival curves are shown for patients with mild LV dysfunction 
and  no  ischemia  (green line),  mild  LV  dysfunction  and  ischemia  (red 
line), moderate to severe LV dysfunction and no ischemia (yellow line), 
and moderate to severe LV disjunction with ischemia (purple line). 
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HYPERTROPHIC CARDIOMYOPATHY

Echocardiography is a critical diagnostic tool in patients with 
hypertrophic cardiomyopathy (see Chapter 27). Resting trans-
thoracic imaging allows evaluation of septal wall thickness, 
gauging of left ventricular outflow tract (LVOT) obstruction 
severity via continuous-wave Doppler–derived pressure gradi-
ents taken, and assessment of associated mitral regurgitation 
due to systolic anterior motion of the mitral valve and/or sub-
valvular apparatus. Studies drawing from hypertrophic cardio-
myopathy cohorts demonstrate association of resting LVOT 
gradients with adverse cardiovascular events and heart failure.157 
During stress, changes in ventricular loading may provoke 
dynamic outflow obstruction; LVOT obstruction is present in 
about 30% of hypertrophic cardiomyopathy patients at rest, but 
approximately an additional 33% develop LVOT obstruction 
with exercise. Exercise-induced LVOT gradients are a predictor 
of developing heart failure symptoms. Current expert consen-
sus recommendations support septal reduction (surgical myo-
mectomy or alcohol septal ablation) in patients with severe 
heart failure symptoms or with an LVOT gradient greater than 
50 mm Hg at rest or provoked during exercise.158 Exercise echo-
cardiography for hypertrophic cardiomyopathy patients pri-
marily involves LVOT gradient assessment, but also includes 
assessment of mitral regurgitation severity.159 Exercise stress 
testing should not be performed in symptomatic patients or 
patients with peak LVOT gradient greater than 90 mm Hg.

During exercise testing, standard exercise protocols are used, 
with cessation of exercise if symptoms develop or a gradient 
greater than 50 mm Hg is provoked (Fig. 15-10). Because of the 
ability to image at peak stress, supine bicycle stress is preferred 
over treadmill protocols where provoked gradients may have 
returned to baseline by the time imaging is completed. LVOT 
velocity should be recorded at baseline and at each stage of 
stress. After recording LVOT velocity, mitral regurgitation 
severity (vena contracta) is recorded. It is often difficult to iden-
tify separate peak velocities for LVOT and mitral regurgitant 
jets, and care must be taken to differentiate Doppler signals. 
Because mitral regurgitation velocity reflects the transmitral 
pressure difference and LVOT velocity reflects the LV-to-aortic 
pressure difference, mitral regurgitation peak velocity is always 
higher than LVOT velocity, and the LVOT signal is typically later 
peaking than the mitral regurgitation signal because of dynamic 
LVOT obstruction (Fig. 15-10). Exercise-induced regional wall 
motion abnormalities that develop in absence of coronary 
disease are thought to be due to microvascular ischemia. After 
septal reduction intervention, stress echocardiography is used 
to document reduction in LVOT gradient and monitor treat-
ment efficacy.

DILATED CARDIOMYOPATHY  
AND CARDIAC TRANSPLANTATION

Both pharmacologic and exercise stress echocardiography have 
been safely used in patients with dilated cardiomyopathy, but 
pharmacologic testing is predominantly used, such as in iden-
tification of viable myocardium after an infarction. Exercise 
echocardiography for earlier identification of patients at risk for 
systolic dysfunction, such as those with myocarditis or cancer 
survivors exposed to cardiotoxic agents, has also been exam-
ined.159,160 Exercise echocardiography had been proposed as an 
approach to identify candidates for resynchronization therapy, 
with exercise dyssynchrony correlating with declines in cardiac 

community-based study of 1188 women, resting wall motion 
abnormalities or exercise-induced ischemia predicted higher 
rates of myocardial infarction and death.151 Prospective, female-
specific investigations for coronary disease diagnosis remain 
sparse. The NHLBI’s Women Ischemia Syndrome Evaluation 
study is the largest prospective female-specific study to date, 
studying different modalities of cardiac diagnostic testing and 
evaluating influence of menopausal status and hormones on 
diagnostic test results in nearly 1000 women.144 Future results 
will shed light on the gender-specific issues that effect vari-
ances on diagnostic accuracy or all cardiac stress testing 
modalities.

RISK STRATIFICATION PRIOR TO  
NONCARDIAC SURGERY

Given the hemodynamic burden associated with surgery, pre-
operative risk stratification in intermediate- to high-risk 
asymptomatic individuals such as those with vascular disease, 
diabetes, prior ischemic heart disease, or congestive heart 
failure, may aid in decision making, particularly where surgery 
is elective.154 Patients with vascular disease typically carry sig-
nificant cardiovascular risk factors. Therefore, diagnosis of 
vascular disease provides the opportunity to identify coronary 
disease in asymptomatic patients and initiate earlier medical 
therapy to limit long-term atherosclerotic disease sequelae. 
The greatest published experience in preoperative risk stratifi-
cation is in patients with vascular disease, given that cardiac 
events are the main source of perioperative morbidity and 
mortality (death or myocardial infarction in approximately 
10%). Pharmacologic stress is more commonly used, because 
exercise is usually obviated due to lower extremity claudica-
tion. A positive stress test is associated with 10% to 20% risk 
of a cardiac event perioperatively or in subsequent years. The 
benefit of routine preoperative stress testing in asymptomatic 
patients is questionable. Rather, empiric risk factor modifica-
tion, as in any patient, should be prescribed. Studies suggest 
that preemptive revascularization for asymptomatic coronary 
disease is not beneficial, irrespective of a positive stress study 
result, given procedural risks and risk associated with periop-
erative discontinuance of antiplatelet therapy. The exception to 
this is in patients with proximal left anterior descending or left 
main artery equivalent disease, most of whom would be symp-
tomatic regardless.155,156

Diagnostic Accuracy of Exercise Echocardiography  
in Women

Study Mode

Number 
of 

Patients Sensitivity Specificity Accuracy

Sawada 
(1989)*

TME or UBE 57 86% 86% 86%

Williams 
(1994)*

UBE 70 88% 84% 86%

Marwick 
(1995)149

TME or UBE 161 80% 81% 81%

Roger 
(1997)75

TME or UBE 96 79% 37% 63%

TME, Treadmill echocardiography; UBE, upright bicycle ergometry.
*References:
Sawada SG, Ryan T, Fineberg NS, et al: Exercise echocardiographic detection of coronary 

artery disease in women. J Am Coll Cardiol 14:1440-1447, 1989.
Williams MJ, Marwick TH, O’Gorman D, Foale RA: Comparison of exercise echo-

cardiography with an exercise score to diagnose coronary artery disease in women. Am 
J Cardiol 74:435-438, 1994.
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testing.47,169 In asymptomatic patients or those with equivocal 
symptoms, stress testing is useful for clinical decision making, 
such as optimizing timing of intervention, given that physio-
logic effects of valve lesions may not be present at rest, but may 
be provoked during exercise.

Indicators of increased hemodynamic significance of valve 
lesions include failure to augment flow across a stenotic valve 
during stress or abnormal stress-induced increases in pulmo-
nary pressure. For regurgitant lesions, changes in ventricular 
loading resulting from exercise may alter ventricular geometry, 
resulting in increased regurgitation severity. Exercise stress is 
preferred over pharmacologic stress because it provides data 
regarding symptom provocation, exercise tolerance, and hemo-
dynamic response to exercise. Intervention should be con-
sidered with provocation of cardiopulmonary symptoms 
(exertional dyspnea, heart failure, arrhythmias, angina, or 
syncope).47 Concurrent ischemia evaluation is often suboptimal 
because of underlying ventricular structural abnormalities, 
such as left ventricular hypertrophy, arrhythmia, or patient 
inability to achieve target workload.

In patients with aortic stenosis, if symptom status is not clear 
or there has been an unexplained decline in activity level, exer-
cise stress testing allows gauging of exercise tolerance and exer-
tional symptoms.170,171 (See Chapter 23.) Transaortic valve 
velocities and gradients may be taken during exercise echocar-
diography, but are difficult to reliably record because of exag-
gerated respiratory cardiac motion and time limitations of data 
acquisition for poststress treadmill protocols. Exercise testing 
can be safely performed if supervised by an experienced physi-
cian, but should be ended promptly if there is a hypotensive 
response or only a minimal increase in blood pressure, or 
greater than 4 mm of horizontal ST depression in contiguous 
leads, or if the patient experiences cardiopulmonary symptoms 
such as dyspnea, dizziness, or angina.172-174 Exercise-induced ST 
segment changes do not correlate well with coronary artery 
disease presence or severity. Reduced exercise tolerance, 
symptom provocation, an abnormal exercise response (rise in 
transvalvular gradient greater than 20 mm Hg), or a relative 
limitation in contractile reserve suggests a worse prognosis; 
these patients should be considered for valve replacement.174-176 
In a study of 69 patients with severe aortic stenosis, exercise 

output and worsening mitral regurgitation.161 However, recent 
studies, such as PROSPECT, have not shown echocardiographic 
markers of dyssynchrony, such as M-mode, Doppler tissue 
velocities, strain, and wall motion timing, to be predictive of 
clinical response to resynchronization therapy.162,163

Allograft vasculopathy after cardiac transplantation is typi-
cally asymptomatic. Surveillance testing for allograft vasculopa-
thy primarily uses pharmacologic (dobutamine) stress testing 
and coronary angiography with intravascular ultrasound. Diag-
nostic accuracy of dobutamine echocardiography for allograft 
vasculopathy is reasonable and provides prognostic informa-
tion for subsequent cardiac events.164 Limited data with exercise 
echocardiography demonstrate reasonable specificity (range 
86% to 95%), but poor sensitivity (approximately 25%), likely 
due in part to poor autonomic heart rate response of the dener-
vated heart.165,166

VALVULAR HEART DISEASE

Stress echocardiography is an adjunct in management of 
patients with valvular heart disease by gauging disease severity 
and aiding in understanding dynamic response of valve func-
tion to physiologic demand.167,168 Stress echocardiography 
allows evaluation of:
1. Exercise tolerance and contextual evaluation of a patient’s 

clinical status
2. Hemodynamic response to exercise (blood pressure, heart 

rate)
3. Pulmonary hypertension
4. Ventricular function
5. Direct evaluation of stenosis or regurgitant severity
6. Exercise-induced arrhythmias

Patients with significant valve lesions (stenotic or regurgi-
tant) should have a complete standard transthoracic echocar-
diogram documenting severity of cardiac and valve function, 
evaluating coexisting valve lesions, and providing pulmonary 
pressure estimates. Exercise testing for valvular heart disease 
should not be performed in symptomatic patients because of 
increased risk of hemodynamic compromise and arrhythmia. 
Clinical guidelines recommend valve intervention for symp-
tomatic valve disease, such as surgery, without need for exercise 

Figure 15-10  Spectral Doppler tracings taken during supine bicycle exercise stress in a patient with hypertrophic cardiomyopathy. Left: 
At baseline, superimposed Doppler tracings for mitral regurgitation (MR) and the left ventricular outflow tract (LVOT ) are shown. Peak LVOT velocity 
is measured at 3.4 m/s  (arrows). Care must be  taken  to ensure  that correct Doppler  signal  is  interrogated  to accurately  reflect  severity of LVOT 
obstruction. With  increasing workload, peak LVOT velocity  increased to 3.9 m/s  in stage 3 and 4.1 m/s  in stage 4. With exaggerated respiratory 
effort and patient motion during ergometry, peak measured velocities may underestimate severity of LVOT obstruction because of transiently less 
optimal Doppler  interrogation angle.  In this example, peak velocity was measured at 4.5 m/s  in stage 5;  in the same clip, second heartbeat was 
discarded because of its underestimation of peak LVOT velocity. 

Baseline
Stage 5

LVOT

MR
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applications evaluating mitral regurgitation severity via quan-
titative Doppler echocardiography show feasibility, but this is 
technically difficult to implement and is not yet widely used.168 
A prospective, multicenter registry to evaluate the potential role 
of exercise echocardiography in assessing ischemic mitral regur-
gitation in patients referred for coronary bypass surgery is cur-
rently underway.183

Patients with a prosthetic valve area that is small relative to 
body habitus may experience symptoms consistent with valve 
stenosis, such as decreased exercise tolerance or heart failure 
symptoms. (See Chapter 25.) There is an emerging role for 
exercise stress testing for evaluation of prosthetic valve-patient 
mismatch. During exercise, a significant increase in transvalvu-
lar gradient greater than 20 mm Hg for an aortic prosthesis or 
greater than 12 mm Hg for a mitral prosthesis in an otherwise 
normally functioning valve or provocation of cardiopulmonary 
symptoms is consistent with severe patient-prosthesis mis-
match and should prompt consideration of redo valve 
replacement.168

OTHER APPLICATIONS

Exercise protocols in the pediatric population are adjusted to 
account for decreased stature with similar indices of exercise 
tolerance, ECG monitoring, and identification of regional wall 
motion abnormalities.184 However, ischemic heart disease is less 
prevalent in children, and therefore exercise echocardiography 
is primarily targeted at arrhythmia evaluation and assessment 
of hemodynamic significance of valvular and congenital 
abnormalities.

In patients with chronic pulmonary or systemic inflamma-
tory disease, pulmonary arterial hypertension is associated with 
significant morbidity and mortality. (See Chapters 33 and 37.) 
However, early diagnosis may be hindered if resting pulmonary 
pressures are normal. Assessment of patients during exercise 
may enable earlier identification of patients to target earlier 
instigation of potentially beneficial therapies.185-187

Future Directions
Quantitative approaches to interpretation should increase 
reproducibility and accuracy for stress echocardiography, par-
ticularly for less experienced readers. Historically, significant 

increases in transaortic pressure gradient over 18 mm Hg were 
an independent predictor of symptom onset in the ensuing 15 
months.174 The role of exercise stress for low-flow, low-gradient 
aortic stenosis evaluation is limited. In these patients, low-dose 
dobutamine stress is typically used to augment cardiac output 
for evaluation of LV contractile reserve and aortic valve 
hemodynamics.

For patients with mitral stenosis and equivocal symptoms, 
echocardiographic evaluation with exercise focuses on pulmo-
nary arterial systolic pressure estimate, but should also include 
assessment of central venous pressure (inferior vena cava diam-
eter), valve anatomy, mitral valve area, and concurrent mitral 
regurgitation. (See Chapter 21.) Intervention, such as mitral 
valvuloplasty, should be considered when pulmonary systolic 
pressure exceeds 50 mm Hg (rest) or 60 mm Hg (with exercise), 
or if transmitral mean gradient increases to over 15 mm Hg.47 
During stress, mitral valve area measurements from Doppler 
transmitral tracings are technically difficult to acquire because 
of increased heart rate and alterations in the atrial-ventricular 
filling with rapid deceleration of LV filling velocity and decreases 
in pressure half-time. The continuity equation provides an alter-
native method for mitral valve area calculation.167,177,178 For 
patients with rheumatic valve disease and only mild regurgita-
tion at rest, exercise echocardiography may unmask significant 
mitral regurgitation during exercise, suggesting a mechanism 
for symptoms in patients not normally be expected to be 
symptomatic.179

Disease progression in chronic regurgitation can be insidi-
ous. Timing of surgical intervention in asymptomatic patients 
is predicated on evidence of adverse hemodynamic effect on the 
LV, such as impaired systolic function or ventricular enlarge-
ment.47,169 (See Chapter 18.) In asymptomatic patients with 
normal indices at rest, significance of valve lesions may manifest 
with decreased exercise tolerance, increase in pulmonary pres-
sure, or worsening of regurgitation with changes in ventricular 
loading (Fig. 15-11).47,167 Symptom provocation, worsening pul-
monary hypertension (greater than 60 mm Hg with exercise), 
decreased exercise capacity, or loss of contractile reserve should 
prompt earlier consideration of surgical intervention.180-182 
Echocardiographic evaluation during stress focuses on pulmo-
nary systolic pressures, but also includes assessment of ven-
tricular size and function, as well as simpler measures of 
regurgitation severity, such as vena contracta. Early stress  

Figure 15-11  Spectral Doppler tricuspid regurgitant tracings during supine bicycle exercise stress in a patient with prior posterolateral 
myocardial infarction, normal volume status, and exertional dyspnea.  Nuclear  perfusion  stress  did  not  show  new  ischemia. Left:  At  rest,  LV 
chamber size is normal with thinning of the inferolateral segments. There is moderate, functional mitral regurgitation. Resting pulmonary systolic 
pressure is normal at 28 to 33 mm Hg (TR jet velocity 2.6 m/s). Right: During exercise, patient developed dyspnea. Mitral regurgitation severity was 
comparable  by  color  mapping,  but  pulmonary  systolic  pressure  increased  to  59  to  64 mm  Hg  (TR  jet  velocity  of  3.9 m/s).  TR,  Tricuspid 
regurgitation. 

BASELINE STAGE 2
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during stress limit utility of diastolic function assessment to 
only supplemental to conventional systolic evaluation.

Tissue Doppler interrogation evaluates myocardial tissue 
velocity referenced to the transducer, identifying temporal 
abnormalities in regional contraction. (See Chapter 10.) This 
allows for differentiation of normal and hypokinetic motion, 
offering an adjunct to qualitative assessment of regional wall 
motion.198-201 Speckle tracking allows simultaneous tracking of 
two or more adjacent points, or “speckles,” evaluating relative 
velocity between points, rather than referenced to the trans-
ducer, and does not require a parallel interrogation angle. Strain 
and strain rate imaging are quantitative measures derived from 
tissue Doppler velocities or speckle tracking.202 Strain rate refers 
to speed of myocardial deformation (m/s or cm/s), and strain 
represents relative deformation of a given myocardial segment 
(dimensionless), measured in three directions: radial, circum-
ferential, and longitudinal. Alterations in these measures during 
stress suggest interval changes in function.203 In the regional 
evaluation of systolic function, for segments with an appear-
ance of systolic motion adjacent to hypokinetic or akinetic seg-
ments, abnormal strain indices may identify tethered motion 
rather than normal motion. Strain analysis can also be applied 
to ischemia assessment during diastole, where normal decreases 
in myocardial strain are delayed (Fig. 15-13).204 With back-
ground imaging noise and respiratory artifact, strain and strain 
rate imaging have been difficult to implement during exercise 
stress, with one study documenting noninterpretable data in as 
many as 36% of subjects.205 Available systems allow offline anal-
ysis of prerecorded samples, but analysis remains technically 

subjective input was needed to define cardiac borders for  
quantitative methods, which was time consuming. Advances in 
semiautomated border recognition algorithms and acoustic 
quantification now allow for more streamlined analysis of sys-
tolic and diastolic LV volumes, decreasing interpretation time 
with improved diagnostic accuracy, particularly for more inex-
perienced readers (Fig. 15-12).188 Addition of echocardiographic 
diagnostic aids, such as transpulmonary contrast, to quantita-
tive approaches may likely further improve diagnostic accuracy, 
allowing assessment of coronary flow reserve integrated with 
wall motion analysis.189-193 In a study using parametric still 
images taken from contrast-enhanced echocardiograms, feasi-
bility of automated quantitative regional wall motion analysis 
was demonstrated, with improved diagnostic accuracy for inex-
perienced readers over standard qualitative visual evaluation 
(specificity increased from 58% to 79% and accuracy increased 
from 74% to 84%).194

Assessment of diastolic function during stress may be benefi-
cial in identifying ischemia earlier in the ischemic cascade. (See 
Chapter 11.) Strategies include evaluation of increased LV 
filling pressure (Doppler mitral inflow and mitral annular tissue 
velocity, E/E′ ratio) and identifying delayed relaxation via myo-
cardial strain imaging.195-197 As with any Doppler application, 
limitations include underestimation of velocities with nonpar-
allel intercept angles, individual heterogeneity in velocities, and 
inaccurate velocity measurement due to increased translational 
cardiac motion. Although evaluation of diastolic function 
during stress echocardiography is feasible, individual variability 
in diastolic indices and time constraints of image acquisition 

Figure 15-12  Semiautomated border recognition to assess LV volume. Marks are placed at the mitral annulus and apex, and LV volumes are 
estimated. Several image planes can be concurrently displayed. Regional wall motion can be assessed by segmenting the volume into the standard 
16 segments, which can be viewed from multiple angles (bottom right). In this case, end-diastolic volume (EDV ) is 65 mL, end-systolic volume (ESV ) 
is 30 mL, and ejection fraction is 54%. Horizontal lines on apical views represent multislice short-axis image planes that can be simultaneously shown 
(see Fig. 15-14). 
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avoiding LV foreshortening (see Chapter 4).206 Initially, single-
beat 3D volume acquisitions were restricted by pyramidal 
volume size, limiting imaging of larger ventricles. Relative to 2D 
imaging, image resolution for 3D was significantly inferior. 
Spatial imaging was poor because of inadequate line density, 
and temporal resolution was poor because of decreased frame 
rate. Time requirements for offline analysis made 3D imaging 

challenging with a lengthy time requirement, prohibiting 
routine clinical use. There has been recent progress in automat-
ing strain data and abbreviating time for image analysis.201

Advantages of 3D echocardiography for LV function assess-
ment include the ability to use and optimize infinite image 
planes within an acquired 3D volume, leading to improved 
accuracy by decreasing assumptions on ventricular shape and 

Figure 15-13  Apical long-axis images in a patient with 70% left anterior descending coronary artery stenosis. 2D speckle-tracking is super-
imposed on images taken at baseline, immediately poststress, and during recovery after treadmill exercise; yellow represents increasing strain. On 
immediate poststress  images, decrease  in peak systolic strain  is seen  in mid-anteroseptum (white arrow). Five minutes after exercise, high strain 
level due to delayed relaxation (yellow arrow) is seen in the midanteroseptal segment one third into diastole. Ten minutes after cessation of exercise, 
this was less pronounced (yellow arrow), but did persist.204 
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Figure 15-14  Multislice short-axis views of heart at baseline and at peak dobutamine infusion. For each stage (baseline and peak dobutamine 
dose infusion), short-axis cuts are shown from apex (upper left) progressing toward base of heart (lower right). In this example, new stress-induced 
regional wall motion abnormalities were seen in the apex, inferoseptum, and lateral wall (red arrows).209 
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In its current state, real-time 3D stress echocardiography  
provides relatively limited spatial resolution with lower frame 
rates compared to standard 2D imaging. Additionally, standard-
ized 3D stress protocols are not yet available, making it difficult 
to justify use of 3D echocardiography independent from stan-
dard 2D imaging. However, with potential to provide real-time 
quantitative measures of LV volume, systolic function, and 
regional wall motion, advances will likely allow for future 
application.206

prohibitive for mainstream use. Newer real-time 3D matrix-
array transducers have an increased number of imaging ele-
ments within a smaller transducer footprint, providing 
considerably improved image resolution. Temporal resolution 
and spatial resolution have significantly improved. Full volumes 
are now generated via sequential image synchronization over 
several cardiac cycles (about four to seven), combining subvo-
lumes into one image volume.207 However, alignment of subvo-
lumes may be limited in patients underlying arrhythmia 
(“stitch” artifact).

Rather than drawing from an entire 3D volume set, matrix-
array transducers display concurrent images from biplanar 
(orthogonal planes) or triplanar modes, providing the ability to 
match image planes for resting and stress images within a 
volume, typically to planes concordant with standard apical 
two-chamber, four-chamber, and long-axis views (triplanar 
mode).208 Because exercise echocardiography sensitivity 
decreases with longer time intervals from exercise cessation, a 
shorter image acquisition time point allows evaluation of LV 
function at higher workload. Display of multislice cuts through 
a single volume allows evaluation of concurrent multiple seg-
ments (Fig. 15-14).209 Pretest optimization of image planes to 
reduce LV foreshortening is also beneficial given that even the 
most experienced sonographers require about 30 seconds for 
image acquisition with standard 2D protocols, and optimal 
image planes may be difficult to obtain.

Early studies demonstrate feasibility of real-time 3D stress 
imaging.210-213 Most studies use pharmacologic stress (dobuta-
mine), given that exercise-induced translational cardiac motion 
and exaggerated respiratory motion limit image quality during 
volume acquisition because of stitch artifact.214 Feasibility of 3D 
stress echocardiography in patients with enlarged ventricles or 
poor image quality (where transpulmonary contrast would 
typically be used) has not been adequately assessed. Advantages 
of real-time 3D stress testing include reduction of scanning 
time and reduced operator dependence. However, manipula-
tion of images and planes offline significantly increases analysis 
time.207,215,216 Further applications of 3D stress echocardiogra-
phy using quantitative measures for endocardial excursion and 
fractional area change have shown feasibility.217

KEY POINTS

 Exercise echocardiography integrates real-time echocar-
diography with exercise (ECG) testing to aid in evalua-
tion of ischemic, valvular, and cardiopulmonary heart 
disease.

 For bicycle ergometry protocols, images are acquired 
during peak exercise, or, because of difficulties due to 
patient motion, images are acquired immediately after 
exercise for treadmill protocols. Imaging data is inte-
grated with ECG data, exercise tolerance, and patient 
symptoms for final interpretation.

 When image quality is poor, transpulmonary contrast 
aids endocardial border definition.

 Stress echocardiography and stress nuclear studies 
provide comparable information on ischemia diagnosis, 
myocardial viability, and prognostication. Advantages of 
stress echocardiography include widespread availability, 
shorter test times, greater patient convenience, versatil-
ity, absence of radiation exposure, and lower cost.

 Future advances in stress echocardiography include real-
time 3D imaging, spectral Doppler interrogation with 
stress, myocardial strain and strain rate analysis, and 
integration of coronary flow reserve data using myocar-
dial perfusion images.
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Background
INDICATIONS

The performance of a maximal level of stress is a critical deter-
minant of the sensitivity of all stress modalities for the detection 
of coronary artery disease. Unfortunately, many patients—fully 
30% to 40% at some tertiary centers—either cannot exercise at 
all or cannot exercise maximally, but may still need to undergo 
stress testing for diagnostic, decision-making, or prognostic 
purposes. The most common causes of limited exercise capacity 
are vascular disease and orthopedic problems. Other situations 
warranting nonexercise stress testing include severe cardiopul-
monary disease and general debility, especially among the 
elderly, in whom pharmacologic testing has been shown to be 
well tolerated and reliable.

Although the inability of a patient to exercise maximally 
constitutes the main indication for the use of nonexercise 
stressors, such stressors are also indicated in other situations 
(Box 16-1). The most important of these situations include 
circumstances in which pharmacologic stress may offer  
diagnostic dimensions that are not available from exercise 
stress, for example, the diagnosis of coronary spasm using ergo-
novine testing. Although newer and simpler methods such as 

contrast-enhanced magnetic resonance imaging (MRI) have 
assumed a major role in viability assessment (see later discus-
sion), stress echocardiography may be helpful in selected 
patients early or late after myocardial infarction, after which left 
ventricular (LV) dysfunction may not be permanent. The diag-
nostic challenge in this situation is that although stunned myo-
cardium improves spontaneously, the revascularization of 
hibernating myocardium has implications for functional capac-
ity and prognosis. Echocardiography can be used with dobuta-
mine or dipyridamole stress, or both, for the identification of 
viable myocardium. A more historical role relates to the use of 
pharmacologic stress echocardiography in the cardiac catheter-
ization laboratory—the functional evaluation of coronary ste-
noses having evolved to the evaluation of fractional flow reserve. 
Likewise, although use in the operating room was a legitimate 
reason to select pharmacologic stress, this is rarely performed 
in practice.

Finally, because of their relative technical ease, nonexercise 
methods have been used in preference to exercise echocardiog-
raphy even in patients who are able to exercise. The incremental 
nature of these stressors means that the time course of ischemia 
can be identified; these data are difficult to gather using tread-
mill stress1 or bicycle exercise testing, although it is possible. 
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limits the regional hyperemic response.3 Of note, this process 
may not involve the provocation of ischemia in a functional or 
metabolic sense. In contrast, the development of regional wall 
motion abnormalities at stress echocardiography necessitates 
the induction of ischemia.

The mechanism of vasodilator-induced wall motion abnor-
malities has been attributed to coronary steal.3 Traditionally, 
horizontal steal involves blood flowing to nonstenosed from 
stenosed territory, owing to reduced collateral flow into the 
stenosed territory because of depressurization of vessels sup-
plying the collaterals due to increased runoff. Vertical steal 
occurs because vasodilator-induced depressurization of the 
microcirculation causes subendocardial vessels to collapse 
under the greater extravascular pressure in this region and 
“steal” flow to the subepicardium from the subendocardium. 
However, in experimental studies, steal appears less important 
than previously proposed, and vasodilator-induced ischemia 
has been attributed to the combination of reduced endocar-
dial myocardial blood flow reserve with increased myocardial 
oxygen demand caused by hypotension and reflex tachycar-
dia.4 The administration of atropine or increased sympathetic 
activity secondary to angina may augment this process.  
Systemic hypotension may certainly accentuate hypoperfusion, 
as driving pressure is the main determinant of myocardial per-
fusion when vasodilator reserve is exhausted. Stenosis “col-
lapse” may be provoked if profound microcirculatory 
vasodilation causes a reduction of lateral pressure induced by 
increased flow.

Agents Used to Identify Myocardial Viability
In the presence of dysfunctional but viable myocardium, 
regional function is enhanced by the inotropic effect of low-
dose dobutamine. This appears to require both recruitable per-
fusion and an increment in metabolism. Viable myocardium 
supplied by a patent infarct-related vessel (generally corre-
sponding to stunned myocardium) demonstrates a sustained 
improvement during the infusion, which then reverses after the 
test. Viable tissue supplied by a stenosed infarct-related artery 
(which may involve stunned or chronically malperfused tissue) 
is characterized by an initial improvement, occurring at low 
doses (less than 20 mcg/kg/min), or low heart rates, or both, 
followed by deterioration of regional function as the chrono-
tropic effect becomes more prominent and myocardial work 
increases. If the region is supplied by a critically stenosed artery, 
however, it may be possible for the territory to become ischemic 
before there is a noticeable enhancement of contractility. More-
over, the ability of the myocardium to thicken is determined by 
the amount of infarcted tissue within the segment.

Myocardial viability may also be inferred from the contractile 
response to dipyridamole. The mechanism of this is also puta-
tive but probably relates to myocardial congestion with inter-
stitial fluid due to vasodilation. A so-called mini-Starling effect 
may be caused by this congestive process, producing additional 
tension on the myofibrils.

Basic Principles
PHARMACOLOGY AND PHYSIOPATHOLOGY

Exercise-Simulating Agents
The exercise-simulating agents include dobutamine, dopamine, 
epinephrine, and isoproterenol. Of these, dobutamine has 
become the most commonly administered exercise-simulating 

The decision to use a nonexercise stress still may not be justifi-
able with routine echocardiographic imaging at present. 
However, the facilitation of adjunctive techniques (which may 
be less feasible during exercise than nonexercise stress)—such 
as strain and contrast perfusion echocardiography—could in 
the future justify the use of nonexercise techniques in patients 
who are able to exercise.

CHOICE AND MECHANISM OF ACTION OF 
NONEXERCISE STRESSORS

The two general groups of nonexercise stress agents induce 
ischemia by increasing myocardial work and oxygen consump-
tion (exercise-simulating agents) or by influencing coronary 
perfusion and therefore myocardial oxygen supply (vasoactive 
agents). The latter include the coronary vasodilators dipyrid-
amole and adenosine, which cause ischemia by altering regional 
flow, and ergonovine, which can be used to provoke coronary 
spasm. In addition, nonpharmacologic approaches including 
hand-grip and the cold pressor test have been used. Hand-grip 
testing is often combined with dobutamine-atropine testing, 
but the cold pressor test has not been widely adopted clinically 
because of limited efficacy and patient discomfort.

Exercise-Simulating Agents
The exercise simulators include dobutamine and other sympa-
thomimetic agents, pacing, and atropine (usually used as an 
adjunct to the other approaches), all of which increase cardiac 
work and myocardial oxygen requirement. The induction of 
ischemia and regional dysfunction reflects the inability of the 
diseased coronary circulation to respond to this increased 
oxygen demand, a process that parallels the response to exercise. 
Because increased cardiac workload and oxygen demand is the 
usual mechanism underlying ischemia in most ambulatory 
situations, the exercise-simulating agents are often considered 
to be a more physiologic means of stressing the heart. However, 
additional mechanisms include effects on cardiac metabolism 
producing an “oxygen-wasting” effect2 and concurrent “supply” 
ischemia due to reduction of subendocardial perfusion and 
maldistribution of coronary flow.

Vasoactive Agents
The use of dipyridamole in combination with myocardial per-
fusion imaging is based on the induction of maximal coronary 
vasodilation in all territories. Flow heterogeneities (and there-
fore apparent perfusion defects) develop if a coronary stenosis 

CK, Color kinesis; TDI, tissue-Doppler imaging.

Box 16-1 

INDICATIONS FOR NONEXERCISE STRESSORS

Unable to Exercise Able to Exercise
Inability to exercise 

maximally
Diagnosis of coronary 

artery disease, decision 
making

Risk stratification
Situations preventing 

exercise
Angiography laboratory, 

operating room

Specific indications
Coronary spasm
Myocardial viability

Developing indications
Onset of ischemia
New technologies 

(TDI, CK, contrast)
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setting of significant coronary stenoses. The reduction of sub-
endocardial perfusion with pacing may also contribute to the 
development of ischemia.

Ventricular pacing is not favored, as it causes both abnormal 
regional contractility and abnormal perfusion, so that pacing 
stress techniques generally involve atrial stimulation, either 
transvenously or via the esophagus. Of the transesophageal 
pacing approaches, the “pill” electrode is effective but may 
cause significant discomfort. Attachment of pacing electrodes 
to transesophageal echocardiography (TEE) probes has been 
reported in trials but has not moved into commercial produc-
tion. A small esophageal pacing catheter offers enhanced 
contact between the electrodes and the esophagus. The tech-
nique causes less discomfort than other pacing techniques 
because of the presence of smaller pacing thresholds but is not 
widely used.

Pacing stress may be useful in patients in whom the pharma-
cologic approaches are contraindicated or associated with side 
effects. Additional attractions that might justify its use in prefer-
ence to pharmacologic testing include the capacity to achieve a 
target heart rate in virtually all patients, the potential to imme-
diately terminate the tachycardia if the patient develops com-
plications (in contrast to pharmacologic methods, which 
require a period of time for the effects to dissipate), and the 
ability to perform measurements in the ischemic ventricle at a 
low heart rate (after cessation of pacing). Using atrial pacing 
stress, ischemic myocardium has been shown to have reduced 
ventricular compliance. Sudden termination of stress during 
ischemia may also be of value in the combination of stress 
testing with color flow Doppler, as the use of low frame rates 
may pose a problem at high heart rates. However, despite the 
benefits of transesophageal atrial pacing, its availability for 
many years, and recent data showing correlation with dobuta-
mine stress echocardiography (DSE) despite a shorter test dura-
tion and better patient tolerance, this technique has not become 
widely used because it remains somewhat invasive.

Combined Approaches
Atropine reduces the depressant effect of vagal stimulation on 
heart rate and may be particularly useful when reflex reduction 
of the heart rate occurs in response to blood pressure elevation. 
Atropine is combined with dobutamine in patients who fail to 
develop an adequate degree of tachycardia in response to dobu-
tamine, the most common situation involving patients taking 
beta receptor antagonists. Tachycardia (and therefore ischemia 
due to increased oxygen demand) may be obtained by combin-
ing atropine with dipyridamole.8,9 In both circumstances, the 
addition of atropine to other stressors has been associated with 
an increment in sensitivity. Indeed, there is a trend toward 
earlier use of atropine during the dobutamine protocol, espe-
cially in beta-blocked patients. Early administration of atropine 
should not be allowed to interfere with the assessment of the 
low-dose response, so we do not administer this agent before 
the end of the 20 mcg/kg/min dose. A simple guide is that 
patients who fail to attain a heart rate of 70 beats per minute, 
or fail to increase heart rate by 5 beats per minute at this dose, 
rarely achieve target heart rate and might as well have the atro-
pine early so as to avoid a prolonged test.

Combinations of dobutamine and dipyridamole have been 
described but are not used, because although the combination 
has afforded higher levels of sensitivity than the individual tests 
can provide, this is obtained at the cost of an unacceptably long 
stress protocol.

agent, and the majority of published data on pharmacologic 
stress echocardiography have involved this agent. Although 
other sympathomimetic agents have been used for stress testing, 
dopamine may cause localized limb ischemia due to vasocon-
striction, and epinephrine and isoproterenol are probably the 
more arrhythmogenic.

Dobutamine is predominantly a beta-1 agonist; normal areas 
of myocardium become hyperkinetic in response to its inotro-
pic effect. Segments supplied by a stenosed coronary artery may 
become akinetic or dyskinetic, but more subtly, and are unable 
to augment their thickening and excursion. Vasodilation and 
chronotropy appear at higher doses, usually at the 20 mcg/kg/
min level of the routine dobutamine stress protocols, reflecting 
the stimulation of other receptors to a lesser degree. This chro-
notropic response appears to be the most important factor in 
terms of precipitating ischemia. Most dobutamine stress proto-
cols cause a mean heart rate increment of 40 to 50 beats per 
minute and mean peak heart rates of 110 to 120 beats per 
minute.5 However, reflex bradycardia may occur in response to 
hypertension. Blood pressure normally rises in response to the 
inotropic effect of the drug, but high doses cause vasodilation 
and therefore cause blood pressure to fall at peak doses. Increases 
in myocardial oxygen demand due to increased cardiac work, 
as well as a weak vasodilator effect, lead to the development of 
coronary hyperemia in territories supplied by normal coronary 
arteries. Although this response is probably less than that 
induced by coronary vasodilators, the coronary hyperemic 
response to dobutamine stress permits its use with perfusion 
imaging, both scintigraphic and with microbubbles.6 The detec-
tion of myocardial perfusion defects in the presence of coronary 
disease may be augmented by partial volume effects due to 
thinning of the ischemic wall.

Vasoactive Agents
The principal coronary vasodilators are dipyridamole, adenos-
ine, and regadenoson, which differ with respect to the onset and 
duration of their effects. Dipyridamole increases endogenous 
adenosine levels by reducing cellular reuptake and metabolism, 
and thereby acts indirectly.3 This indirect mechanism causes 
some delay between the administration of this agent and the 
timing of peak vasodilation, and this indirect action may 
account for interindividual variations in the magnitude of its 
effects. Adenosine acts directly on the vasculature, its vasodila-
tor efficacy being equivalent to that of papaverine. The potency 
and speed of onset of adenosine cause its side effects to be more 
intense but also more short-lived than those of dipyridamole. 
By comparison to adenosine, the new A(2A)-specific receptor 
agonists have fewer complications but a similar mechanism of 
action.7 As with adenosine, however, their primary vasodilator 
role makes them more attractive for perfusion imaging than for 
wall motion assessment.

Ergonovine stress echocardiography is not widely practiced, 
although its use as a test for coronary spasm is well validated. 
This agent has a direct effect on the vessel; responsiveness to 
acetylcholine may be related to loss of nitric oxide production 
at the site of disease.

Exercise Simulation Using Pacing Stress
Several nonpharmacologic stressors have been used, including 
“physiologic” stresses such as the cold pressor test, which are 
poorly tolerated. Pacing is an alternative means of increasing 
cardiac work; pacing-induced tachycardia increases myocardial 
oxygen consumption and causes myocardial ischemia in the 
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rate). During the stress, the patient is imaged continuously, 
and the images are stored in digital clips. When the study is 
performed for the diagnosis of coronary disease, we favor a 
multiscreen display to show as many stages as possible, as 
changes may be transient. Many types of viewing software do 
not permit this. If so, the minimum default quad-screen 
display should include a resting image, a low-dose image 
(10 mcg/kg/min dobutamine, 0.56 mg/kg dipyridamole, or a 
small heart rate increment with pacing), a high-dose image 
(40 mcg/kg/min dobutamine or 0.84 mg/kg dipyridamole 
with or without atropine), and an early poststress image. The 
ability to save images at multiple stages enables easy alteration 
of this display. For example, when the clinical question per-
tains to the possibility of viable myocardium, the display could 
include two low-dose images (5 and 10 mcg/kg/min dobuta-
mine) and one high-dose image.

Image Processing
Digital techniques are critical for successful interpretation and 
archiving of stress echocardiograms. Digital image processing 
facilitates image display and interpretation by allowing a side-
by-side display of resting, low-dose, and high-dose images, as 
well as the ability to review individual frames (which is useful 
to evaluate the temporal sequence of contraction). However, all 
studies should also be recorded in continuous format. Tradi-
tionally, this involved use of videotape, to provide a backup in 
case technical problems with the digital capture (especially trig-
gering) or corruption of the archived data threaten loss of the 
study. Indeed, routine review of tape has a significant impact 
on diagnosis, probably by permitting review of off-axis images 
and regions that are not adequately represented by saving a 
single cardiac cycle. Although videotape is now rarely available 
in the echocardiography lab, continuous digital capture is an 
alternative.

Qualitative Interpretation
The interpretation of stress echocardiograms for clinical pur-
poses is based on a qualitative evaluation of regional function 
at rest and stress.15 Some standardization is obtained by scoring 
regional wall motion and thickening in a number of segments. 
The American Heart Association has proposed a unified 
17-segment model that includes the apical cap, to facilitate 
comparison between imaging modalities.16 Although this tem-
plate ignores the small but important detail that the true apex 

ECHOCARDIOGRAPHIC APPROACH

Image Acquisition
The technical challenges of pharmacologic and pacing stress, 
although less extreme than those posed by exercise echocar-
diography, mandate the use of the best available equipment. 
The development of harmonic imaging has had a major impact 
on endocardial visualization10 and therefore on the feasibility 
of stress echocardiography.11 Although very few patients (less 
than 2%) have completely uninterpretable images, failure to 
detect the endocardium in every myocardial segment is very 
common, and contrast is indicated if two segments are obscured 
(Fig. 16-1).

Typically, transthoracic images are obtained in the standard 
views (parasternal long- and short-axis and apical four- and 
two-chamber). Two additional views are helpful—an apical 
long-axis view, which may overcome technical problems with 
parasternal imaging, and an apical short-axis view. Of the com-
plementary imaging techniques, including contrast, strain, and 
three-dimensional (3D) imaging (see later section), the evalu-
ation of coronary flow reserve in the left anterior descending 
artery is the simplest addition, although this seems to be most 
feasible in combination with adenosine.12

TEE has been employed in combination with both pharma-
cologic and pacing stress, usually for patients with inadequate 
transthoracic images. During transesophageal imaging with 
pharmacologic stress, we approximate the standard imaging 
planes as closely as possible by recording transverse and longi-
tudinal esophageal and transgastric short- and long-axis views. 
During pacing with electrodes attached to the TEE probe, the 
need to stimulate the esophagus inhibits the ability to move the 
transducer, so that imaging is performed in the transgastric 
planes only.

Although the constraints of a busy stress echocardiography 
schedule may preclude the performance of a detailed exami-
nation in every patient, a “screening” M-mode, pulsed wave 
(especially for LV inflow), and color Doppler echocardio-
graphic examination should be performed at the beginning of 
every study. According to the setting, tissue Doppler images 
maybe helpful at baseline for the assessment of filling pres-
sure13 and dyssynchrony.14 Time should also be taken to opti-
mize two-dimensional (2D) echocardiographic images and 
gain settings (for endocardial detection) and to zoom on the 
ventricles (to obtain the best spatial resolution and frame 

Figure 16-1  Use of myocardial contrast for LV opacification during stress echocardiography.  Compared  with  harmonic  imaging  (A),  the 
postcontrast end-diastolic apical four-chamber image (B) shows significant improvement of lateral wall resolution. 
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is often not identified at echocardiography, its role as the stan-
dard should make its use preferred to the older 16-segment 
model (anterior, septal, lateral, and inferior at the apex, with 
these segments as well as anteroseptal and posterior segments 
at the base and midpapillary muscle level). Despite this stan-
dardization, however, the expertise of the physician interpreting 
the test is critical, and even accomplished echocardiographers 
require a significant learning period. In a study of echocardiog-
raphers learning dipyridamole stress echocardiography, Picano 
and colleagues reported that 100 supervised studies were 
required to bring the accuracy of “novices” to the level of 
“experts.” Despite many technical advances in stress echocar-
diography in the past two decades, this learning curve remains 
important.

The standard qualitative algorithm for interpretation of 
pharmacologic stress echocardiography is summarized in Table 
16-1. With the exception of the low-dose responses, which 
denote myocardial viability, it may also be applied to pacing or 
other stressors.

Regional wall motion at rest may be classified as normal, 
hypokinetic, akinetic, or dyskinetic. Severe hypokinesia may be 
difficult to distinguish from akinesia; a useful guide is based on 
endocardial excursion, with less than 2 mm identifying akinesia 
and less than 5 mm indicating hypokinesia. Regions that fail to 
thicken or that move only in late systole (after movement of the 
adjacent myocardium) may be moving passively and should  
be considered akinetic, irrespective of endocardial excursion. 
Segments with resting akinesis or dyskinesis are most likely 

Figure 16-2  End-diastolic and end-systolic freeze-frame images illustrating LV enlargement on DSE in a patient with LV dysfunction and 
multivessel coronary artery disease. There is a resting wall motion abnormality in the apex (large arrow), which is unchanged with stress. At peak 
stress, there is LV enlargement with reduction of systolic motion and thickening of the lateral (and to a lesser degree the septal) wall. 
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Interpretation of Myocardial Viability and Ischemia Using 
Dobutamine Echocardiography

Diagnosis Resting Function Low-Dose
Peak/Poststress 

Function

Normal Normal Normal Hyperkinetic

Ischemic Normal Normal (unless 
severe CAD)

Reduction vs. rest
Reduction vs. other 

segments
Delayed contraction

Viable, patent IRA Hypo/akinetic Improvement Sustained 
improvement

Viable, stenosed 
IRA

Hypo/akinetic Improvement Reduction (c/w 
low-dose)

Infarction A/dyskinetic No change No change

CAD, Coronary artery disease; c/w, compared with; IRA, infarct-related artery.

TABLE 
16-1 

composed of infarcted myocardium if the wall is thinned and 
dense, but in the absence of thinning are likely to consist of 
viable tissue. Indeed, hypokinetic segments are not identified as 
being infarcted, on the basis that residual contraction implies 
the presence of residual viability. Because the process of thin-
ning and fibrosis takes some time after infarction, myocardium 
of normal thickness is commonly seen after recent or nontrans-
mural infarction. Improvement of abnormal function in 
response to low doses of dobutamine (5 or 10 mcg/kg/min) or 
dipyridamole (0.28 or 0.56 mg/kg) suggests the presence of 
viable myocardium (Fig. 16-2). This finding is more reliable 
if the segment subsequently deteriorates, which indicates 
ischemia.
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Figure 16-3  End-systolic freeze-frame images of apical four-chamber views illustrating marked reduction in LV volume at peak stress, with 
close to cavity obliteration. The resulting low transmural wall stress may prevent the induction of ischemia despite the presence of coronary artery 
disease. 
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The global LV responses to dobutamine stress include a 
reduction of cavity size and an increase in cardiac output—
mainly due to increased heart rate rather than stroke volume 
after intermediate dose (e.g., 20 mcg/kg/min), a point that is 
pertinent to the LV strain response (see later discussion). LV 
dilation implies multivessel or left main coronary artery disease 
(see Fig. 16-2), but this is less commonly seen with pharmaco-
logic than with exercise stress, probably because of reduction of 
loading. Together with an extreme inotropic response, this 
afterload reduction may produce cavity obliteration (Fig. 16-3) 
and even outflow obstruction—which is not meaningful. 
Although the LV cavity obliteration response is favorable prog-
nostically (presumably reflecting a low probability of multives-
sel disease),17 it may impair sensitivity both because of reduced 
transmural wall stress and because endocardial excursion is 
reduced and small areas of wall motion are unrecognized.18 Use 
of intravenous beta-blockade allows the heart rate to slow 
rapidly after stress, filling the LV cavity and revealing wall 
motion abnormalities that were unidentified at peak stress.19 A 
similar outcome can be obtained by poststress imaging.

The normal response to inotropic stress is to increase endo-
cardial excursion, speed of contraction, and degree of myocar-
dial thickening. A deterioration of function from rest, or after 
an initial enhancement of function, indicates ischemia (Fig. 
16-4). Variants of overt deterioration include delayed contrac-
tion (“tardokinesis”) and reduced myocardial thickening. 
Caution should be applied in the assessment of periinfarct 
zones, which may fail to improve function with stress, or even 
appear dyskinetic if the infarct bulges due to tethering by the 
infarcted zone. Examination of wall thickening may assist in 
distinguishing periinfarct ischemia and tethering.

The evaluation of segments with abnormal resting function 
is more difficult. Akinetic or even dyskinesic segments may  
still be viable if they augment in response to either low- 
dose dipyridamole or dobutamine. Care must be taken to avoid 

misinterpretation based on differences in image planes, espe-
cially if the wall motion abnormality is localized. Deterioration 
of augmenting myocardium identifies ischemia, but in the 
absence of augmentation, a deterioration of function probably 
reflects increased loading rather than ischemia. Segments with 
resting hypokinesia often reflect nontransmural infarction, 
although some normal segments may be mildly hypokinetic, 
and it is important to be wary of overinterpretation, especially 
in the posterior wall. Analysis of myocardial deformation using 
2D strain techniques has suggested that the pattern of impaired 
longitudinal function with preserved radial or rotational motion 
may be used to identify nontransmural infarction, as measured 
by gadolinium-enhanced MRI. Hypokinetic segments are also 
the most challenging for the identification of ischemia; those 
demonstrating a stress-induced improvement are classified as 
normal, and those showing a deterioration (compared with 
either rest or low-dose) are identified as ischemic. However, 
differentiation between degrees of hypokinesia may be difficult, 
even with side-by-side cineloop analysis. Some caution needs 
to be applied in the interpretation of regional variations in the 
degree of hyperkinesis, as these may occur in normal patients. 
There is a risk of overinterpretation of hypokinetic regions that 
fail to improve function in response to stress, even if adjacent 
segments mount a hyperkinetic response. A decision to charac-
terize these as ischemic should be made in the context of the 
rest of the study.

The greatest limitations of the current application of stress 
echocardiography are concerns related to subjectivity and 
reproducibility. Although single-center studies have suggested 
that the interobserver variation in interpretation is small, inter-
institution variability (although similar to that of other imaging 
techniques) is significant.20 Interinstitution variability is par-
ticularly a problem in studies of poor image quality and in 
patients with mild ischemia. This discordance has been progres-
sively reduced by definition of standard reading criteria21 and 
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stress-induced wall motion abnormalities in segments that 
move rapidly and smoothly in early systole. Focusing on the 
first part of systole may minimize the contribution of rotational 
or translational movement, and assessing the timing of contrac-
tion may also avoid false positive interpretations provoked by 
early relaxation (Fig. 16-5). The ability to save multiple cycles 
in each view has reduced the need to review continuous capture 
stress images, but these remain of value for nonstandard views 
and to check on uncertainties arising from the digitized images. 
The site, extent (number of abnormal segments), severity (seg-
mental wall motion score), and time of onset and offset of 
ischemia, as well as the effect of ischemia on global LV function, 
should be recorded.

Technical Aspects
GENERAL CONSIDERATIONS

Patients are instructed to fast, partly because nausea is a side 
effect with some agents (especially dipyridamole and adeno-
sine), and in case complications ensue, with attending aspira-
tion risks. For dipyridamole stress testing, coffee, tea, and cola 
drinks should be avoided for 12 hours before the examination, 
as xanthines antagonize the effects of dipyridamole on adenos-
ine metabolism, as well as by direct competitive inhibition of 
adenosine.

For diagnostic testing, patients should be instructed to stop 
antiischemic drugs on the day of the procedure, but medica-
tions may be continued if testing is being performed to assess 

the adoption of harmonic imaging.22 The following reading 
guidelines are useful for controlling variation: Minor degrees of 
hypokinesia are not identified as ischemia (especially if only 
apparent at peak and not at poststress readings); focal abnor-
malities that do not follow angiographic territories are ignored; 
abnormalities are corroborated whenever possible with another 
view; basal inferior and septal segments are not identified as 
abnormal in the absence of a neighboring abnormal segment; 
studies are read by multiple observers whenever possible; and 
reading is blinded to all other data.

Finally, a standard sequence is of value in the interpretation 
of stress echocardiograms. We first review the resting data or 
previous transthoracic echocardiography (TTE) for non–wall-
motion data that may color our interpretation, including 
M-mode and Doppler components. On the digital images, we 
first check that images are triggered correctly and that the pre-
stress, peak stress, and poststress views are comparable. We then 
briefly review all of the side-by-side displays to see if there are 
new wall motion abnormalities or obvious changes in cavity 
size (suggesting multivessel disease) or cavity shape. Segmental 
analysis is carried out by careful comparison of regional func-
tion in each of the 16 segments, comparing the same site at rest 
and at stress. Both wall motion and thickening are compared, 
using both cineloop and frame-by-frame review of the digital 
images. Freezing the images and stepping through one frame at 
a time is invaluable—delayed contraction is a hallmark of  
ischemic tissue that is not apparent to the unaided eye, but is 
often recognizable when images are reviewed frame by frame. 
The reader should think twice about identifying resting- or 

Figure 16-4  Apical two-chamber views illustrating the development of myocardial ischemia (reduced wall thickening, arrows) of the apex 
during DSE. End-diastolic images are given on the left and systolic images on the right, with resting images above and peak dose below. 
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may be marked in hypertensive patients and blunted in patients 
with LV dysfunction or multivessel coronary disease. The peak 
rate-pressure product is usually about 20,000—less than with 
exercise,24-29 which has important implications for the relative 
sensitivity of dobutamine and exercise echocardiography. 
Although the development of ischemia at lower dobutamine 
doses and cardiac workloads indicates the presence of more 
extensive coronary disease, there is too much overlap for the 
hemodynamic response to be a reliable predictor of one-, two-, 
or three-vessel disease. The hemodynamic response to dobuta-
mine shows significant variability between patients. Beta block-
ade may attenuate the physiologic response, with a significantly 
lower heart rate response (usually about 100 beats per minute), 
and a lower double-product (to levels of around 14,000), 
although this may be avoided by use of atropine.

Side Effects of Stress Testing with 
Sympathomimetic Agents
Other than the development of myocardial ischemia, dose-
limiting side effects generally reflect intense adrenergic stimula-
tion. Consequently, dobutamine stress is contraindicated in 
patients with severe hypertension and serious arrhythmias. 
Serious side effects are rare during DSE, with death, myocardial 
infarction, or sustained tachyarrhythmias in about 3 per 1000.8,30 
Nonetheless, case reports of fatalities have been reported from 
ventricular fibrillation and cardiac rupture,31 and safety in 
patients at highest risk—those with severe LV dysfunction—has 
been described only in small populations.32 Nonetheless, con-
sidering that the sickest patients (those unable to exercise and 
with questions of myocardial viability) undergo the test, this 
safety profile is reasonable. This may reflect the detection of 
ischemia by online imaging, permitting termination before 
serious problems arise.

Less serious complications include palpitations (atrial and 
ventricular extra systoles), hypertension, anxiety (sometimes 
manifested as dyspnea or vagal reactions), tremor, and urinary 
urgency. Hypotension may arise from the vasodilator effect of 
high-dose dobutamine, the development of outflow tract 
obstruction, or the development of severe ischemia.33 Unlike 
hypotension during exercise testing, it does not denote the pres-
ence of serious coronary disease or LV dysfunction. In particu-
lar, the finding of an LV outflow tract gradient does not appear 

the adequacy of therapy. Intravenous access is secured, and 
monitoring electrodes may be moved away from the echocar-
diographic windows. Two personnel are mandatory for perfor-
mance of these protocols, usually a sonographer and nurse, with 
a physician in close proximity. Clinical and electrocardiographic 
monitoring during the tests parallels the monitoring under-
taken during exercise stress testing. In addition to the usual 
resuscitation equipment, intravenous beta-blocking agents and 
nitrates should be available to treat severe ischemia. For dipyri-
damole stress, aminophylline should be available for the treat-
ment of severe ischemia.

EXERCISE-SIMULATING AGENTS

Protocols for Administration  
of Sympathomimetic Agents
Dobutamine has been administered using various empiric regi-
mens, but none is clearly superior to the others. The most 
widely used is an incremental administration from 5 to 40 mcg/
kg/min in 2- or 3-minute stages.5 Variants include maximal 
doses of up to 50 mcg/kg/min; lower dose-rates administered 
over longer periods are able to attain hemodynamic effects 
similar to those achieved by the high-dose protocols. New accel-
erated dobutamine protocols that have been used to reduce the 
duration of the test appear to be safe23 but may sacrifice the 
ability to identify a biphasic response. Whichever regimen is 
applied, a reasonable (i.e., 2- to 3-minute) period at peak heart 
rate is desirable, as ischemic wall motion abnormalities may 
take a short time to become apparent. If atropine is added to 
induce an increase in heart rate, the usual dose is 1 to 2 mg total 
in 0.25-mg increments.

Hemodynamic Responses to Sympathomimetics
Low doses of dobutamine enhance LV contractility, usually 
without the development of tachycardia. At doses greater than 
20 mcg/kg/min, systolic blood pressure increases and heart rate 
augments to more than 100 beats per minute. Heart rate can be 
expected to increase to about 120 beats per minute in most 
patients, reflecting a increment of 40 to 50 beats per minute. In 
normotensive patients, systolic blood pressure usually increases 
to about 170 mm Hg (i.e., by 30 to 40 mm Hg)—less during 
dobutamine than during exercise. The systolic pressure response 

Figure 16-5  Apical four-chamber views illustrating the phenomenon of early relaxation. A, Homogeneous contraction with reduction of apical 
cavity volume. B, Apical shape change after end of systole (broad arrow on electrocardiogram). 
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disease with no or minimal airway reactivity may undergo  
the test.

The side-effect profile of adenosine is similar to that of dipyr-
idamole, and although the intensity and frequency of side 
effects with adenosine is greater, they are of shorter duration. 
Some form of side effect occurs in most patients undergoing 
adenosine stress.37 In a high-dose protocol,35 side effects pre-
vented about one third of patients from achieving peak dose, a 
comparable frequency to that found with dobutamine. Because 
the effect of adenosine is very transient, cessation of the infu-
sion is usually the only treatment required for side effects. The 
use of regadenoson minimizes the risk of bronchospasm and 
heart block, is convenient because of a single dose, and has the 
same coronary vasodilator effect as dipyridamole,38 but regad-
enoson is suited to study of perfusion rather than wall motion 
responses.

VASOCONSTRICTOR PROTOCOLS

Ergonovine stress may be useful for the diagnosis of coronary 
spasm, the frequency of which is greater in smokers and patients 
with some coronary disease. Ergonovine testing has been most 
widely used in the angiography laboratory, because spasm can 
be visualized directly and intracoronary nitrates infused to treat 
severe spasm. However, ergonovine stress appears to be safe 
when applied noninvasively in patients without significant ste-
noses, and the test has been applied to some patient groups 
without previous angiography. The standard protocol involves 
repeated bolus doses of ergonovine maleate at 5-minute inter-
vals up to a total cumulative dose of 0.35 mg, unless ischemia 
is detected.

PACING STRESS

Stress Protocols
The use of an implanted pacemaker to alter the heart rate 
during testing is often necessary to achieve target heart rate in 
the presence of atrioventricular block, even if pharmacologic 
stress is being used. Ventricular stimulation produces dyssyn-
chronous contraction, but interpretable images are obtainable 
if image quality is sufficient to evaluate thickening, and atrial 
pacing poses no problems for interpretation.39 The test end-
points are the same as those for other nonexercise stressors; in 
the absence of these endpoints, pacing at peak heart rate is 
continued for 3 minutes. No protocol has been uniformly 
accepted. We use pacing in combination with dobutamine in 
order to obtain the inotropic response to stress, and therefore 
maintain a 3-minute incremental protocol when pacing is 
added, usually starting at 100 beats per minute.

Transesophageal pacing requires topical pharyngeal anesthe-
sia and mild sedation and is rarely used. Use of a short protocol 
minimizes the risk of electrode movement and loss of capture. 
Atropine is often required to overcome atrioventricular block.

Hemodynamic Responses
The hemodynamic response to pacing is more controllable 
than with pharmacologic agents. Heart rates of 160 beats per 
minute are attainable, but systolic blood pressure is stable, 
giving a rate-pressure product of less than 20,000. Use of 
transesophageal pacing in an awake patient may itself provoke 
hemodynamic changes and hence ischemia, so that “resting” 
transesophageal echocardiographic images may not be truly 
acquired at rest.

to be prognostically meaningful. The frequency of these side 
effects has varied from 5%, if only serious, dose-limiting side 
effects are considered, to 82%, if all side effects are included. 
Variability also relates to the type of stress protocol, the inci-
dence being lower if the test is terminated for attainment of a 
target heart rate or at detection of ischemia or if submaximal 
test responses are excluded.

VASODILATOR STRESS PROTOCOLS

Stress Protocols
Dipyridamole is administered into a large proximal arm vein 
to minimize local discomfort from this strongly alkaline com-
pound. Various dipyridamole administration regimens have 
been used. For myocardial perfusion imaging, the most com-
monly administered dose is 0.56 mg/kg IV, but the sensitivity 
of dipyridamole echocardiography is optimal if 2 minutes of 
infusion are added if the initial response is negative and no 
major side effects have appeared. Because the time of onset of 
ischemia correlates with the severity of coronary disease and 
prognosis, images are recorded every 2 minutes from the con-
clusion of the first dose until 18 minutes from the start. Digital 
images are saved at rest, before the start of the second dose  
(8 minutes), after the second dose (12 minutes, which is the 
most common time for the onset of ischemia), and at 16 
minutes. Aminophylline (in aliquots of 50 to 75 mg intrave-
nously) is used to reverse the effects of dipyridamole if severe 
ischemia or side effects arise; the threshold for using this agent 
is influenced by the overall LV function and the clinical state 
of the patient.

Because exogenous adenosine is able to act directly, it rapidly 
achieves steady state, and its biologic effects are of rapid onset. 
A fixed dose schedule of 0.14 or 0.17 mg/kg/min or incremental 
protocols (3-minute stages starting at 0.10 mg/kg/min, increas-
ing to 0.14 and 0.18 mg/kg/ minute) been used for echocardio-
graphic studies.34,35 The use of aminophylline is rarely required 
for side effects, as these resolve within 1 minute of stopping the 
infusion.

Hemodynamic Responses to Vasodilators
The mechanism of ischemia with of vasodilator agents is chiefly 
through coronary steal. There is a small contribution of increas-
ing oxygen demand from tachycardia, which may be a response 
to angina and side effects rather than arising from the agents 
themselves. Similarly, blood pressure is usually little changed by 
these stressors, which may cause hypotension. The addition of 
atropine leads to an augmentation of heart rate and cardiac 
work,9 effectively combining reduced coronary supply with 
increased oxygen demand.

Side Effects of Vasodilators
Side effects during dipyridamole stress usually follow comple-
tion of the infusion, rarely preclude completion of the study, 
and usually resolve spontaneously. Minor side effects, including 
flushing and headache, occur in about two thirds of patients 
studied with high-dose dipyridamole. Severe or prolonged 
myocardial ischemia is infrequent but can be treated with 
nitrates or aminophylline. Serious side effects are very rare—
probably less frequent than with dobutamine8,36—but severe 
myocardial ischemia and infarction, bronchospasm, complete 
heart block, and even death have been reported. Dipyridamole 
stress is contraindicated with atrioventricular block and bron-
chospasm, although patients with chronic obstructive airway 



  16  Stress Echocardiography with Nonexercise Techniques: Principles, Protocols, Interpretation, and Clinical Applications 301

patients with single-vessel disease, the sensitivity of DSE (40% 
to 70%) is lower than in multivessel disease. Because dobuta-
mine produces a less potent stress on the heart than exercise 
(see earlier discussion), DSE is probably more susceptible to 
external influences than exercise echocardiography or myocar-
dial perfusion scintigraphy. This may be pertinent to the 
extrapolation of results from clinical trials (in which patients 
were carefully supervised and tested under optimal conditions, 
off therapy), to routine clinical practice, in which patients are 
often tested on therapy and are more likely to have a “subop-
timal” test result because of inability to complete the protocol 
or interference by beta-blocker therapy.5

DIPYRIDAMOLE STRESS ECHOCARDIOGRAPHY

The sensitivity and specificity of vasodilator stress echocar-
diography have been reported as 80% (95% CI, 77% to 83%) 
and 84% (95% CI, 80% to 86%) in a recent meta-analysis.40 
The low-dose (0.56 mg/kg) protocol is associated with lower 
sensitivity than the high-dose regimen. Atropine appears to 
enhance sensitivity, although this is only about 50% in patients 
with single-vessel disease. TEE imaging enhances the accuracy 
of this test. The greater variation in the sensitivity of stress 
echocardiography with vasodilators than dobutamine and 
exercise stress seems to relate to patient selection and the defi-
nition of “significant” disease; many of the more favorable 
results pertain to populations with a high percentage of 
patients with more severe coronary disease. The specificity is 
excellent.

Investigators have sought to address the accuracy of dipyri-
damole stress with physiologic rather than anatomic criteria of 
significant stenosis. In 30 patients with isolated stenoses of the 
left anterior descending coronary artery, predictors of an abnor-
mal dipyridamole echocardiogram were a stenotic flow reserve 
of less than 2.8, stenosis diameter greater than 59%, lumen 
diameter less than 1.35 mm, and coronary flow reserve less than 
2.0, of which stenotic flow reserve was the only independent 
predictor of ischemia. This study was interesting on two 
grounds: First, it implies that dipyridamole identifies fewer mild 
stenoses than DSE, and second, it identified angiographic vari-
ables of stenosis severity to relate to dipyridamole echocardio-
graphic results better than intracoronary Doppler variables. 
Other studies have confirmed that the optimal angiographic 
cutoff point for dipyridamole stress echocardiography is 60%, 
as compared with 58% for dobutamine and 54% for exercise 
echocardiography.44

VASODILATOR STRESS WITH ADENOSINE 
ECHOCARDIOGRAPHY

The reported accuracy of adenosine stress echocardiography is 
variable. A recent meta-analysis45 gave it a sensitivity of 68% 
and specificity of 81%, after weighting for study size. Favorable 
results are more likely with multivessel disease or prior infarc-
tion; the sensitivity is 60% or less in patients with a normal 
electrocardiogram or without prior infarction.35 The intense 
coronary vasodilation induced by adenosine or dipyridamole46 
permits the comparison of rest and hyperemic images using 
contrast echocardiography. Similarly, coronary flow reserve 
may be measured at adenosine stress TTE or TEE.47 The longer 
time course and less predictable peak flow with dipyridamole 
make this a less attractive agent; if dipyridamole is selected, a 
high dose is certainly required.12

Side Effects
Fewer side effects occur during transesophageal pacing than 
with pharmacologic stress. Esophageal discomfort, gagging, or 
nausea are uncommon with modern pacing electrodes. Angina 
may be provoked by stress but is usually self-limiting after ces-
sation of pacing. Atrial flutter or fibrillation may also be pre-
cipitated. Esophageal injury is theoretically possible in response 
to high levels of stimulation over a prolonged period, but this 
has not been reported.

Accuracy for Diagnosis of Coronary 
Artery Disease
DOBUTAMINE STRESS ECHOCARDIOGRAPHY

The comparative sensitivity and specificity of DSE for the 
detection of coronary artery disease has been well summarized 
in two meta-analyses. Kim and colleagues40 reported an 80% 
(95% confidence interval [CI], 77% to 83%) sensitivity and 
84% (95% CI, 80% to 86%) specificity in 82 pharmacologic 
stress studies between 1974 and 1999. In nearly 7000 patients 
from 62 DSE studies between 1991 to 2006, reported by Gelei-
jnse and co-workers,41 the sensitivity was 81% and specificity 
was 82%. No single feature accounts for false-positive results, 
although the most frequent site of false-positive results is the 
basal inferior wall. The correlates of false negative results are a 
matter of discussion. The meta-analysis just mentioned did 
not show an effect from a variety of features conventionally 
associated with enhanced sensitivity—use of a coronary steno-
sis cutoff of 70% (rather than 50%), higher achieved heart 
rate, cessation of beta-blockers at the time of testing, the use 
of atropine, and the incorporation of a biphasic response. 
Armstrong42 has argued that these observations likely reflect 
the heterogeneity of testing in the meta-analysis, ranging from 
diagnostic testing for coronary artery disease, through evalua-
tion of ischemia on therapy, to functional evaluation of coro-
nary stenoses.

The use of a 50% or 70% stenosis cutoff is arbitrary and does 
not take into account stenosis location or vessel size, both of 
which clearly influence the likelihood of an abnormal response. 
This concern has been addressed in several studies that have 
compared the results of DSE with stenosis diameter at quantita-
tive coronary angiography.43 The angiographic cutoff value with 
the best predictive value for a positive dobutamine test was a 
luminal diameter of 1.07 mm, percent diameter stenosis of 
52%, and percent area stenosis of 75%, of which minimal lumen 
diameter was found to have the best predictive value for a posi-
tive dobutamine stress test (odds ratio, 51; sensitivity, 94%; 
specificity, 75%). Stenoses less than 1 mm in diameter can be 
identified with a sensitivity of 86%.43

The use of myocardial fractional flow reserve (the ratio of 
mean hyperemic distal coronary to aortic pressure) as a func-
tional index of coronary stenosis severity takes into account 
collateral flow and overcomes the limitations of comparing 
stress echocardiography with the anatomic severity of stenosis. 
The degree of dobutamine-induced dyssynergy correlates sig-
nificantly better with myocardial fractional flow reserve than 
percent stenosis or minimal lumen diameter, and the sensitivity 
of DSE is significantly lower for lesions in vessels smaller than 
2.6 mm than for larger vessels.

The existence of a regional wall motion abnormality identi-
fies the presence of coronary disease, so DSE demonstrates 
higher sensitivities in patients with myocardial infarction. In 



302 PART III Ischemic Heart Disease

COMPARISON BETWEEN NONEXERCISE 
STRESSORS FOR THE DIAGNOSIS OF  
CORONARY ARTERY DISEASE

Selection of the Optimal Pharmacologic Stress
The comparative sensitivity and specificity of DSE and vasodi-
lator stress echocardiography for the detection of coronary 
artery disease have been well summarized in the meta-analysis 
of Picano and associates.48 Both tests are effective for the diag-
nosis of coronary artery disease. However, variations in the 
study groups make it difficult to compare the relative efficacy 
of the stressors by merely comparing the results of individual 
studies, and the limitations of meta-analyses for assessment of 
therapies likely applies to their application to diagnostic testing.

Figure 16-645 summarizes the accuracy of stress echocardiog-
raphy with a variety of stressors and Table 16-2 summarizes large 
head-to-head comparisons of the tests in the same patients, 
under the same conditions.27,49-52 The feasibility of dobutamine 
and vasodilator stress are similar. The sensitivity of DSE exceeds 
that of vasodilator stress; the main source of discrepancy appears 
to be patients with single-vessel coronary disease, among whom 
dobutamine appears to be superior. This difference parallels a 
significantly greater cardiac workload with dobutamine com-
pared with vasodilator stress.

The contraindications to inotropes and vasodilators vary,  
so their selection may be individualized; patients with hyper-
tension or arrhythmias should undergo a vasodilator stress, and 

PACING STRESS ECHOCARDIOGRAPHY

Studies that have combined atrial pacing with echocardiogra-
phy show very favorable results. A meta-analysis from the 
limited number of studies (and patients within studies) pro-
posed a sensitivity and specificity of 91% and 86% for TTE and 
86% and 91% for TEE.45 The accuracy of both transesophageal 
imaging and pacing probably reflects the benefits of high-
quality images as much as the role of pacing stress, as similar 
favorable findings have been obtained using TEE with dobuta-
mine and dipyridamole. The discrepancy between the reported 
accuracy, feasibility, and patient acceptance of pacing stress con-
trasts with the limited application of the test. The following are 
important issues that influence our continued use of pharma-
cologic stress. First, the evidence base for diagnostic, manage-
ment, and prognostic information using pharmacologic agents 
is greater than with pacing stress. Second, the pacing test is 
unlikely to be useful for the detection of viable myocardium, 
and even when this is not needed from a clinical standpoint, the 
biphasic response has been shown to facilitate the distinction 
of ischemia in the setting of resting wall motion abnormalities. 
Third, most patients and some clinicians look on the test as 
being excessively invasive. This test has several “niche” applica-
tions: patients with hypertension or rhythm contraindications 
to dobutamine, potentially unstable patients (because the stress 
can be stopped suddenly), or patients with chronotropic incom-
petence of various causes.

Figure 16-6  Meta-analysis of sensitivity and specificity of stress echocardiography performed with various stress modalities. (From Noguchi 
Y, Nagata-Kobayashi S, Stahl JE, Wong JB: A meta-analytic comparison of echocardiographic stressors. Int J Cardiovasc Imaging 21:189-207, 2005.)
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Studies Comparing Sensitivity and Specificity of Dobutamine and Vasodilator Stress Echocardiography (>100 patients)

Study Patients, N CAD, n (%)

Multivessel 
Disease, n 

(% All CAD)

Myocardial 
Infarction, n 
(% All CAD)

Sensitivity: 
Dobutamine, %

Sensitivity: 
Dipyridamole, %

Specificity: 
Dobutamine, %

Specificity: 
Dipyridamole, %

Beleslin27 136 119 (88) 11 (9) 41 (34) 82 74 77 94

Ostojic49 150 131 (87) 16 (12) 38 (29) 75 71 79 89

Anthopoulos50* 120 89 (74) 48 (40) 38 (30) 87 66 84 90

San Roman51 102 63 (62) 34 (54) 0 (0) 77 77 95 97

Fragasso52 101 56 (56) 37 (65) 0 (0) 88 61 80 91

CAD, Coronary artery disease.
*Adenosine used instead of dipyridamole.

TABLE 
16-2 
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circulations. Although in the preharmonic imaging era the 
lateral wall was a source of false-negative results, the accuracy 
of DSE in this area has improved (Fig. 16-7).

The recognition of multivessel disease at stress echocardiog-
raphy may be important in planning revascularization rather 
than medical therapy. The ability of stress echocardiography to 
predict multivessel disease is greatest in patients with a history 
of previous myocardial infarction. In these circumstances, its 
sensitivity for the correct identification of disease is 80% to 85% 
and its specificity is 88%. In contrast, the sensitivity for multi-
vessel disease in patients without previous infarction is approxi-
mately 70%, exceeding the levels reported in this situation using 
exercise echocardiography. A close correlation has been demon-
strated between the extent of ischemia defined by DSE and that 
defined by perfusion scintigraphy. Both, however, underesti-
mate the angiographic extent of disease,5 a reflection of the 
difficulties of assessing the functional implications of disease 
extent on anatomic grounds.

In addition to the “space coordinate” (extent of abnormal 
segments),3 another indication of the extent of coronary disease 
is the “time coordinate” (ischemic threshold). Multivessel 
disease may be predicted if ischemia has an early onset (similar 
to the “ischemia-free” time at exercise testing), corresponding 
to its occurrence at a low dose or provocation at a low heart 
rate and rate-pressure product.53 This corresponds to a lower 
ischemic threshold at exercise testing54 as well as a worse 
prognosis.

patients with bronchospasm or conduction disorders should be 
submitted to inotropic stress. However, in the majority of 
patients who do not have these contraindications, dobutamine 
appears to be the most sensitive agent for pharmacologic stress 
echocardiography.

Selection of Pacing Rather Than Other 
Nonexercise Stress
There are few comparative data between pacing and pharma-
cologic stress. Pacing is reportedly less feasible (77% versus 
96%, p less than .0001), but more sensitive (83% versus 43%, 
p = .0005) than dipyridamole echocardiography. Atrial pacing 
showed more favorable safety, duration, and patient acceptance 
than DSE.

Assessment of Disease Significance
The use of stress echocardiography for identification of the 
“culprit” coronary lesion is often constrained by the assump-
tions inherent in allocating territories of the heart to individual 
coronary vessels. The most ambiguous areas in this respect are 
the apex (usually supplied by the left anterior descending coro-
nary artery) and the posterior wall (usually supplied by the left 
circumflex artery). Because of the equivocal involvement of the 
right coronary or left circumflex vessels in the posterior terri-
tory, investigators have examined the ability to discern the  
presence of coronary disease in the anterior and posterior 

Figure 16-7  Lateral wall ischemia. Freeze-frame  images  in  the apical  four-chamber view demonstrate normal  thickening at  rest  (above), with 
reduced thickening at peak stress (below, arrows). 
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genesis of events at surgery. Positive tests may be further strati-
fied by paying attention to the ischemic threshold and the clini-
cal risk factor status (Fig. 16-8). In the preceding meta-analysis,57 
receiver operating characteristic curve analysis showed DSE to 
be superior to other tests, especially myocardial perfusion scin-
tigraphy (relative odds ratio 5.5, 95% CI: 2.0 to 14.9).

Although beta adrenoceptor blockers protect against cardiac 
events at the time of major surgery, the universal use of beta 
blockade is also not without risk.58 On the other hand, nonin-
vasive evaluation before surgery is a frequent scenario of inap-
propriate testing59 and should not be used in patients with low 
cardiac risk or those undergoing low-risk surgery. Exactly how 
to respond to a positive test is controversial—it does not appear 
that coronary revascularization is effective for the control  
of risk.60

PROGNOSTIC EVALUATION OF PATIENTS WITH 
STABLE CORONARY DISEASE

Major cardiac events are infrequent in stable chronic coronary 
disease (less than 1% per year), but some patients have a more 
favorable prognosis with intervention. The detection of left 
main or multivessel disease at coronary angiography is often 
used to identify subgroups likely to benefit from revasculariza-
tion, but this procedure is too costly and invasive to be used in 
all patients. As in the case of preoperative risk stratification, 
clinical data (including the severity of angina, prior infarction, 
heart failure, and diabetes) may identify high- and low-risk 
subgroups, and additional investigations are of most value in 
those at intermediate or greater risk. Exercise capacity and ST 
segment depression at exercise testing offer important prognos-
tic information in patients who are able to exercise,61 and exer-
cise single photon emission computed tomography (SPECT)62 
or exercise echocardiography has been shown to provide incre-
mental data in many patients.63

PROGNOSTIC EVALUATION AND PREDICTION 
OF CARDIAC EVENTS IN PATIENTS  
UNDERGOING MAJOR NONCARDIAC SURGERY

Coronary artery disease is highly prevalent in elderly patients 
undergoing major surgery, especially those with vascular 
disease. In addition to unstable coronary syndromes, particu-
larly high-risk settings include severe valvular disease, decom-
pensated heart failure, and significant cardiac arrhythmias. 
Indeed, cardiac events are the leading cause of perioperative 
complications at vascular surgery, as well as accounting for 
many late deaths after vascular surgery. However, although 
postoperative unstable angina and heart failure are frequent in 
these patients, perioperative “hard” endpoints (death, myocar-
dial infarction) occur in less than 10%, and fewer among 
patients undergoing nonvascular procedures. In addition, apart 
from in patients with left main disease (where revascularization 
is linked to improved survival in unselected groups), the weight 
of evidence suggests that coronary revascularization before 
noncardiac surgery does not reduce morbidity and mortality. 
Because of these observations, and the realization that periop-
erative testing is among the most frequent inappropriate indica-
tions for testing, the current guidelines emphasize how 
important it is for the ordering physician to consider the like-
lihood that that an ordered test would influence patient 
management.

The selection of patients for evaluation before noncardiac 
surgery should be based on patient-specific factors and the risk 
of the surgery. The first step in preoperative risk stratification 
is clinical evaluation.55 Patients with unstable coronary syn-
dromes within the previous 6 months constitute a high-risk 
group and warrant careful functional testing or possibly angi-
ography and preoperative intervention. The nature of the 
planned surgery is important; extensive risk evaluation is best 
directed toward vascular, major orthopedic, and major abdomi-
nal operations that engender significant cardiac risk. Those with 
previous bypass surgery (within 5 years) or negative coronary 
investigations within 2 years are at low risk and do not require 
reinvestigation in the absence of recurrent symptoms. Finally, 
the patient history has an important influence on risk; in more 
than 4300 patients56 undergoing high-risk surgery, history of 
ischemic heart disease, congestive heart failure or cerebrovascu-
lar disease, insulin treatment, and preoperative serum creati-
nine level greater than 2.0 mg/dL were markers of risk; patients 
with none, one, two, or three or more of these factors had 
approximate major cardiac complication rates of 0.5%, 1%, 5%, 
and 10%, respectively. Inactive patients are usually asymptom-
atic even in the presence of significant coronary disease, so 
nonexercise stress imaging techniques are required if screening 
is to be undertaken.

Reports of functional testing with pharmacologic stress 
echocardiography and other noninvasive tests published 
between 1975 and 2001 has been subjected to meta-analysis.57 
In that study, the prediction of perioperative cardiac death and 
nonfatal myocardial infarction was accomplished with the 
greatest weighted sensitivity (85%; 95% CI: 74% to 97%) with 
DSE, although this test had modest specificity (70%; 95% CI: 
62% to 79%). This result follows the general behavior of predic-
tive testing in this setting—a negative test is a very reassuring 
feature (event rate with a negative test should be less than 5%), 
but the predictive value of a positive test is intermediate (from 
20% to 70%)—reflecting the role of not only coronary stenoses 
but also medical treatment and anesthetic intervention in the 

Figure 16-8  Evaluation of risk in patients undergoing vascular 
surgery. Patients without clinical predictors of risk rarely have a positive 
DSE  study,  are  unlikely  to  suffer  events,  and  usually  do  not  require 
testing. The presence of  ischemia  is predictive of events, especially  if 
the patient has multiple clinical risk factors or a low ischemic threshold. 
MI, Myocardial infarction; neg, negative; pos, positive; preop, preopera-
tive.  (From Poldermans D, Arnese M, Fioretti PM, et al: Improved 
cardiac risk stratification in major vascular surgery with dobutamine-
atropine stress echocardiography. J Am Coll Cardiol 26:648-653, 1995.)

Clinical
risk variables

Ischemic
threshold

All cardiac
events

300 preop patients

0

100

neg
100

0

pos
12

high
9

low
3

1 or 2

179

neg
130

pos
49

high
21

low
28

3 or more

21

neg
10

pos
11

high
4

low
7

0 1 14 5

DSE

1

6

83

1

5

0 0

Death/MI 0



  16  Stress Echocardiography with Nonexercise Techniques: Principles, Protocols, Interpretation, and Clinical Applications 305

ischemia was an independent predictor of mortality.83 All tests 
have proven to be effective for the detection of multivessel 
disease77 and predictive for the subsequent development of 
cardiac events.

Evaluation of Therapy
MEDICAL THERAPY

The dependence of stress echocardiography on the deve-
lopment of ischemia is a disadvantage to the extent that  
antianginal therapy reduces its sensitivity, particularly with 
dipyridamole stress. Patients on beta-blockers account for 
most patients who fail to attain a heart rate greater than 85% 
of age-predicted maximum. With DSE, the interaction between 
dobutamine and beta-blockers involves competitive inhibition, 
and if enough dobutamine is administered, this effect may be 
overcome.84 A similar role is relevant to atropine. The interac-
tion between medical therapy and the development of isch-
emia may be of use in evaluating the adequacy of therapy.85-87 
Sequential testing is limited by the subjectivity of wall motion 
scoring, and this application requires a reliable quantitative 
approach.

FOLLOW-UP AFTER CORONARY 
INTERVENTIONS

Stress echocardiography performed before and after angio-
plasty has been shown to confirm resolution of ischemia.88 
However, there is little justification for the routine use of a stress 
imaging test in asymptomatic patients within 2 years of percu-
taneous and 5 years of surgical revascularization.89,90 Chest wall 
pains may be difficult to distinguish from recurrent symptoms 
due to restenosis or graft closure after angioplasty and bypass 
surgery. Stress echocardiography can be used effectively in 
symptomatic patients for the diagnosis of restenosis, progressive 
disease, and graft closure.91-94

Assessment of Myocardial Viability
CLINICAL SIGNIFICANCE

LV dysfunction after myocardial infarction is due not only to 
scarring but also to stunned and hibernating myocardium. 
Stunning shows spontaneous resolution of dysfunction,95 but 

The prognostic implications64 of pharmacologic stress echo-
cardiography are summarized in Table 16-3.64-72 Ischemia is an 
independent predictor of adverse outcomes, incremental to 
clinical and resting echocardiographic data. Ischemic threshold 
adds significantly to simple assessment of test positivity. For 
example, cardiac events occurred in 41% of patients with wall 
motion abnormalities occurring at low-dose dipyridamole, and 
26% of those with high-dose responses. Ischemia is a better 
predictor of cardiac events than is coronary anatomy.71 The 
prognostic value of pharmacologic stress appears to be pre-
served within various subgroups, including hypertensive 
patients.73

Dobutamine and dipyridamole offer comparable risk strati-
fication in patients at low to moderate risk of cardiac events74 
and similar to that of SPECT.74 The prognostic components of 
both tests include the presence, severity, and extent of induced 
ischemia. Perhaps the most important aspect of the prognostic 
literature is that a negative test portends extremely low risk, 
evidenced by an event rate of 1% or less per year. However, there 
are some exceptions—patients with diabetes are a high-risk 
group, among whom even patients with a negative test retain 
some risk, especially in the subset who are unable to exercise.75 
Likewise, the protection from ischemia provided by antianginal 
drug therapy does not necessarily translate to protection against 
subsequent cardiac events, so the predictive value of a negative 
test on treatment is less than in patients off treatment.76

PROGNOSTIC EVALUATION OF PATIENTS 
AFTER MYOCARDIAL INFARCTION

Although the current era of early intervention has led to a 
reduction in the use of stress echocardiography following myo-
cardial infarction, there is little to choose between the efficacy 
of invasive and noninvasive strategies. If the latter is chosen, 
clinical features such as age and the presence of heart failure 
should be used in the initial risk assessment. The extent of 
infarcted and ischemic myocardium are major determinants  
of outcome. Stress echocardiography permits the assessment of 
ischemia as homozonal dyssynergy (periinfarct ischemia) or 
heterozonal dyssynergy (multivessel disease), and infarction 
may also be estimated.

Table 16-4 summarizes the prognostic implications of posi-
tive and negative nonexercise stress echocardiography after 
infarction.77-82 The presence of ischemia and its time of onset 
are important predictors of cardiac events79; in elderly patients, 

Use of Stress Echocardiography to Predict Events in Patients with Chronic Stable Coronary Disease

Study Stress
Patients, 

N
Mean 

Follow-up, Mo

Predictive Value, %

CommentsPositive Test Negative Test

Poldermans65 Dobutamine 430 17 26 87

Kamaran66 Dobutamine 210 16 43 92

Marcovitz67 Dobutamine 291 15 10-17 99

Schroder64 Dobutamine 134 19 31 94

Steinberg72 Dobutamine 120 60 67 67 All events
13 95 Hard events

Senior68 Dobutamine 121 15 45 88

Chuah69 Dobutamine 860 52 14 96

Poldermans70 Dobutamine 1659 36 8-20 96 Hard events

Picano71 Dipyridamole (high dose) 539 36 26 94
Dipyridamole (low dose) 539 36 41 94

Schroder64 Dipyridamole 134 19 27 92

TABLE 
16-3 
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Dipyridamole enhances both segmental shortening and 
load-independent indices of ventricular function in stunned 
myocardium. The mechanism of this phenomenon is unclear, 
but a “local Frank-Starling response” (whereby augmentation 
of myocardial blood volume leads to increased sarcomere sepa-
ration) appears to be the most likely explanation. In addition, 
an indirect sympathomimetic response to dipyridamole-
induced ischemia may contribute to improvement of regional 
function, as may resolution of ischemia secondary to improve-
ment of coronary perfusion. Dipyridamole is used for this 
purpose in low-dose and “infralow-dose” protocols; the choice 
of agent is dependent on local expertise and preference.

Viable segments are characterized by reduced resting func-
tion, which augments in response to low-dose dobutamine 
(usually 7.5 to 10 mcg/kg/min, although we extend this to 
20 mcg/kg/min if long-acting beta-blockers such as carvedilol 
are being used). There is continued augmentation if there is a 
patent infarct-related artery or the tissue is well collateralized. 
In the presence of a stenosed infarct-related artery, an increas-
ing proportion of segments become ischemic as the heart rate 
increases.98 This initial improvement followed by deterioration 
in function constitutes the “biphasic response,” which is strongly 
predictive of eventual functional recovery of the tissue.98 A uni-
phasic response or a classic ischemic response is less predictive 
of the recovery of resting function. Because the biphasic 
response is the most reliable finding (Fig. 16-9), our preference 
is to induce ischemia whenever possible by proceeding to 
maximal stress (i.e., 40 mcg/kg/min dobutamine with or 
without atropine), rather than using a separate “viability” or 
low-dose protocol. In patients with severe LV dysfunction, this 
approach warrants caution, and early termination may be 
needed if ischemia is progressive or if other responses might 
induce instability. Finally, viability studies are the most difficult 
to interpret; we usually compare multiple low doses, using con-
tinuous videotape recording if there is uncertainty.

The response of regional function to dobutamine is influ-
enced by the extent of viable tissue, the degree of residual ste-
nosis, the extent and magnitude of collaterals, the size of the 
risk area (which influences tethering), and the presence of drug 
therapy.99 The uniphasic response is ambiguous—it may be 
caused by part of the wall augmenting (i.e., admixture of scar 

hibernating tissue requires myocardial revascularization to 
resume normal function. The benefit of assessing myocardial 
viability has become more controversial in the light of the 
STICH trial, which showed no survival benefit from the interac-
tion of viability testing and revascularization in an observa-
tional substudy of the use of these tests.96 Previous studies 
showed that patients with viable myocardium may improve 
cardiac function or overall functional capacity, as well as avoid 
subsequent cardiac events from this inherently unstable tissue. 
Clinical decisions about whether to revascularize, which vessel 
to revascularize, and how to do it may be influenced by the 
detection of viable myocardium.

The recovery of function is an imperfect gold standard for 
defining viability (and thereby the performance of noninvasive 
testing), as it is influenced by the adequacy of revascularization, 
bypass graft closure, and restenosis. However, it has the attrac-
tion of having direct clinical relevance. Positron emission 
tomography and thallium scintigraphy using rest-redistribution 
or stress-redistribution-reinjection protocols are alternative 
markers of viability, as they have a high negative predictive 
value. On the other hand, they may be “too sensitive” a reference 
standard, because their high sensitivity for small regions of 
viable myocardium means that revascularization of some fails 
to improve regional function.

USE OF DOBUTAMINE ECHOCARDIOGRAPHY 
FOR THE DIAGNOSIS OF VIABLE MYOCARDIUM

The typical response of viable myocardium is to increase thick-
ening in response to low doses of dobutamine; in the presence 
of a stenosed infarct-related artery, function subsequently dete-
riorates as the tissue becomes ischemic. Indeed, there is a 
balance between the recovery of function and the development 
of ischemia—the latter may compromise the functional recov-
ery of areas that are marginally perfused at rest. The high-dose 
response (greater than 20 mcg/kg/min) has been shown to be a 
less reliable predictor of recovery. Although some investigators 
start at lower doses, or use only a low-dose protocol for the 
assessment of viability, and others use 5-minute rather than 
3-minute increments,97 there does not appear to be a clear 
benefit in favor of any of these alternatives.

Application of Nonexercise Stressors to Postinfarction Risk Evaluation (>100 Patients)

Study Year Patients, N Timing Stress
Follow-up, 

Months Outcomes

Predictive Value, %

Relative Risk pPositive Negative

Bolognese77 1992 217 Dipyridamole 24 Cardiac death 30 99 2.78 NS
Cardiac death, reinfarction 80 98 3.47 NS
Cardiac death, reinfarction, angina 33 90 3.24 0.0001

Sclavo78 1992 103 5-8 days Dipyridamole 14.5 Cardiac death 0 97 NS
Cardiac death, reinfarction 0 96 NS
Cardiac death, reinfarction, angina 22 89 1.94 NS

Picano79 1993 925 10 days Dipyridamole 14 Cardiac death 6 98 3.05 <0.002

Chiarella80 1994 251 70 hours Dipyridamole 13 days Cardiac death 2 99 2.05 NS
Cardiac death, reinfarction 8 98 4.11 <0.04
Cardiac death, reinfarction, angina 40 97 13.46 <0.0001

Picano81 1995 1080 10 days Dipyridamole 14 Reinfarction 6 97 1.91 <0.02
Cardiac death, reinfarction 11 98 5.15 <0.02
Cardiac death, reinfarction, angina 24 88 2.08 <0.03
Cardiac death, reinfarction 11 100 <0.02
Cardiac death, reinfarction, angina 54 79 2.55 <0.0001

Picano82 1998 314 12 days Dobutamine 9 Cardiac death 5 98 2.24 NS
Cardiac death, reinfarction 7 96 1.76 NS
Cardiac death, reinfarction, angina 15 90 1.45 NS

NS, Not significant.

TABLE 
16-4 
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of 80% and a specificity of 78%. The overall sensitivity of  
dobutamine appears greater than that of dipyridamole stress 
(approximately 60%), although the specificity of the former is 
less (78% versus 87%). Nuclear approaches are more sensitive 
but less specific than these techniques (Fig. 16-10).

PREDICTION OF RECOVERY OF GLOBAL  
FUNCTION AND OUTCOME

Improvements in ejection fraction, exercise capacity, and 
outcome are goals of revascularization, whereas most studies 
have focused on improvement of LV function within individual 

and normal tissue) or all of the wall mounting a partial response 
(i.e., viable myocardium). The ability to discriminate the extent 
of subendocardial damage, with its implications for the likeli-
hood of subsequent functional recovery, is poor. The augmenta-
tion of function is dependent on delivery of more substrate; 
thus, tissue supplied by more severe stenosis may become isch-
emic before it augments function, which may compromise the 
recognition of viability.

The accuracy of dobutamine for prediction of regional func-
tional recovery has been studied in a number of small trials, 
which Schinkel and colleagues100 have combined in a meta-
analysis of 1421 patients from 41 studies, showing a sensitivity 

Figure 16-10  Meta-analysis of sensitivity and 
specificity of different techniques for assessing 
viability.  C-MRI,  Contrast  magnetic  resonance 
imaging;  Db-MRI,  dobutamine  stress  magnetic 
resonance imaging; FDG PET, fluorodeoxyglucose 
positron  emission  tomography;  LDDE,  low-dose 
dobutamine  echocardiography;  MIBI,  [99mTc]
methoxyisobutylisonitrile;  SPECT,  single  photon 
emission  computed  tomography;  Tl RR,  thallium 
rest-redistribution;  Tl SRR,  thallium  stress-rest-
redistribution. 
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Figure 16-9  Biphasic response to dobutamine stress. Apical four-
chamber  diastolic  (left)  and  systolic  (right)  views  at  rest  (top),  with 
low-dose  dobutamine  (middle),  and  with  peak-dose  dobutamine 
(bottom),  illustrating  reduced  systolic  thickening  at  rest,  increment 
with low dose, and deterioration at peak dose in the lateral wall. 
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95% CI: 0.48 to 0.86; p = 0.003), but there was no significant 
interaction between viability and treatment (p = 0.53). It is 
unclear to what extent these findings will alter the use of via-
bility testing, which is often used to better understand the 
balance of risk and benefit of intervention, in the context of a 
variety of other variables. The results of these nonrandomized 
findings from STICH are balanced by a multicenter study 
showing that in patients with coronary artery disease and 
severe LV dysfunction who demonstrated myocardial viability, 
revascularization improved survival compared with medical 
therapy.105

New Technologies
IMAGE QUALITY

Contrast Echocardiography for LV Opacification
Although perfect image quality is certainly not essential for a 
stress echocardiographic study to be interpretable, it certainly 
favors concordance between observers20 and facilitates an accu-
rate diagnosis of disease extent and distinction of ischemia and 
scar. The use of contrast echocardiography may facilitate not 
only delineation of the endocardial border,11 but provision of 
accurate results.107 The implications of this finding are addressed 
in another chapter.

Contrast Echocardiography for Assessment  
of Myocardial Perfusion
The comparison of myocardial perfusion at rest and during 
hyperemia is now possible with either high or low mechanical 
index imaging.108 The low mechanical index approach allows 
real-time imaging, which is probably easier during stress than 
intermittent imaging, and bubble destruction with a high-
energy flash allows appreciation of refill, which depends  
on perfusion (Fig. 16-11). All stressors produce coronary 

segments. Stress echocardiography can be used to predict 
improved global LV function after revascularization. Earlier 
work on this topic proposed that the identification of 4 of 16 
viable (biphasic) segments at DSE gave 89% sensitivity and 81% 
specificity for prediction of a significant (5%) improvement in 
ejection fraction.101 However, the meta-analysis just men-
tioned100 showed that a variety of thresholds (13% to 25% of 
the LV showing a viable response) produced a sensitivity of 57% 
and specificity of 73%. The global ventricular response to low-
dose dobutamine may be a better predictor of global functional 
recovery.102 A large number of thinned and akinetic segments 
or large ventricular volumes imply a low likelihood of recov-
ery.103 The revascularization of patients with adequate amounts 
of viable myocardium (usually greater than 25% of LV mass) is 
associated with improved functional class. A recent meta-
analysis of 4167 patients in 29 studies showed that the threshold 
extent of viability for association with improved outcome was 
36% (95% CI: 32% to 40%) by stress echocardiography, 39% 
(95% CI: 28% to 50%) by SPECT, and 26% (95% CI: 17% to 
35%) by positron emission tomography.104 Viable myocardium 
may influence survival in two ways. First, revascularized viable 
tissue may lead to improved function and thereby improved 
outcome.105 Second, nonrevascularized viable tissue may be 
unstable and act as a substrate for recurrent events,106 including 
mortality.105

The clinical value of viability assessment has recently been 
questioned in the light of the STICH trial, funded by the 
National Institutes of Health.96 This nonrandomized substudy 
of patients with coronary artery disease and LV dysfunction, 
participating in a randomized trial of medical therapy with or 
without coronary artery bypass graft, showed nearly 50% of 
patients to have evidence of extensive viability by either 
SPECT or DSE. Mortality was less common among patients 
with extensive viable myocardium (37 versus 51%; hazard 
ratio for death among patients with viable myocardium, 0.64; 

Figure 16-11  Use of destruction-replenishment imaging to identify evidence of ischemia from perfusion as well as wall motion. Left, Imme-
diate postdestruction image (note lack of myocardial contrast) at rest (above) and at peak stress (below). Right, Return of contrast after sufficient 
time  to  allow  for  refill  of  myocardium.  Note  apical  subendocardial  perfusion  defect  (LV  apex,  arrows)  in  this  patient  who  did  not  demonstrate 
abnormal wall motion. 

Rest 5 beats

2 beats
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remains associated with false-positive results, and the method 
has not found broad clinical use.

Myocardial tissue Doppler may provide another means  
of quantifying regional function. It has the attraction of  
quantifying motion in the longitudinal (base-apex) direction, 
which corresponds to the contribution of longitudinal suben-
docardial muscle fibers. Peak velocity correlates with wall 
motion interpretation,127 ischemia at dual isotope SPECT,128 
and angiographically defined coronary disease.129 However, 
problems pertaining to angle dependency and susceptibility to 
tethering and translational movement make it unsuitable for 
clinical use.

Strain-rate and strain imaging overcomes the problems of 
tethering and translation. The measurement of myocardial 
shortening by this site-specific technique has been extensively 
validated,130,131 and it appears that strain is an analog of regional 
ejection fraction, whereas strain rate corresponds to dP/dt.132 
The most successful application of strain rate has been to the 
assessment of augmentation at low-dose DSE (Fig. 16-13)133-

135—a low-dose strain rate greater than 1.2/s or an increment of 

hyperemia to some degree, although the vasodilator stressors 
have the most marked effect, and the lack of tachycardia with 
these agents facilitates imaging. The use of myocardial contrast 
for LV chamber opacification increase the sensitivity of wall 
motion assessment (Table 16-5)109-117 and provide accuracy that 
is comparable to that of SPECT.118 In addition, there are limited 
data to show an improvement of prognostic assessment.119

Three-Dimensional Echocardiography
3D echocardiography resolves technical problems introduced 
by off-axis images and foreshortening of the apex as well as 
permitting interrogation of subsegmental areas (Fig. 16-12). 
The feasibility of this technique may be enhanced by the use of 
contrast for LV opacification.120,121 The accuracy of stress 3D 
echocardiography is supported by a limited evidence base,122,123 
and despite major advances, the current version of this technol-
ogy has limitations in temporal and spatial resolution.124 Thus, 
the most prudent strategy is to use 3D echocardiography as an 
adjunct to standard stress echocardiography.

QUANTITATIVE APPROACHES TO 
INTERPRETATION

The current qualitative algorithm for interpretation of stress 
echocardiograms requires a significant level of expertise on the 
part of the observer. A less subjective means of interpretation 
could improve feasibility and reproducibility. Either semiquan-
titative or fully quantitative strategies of examining wall motion 
can be used to evaluate global and regional LV function. Global 
indices (ejection fraction or end-systolic volume) are insensitive 
to mild degrees of ischemia and are not an answer to the short-
comings of qualitative interpretation. Wall motion scoring 
offers a semiquantitative regional approach, which may improve 
the reproducibility of observers, but this does not constitute a 
major deviation from the regional approach used by most expe-
rienced readers and does not measure function independent of 
the observer.

The simplest approach to quantitation of regional function 
involves tracing of endocardial (and/or epicardial) interfaces 
and their superimposition using a fixed or floating reference 
system with measurement of endocardial excursion or myocar-
dial thickening. The feasibility and accuracy of this approach 
has now been documented in several studies,125 and the tedious 
and time-consuming process of tracing multiple systolic and 
diastolic frames has been automated by developments in con-
trast echocardiography and edge tracking.126 However, failure to 
compensate for rotational or translational cardiac movement 

Figure 16-12  Potential benefit of 3D echocardiography to stress 
echocardiography by identifying subsegmental wall motion abnor-
malities. Upper panels, Peak-stress end-systolic freeze-frame images in 
conventional apical four-chamber and two-chamber views demonstrate 
homogeneous contraction. Lower panels, Off-axis  images, with septal 
displacement of apical two-chamber (red axis marker on four-chamber 
view)  and  slight  superior  displacement  of  apical  four-chamber  (green 
axis marker on  two-chamber view), demonstrate apical  shape change 
consistent with left anterior descending territory ischemia. 
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Sensitivity and Specificity of Myocardial Contrast Echocardiography for the Detection of Significant Coronary Stenoses

Study

Myocardial Contrast Wall Motion

Stress AngioSensitivity (CAD) Specificity (no CAD) Sensitivity (CAD) Specificity (no CAD)

Cwaig109 87% (32) — (13) Db/Ex All 45

Shimoni110 75% (28) 100% (16) 75% Ex 44/101

Heinle111 75% (12) 67% (3) — — Adeno 15/123

Wei112 100% (15) — — — Adeno 15/54

Rocchi113 89% (12) 88% (N segts) 68% 100% Dipy 12/25

Olszowska114 97% (44) 93% (N segts) 89% 94% Db All 44

Moir115 91% (43) 70% (27) 74% 81% Dipy-Ex 70/85

Elhendy116 91% (127) 51% (43) 70% 74% Db All 170

Peltier117 86% (22) 69% (13) — — Dipy All 35

Adeno, Adenosine; CAD, coronary artery disease; Db, dobutamine; Ex, excercise.

TABLE 
16-5 
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Figure 16-13  Application of myocardial deformation imaging to stress echocardiography. End-systolic  freeze-frame  images  in apical  two-
chamber view (A) show less thickening in inferior wall at rest, which improves with low-dose and deteriorates again at peak. However, these changes 
are subtle; response is more readily identified from deformation imaging (B). Basal inferior segment (yellow) shows positive strain (ε) and strain rate 
(SR) (lengthening) at rest, shortening at low dose, and lengthening again at peak. 

Rest 5 µg

10 µg Peak

A B

0.6/s is associated with recovery after revascularization. Signal 
noise is a particular problem for its application with peak-dose 
dobutamine. Only one small study has suggested it to be supe-
rior to wall motion assessment.136 Others suggest that there may 
be some value for improving concordance or for less expert 
readers, without a major increment of accuracy.137

The use of speckle tracking (2D strain) offers smoother 
curves and avoids angle dependency,138 but it operates at low 
frame rate and is dependent on good image quality. Limited 
results suggest it to be inferior to tissue velocity based strain for 
the assessment of viability.139 Despite limited encouraging 
reports, low frame rate appears to limit its role in the diagnosis 
of ischemia, and image quality in the far field also appears to 
pose problems for tracking.140

STRESS DOPPLER ECHOCARDIOGRAPHY

The use of Doppler to evaluate coronary flow permits the mea-
surement of coronary flow reserve, effectively adding a marker 
of perfusion or vascular function to wall motion. The informa-
tion provided can improve the sensitivity for detection of isch-
emia, as well as providing information about disorders of 
coronary vasomotor function and heart failure.135,141,142 The 
technique seems most feasible with vasodilator stress but can 
be performed with dobutamine and after exercise.

Doppler responses to stress can examine systolic or diastolic 
blood flow alterations caused by ischemia. Unfortunately, this 
information is of limited value—changes in stroke volume 
occur mainly in the presence of extensive ischemia, and stress-
induced alterations in global cardiac function are not specific 
for coronary disease. Similarly, ischemia-induced mitral regur-
gitation is uncommon.143 However, the use of Doppler to assess 
low-output aortic stenosis is potentially useful in discriminat-
ing the relative contribution of impaired LV function and a 
stenosed valve; generally, the presence of LV contractile reserve 
is the most reassuring finding.144 A stenotic valve usually 

demonstrates an increment of aortic valve gradient with a stable 
valve area (Fig. 16-14).

LV relaxation may be altered by the development of myocar-
dial ischemia. Reductions in passive LV filling (i.e., impaired 
relaxation secondary to ischemia) may be identified during 

Figure 16-14  Use of Doppler imaging with low-dose dobutamine 
stress to evaluate low-output aortic stenosis in a patient with con-
tractile reserve.  Note  stable  outflow  tract  velocity  with  increment  of 
valvular velocity. AVA, Aortic valve area. 
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DSE145 but are more feasible with stressors that provoke isch-
emia without tachycardia, such as dipyridamole and pacing. 
Tissue-Doppler assessment may be of value in examining 
regional diastolic function with less influence from left atrial 
pressure.146 Changes of diastolic function in response to stress 
are not specific for ischemia and may be due to LV hypertrophy. 
An increment of filling pressure with exercise may be a means 
of identifying the contribution of increased filling pressure to 
dyspnea, but the value of assessing this during pharmacologic 
stress is undefined.

Alternatives
EXERCISE STRESS TESTING

In patients who are unable to exercise maximally, a nonexercise 
stressor is mandatory, as the sensitivity of exercise echocardiog-
raphy is low. In patients who are able to exercise, exercise 
echocardiography is increasingly used instead of the stress elec-
trocardiogram. Although this strategy is contrary to the ACC/
AHA guidelines,90 it may be cost effective.147 The advantages of 
pharmacologic approaches are feasibility, better image quality, 
and ability to image the heart during stepwise increments  
of stress as well as at peak stress. Pharmacologic stressors prob-
ably give accuracy similar to that of exercise stress (Table 
16-6).24,25,27,29,148-151 The reported greater feasibility of nonexer-
cise techniques may be colored by greater expertise in pharma-
cologic than in exercise echocardiography at some centers. The 
greater extent of ischemia with exercise than with dobutamine 
may reflect the greater cardiac workload imposed by exercise—
this more extensive ischemia may lead the observer to be more 
confident in the results of exercise, despite the image quality 
being better with dobutamine. Electrocardiographic data are 
useful with exercise stress and less so with pharmacologic stress-
ors, and data about exercise are readily extrapolated to everyday 
life. Exercise capacity data are prognostically important. Because 
exercise echocardiography offers more data than the nonexer-
cise approaches, we limit the use of exercise-simulating tech-
niques to patients who are unable to perform maximal exercise. 
However, the new techniques that are adjunctive to stress echo-
cardiography (for example, contrast, tissue Doppler, and acous-
tic quantification echocardiography) are more easily performed 
in the stationary patient and may lead to an increase in the 

number of nonexercise studies in the future. The sensitivity  
and specificity of the tests in meta-analyses are compared in 
Figure 16-15.

PHARMACOLOGIC STRESS  
ECHOCARDIOGRAPHY VERSUS  
PERFUSION SCINTIGRAPHY

Nuclear perfusion imaging is the most widely used technique 
for the noninvasive diagnosis of coronary artery disease and is 
technically easier to perform and interpret than stress echocar-
diography. However, nuclear imaging has disadvantages per-
taining to specificity, cost, and patient convenience. Because 
there is a substantial variation in the reported accuracy of both 
stress echocardiography and nuclear imaging, based on varia-
tions in the population studied, their relative accuracy in those 

Figure 16-15  Comparison of stress echocardiography techniques 
(red )  with nuclear (blue) and magnetic resonance imaging (green) 
in meta-analyses of each technique.  (Data obtained from O’Rourke 
RA, Fuster V, Alexander W, et al, editors: Hurst’s the heart: manual of 
cardiology, ed 11. New York, 2005, McGraw-Hill.)

0

20

40

60

80

100

(%
)

Sensitivity (%) Specificity (%)

Exercise ECG (n = 11,691; 58 studies)
Exercise SPECT (n = 2,360; 22 studies)
Adenosine SPECT (n = 3,539; 11 studies)
Dobutamine SPECT (n = 1,419; 20 studies)
Exercise echocardiography (n = 741; 13 studies)
Dobutamine stress echocardiography (n = 436; 13 studies)
MRI dobutamine stress (wall motion) (n = 644; 10 studies)
MRI adenosine/dipyridamole (perfusion) (n = 108; 3 studies)

Sensitivity and Specificity of Echocardiography with Exercise and Nonexercise Methodologies

Study
Patients, 

N
CAD, 

n

CAD 
Diameter, 

%
Multivessel, n 
(% all CAD)

Myocardial 
Infarction, n 
(% all CAD)

Sensitivity, % Specificity, %

CommentsEx Dob DP
Atrial 
Pacing Ex Dob DP

Atrial 
Pacing

Picano148 55 34 >70 18 (53) 6 (18) 76 — 72 — 81 — 100 — Exercise and dipyridamole 
comparable

Hoffman29 66 50 >70 21 (42) 0 (0) 80 79 — — 87 81 — — Exercise and dobutamine 
comparable

Cohen24 52 37 >70 21 (57) 11 (30) 78 86 — — 87 87 — — Exercise and dobutamine 
comparable

Beleslin27 136 119 >50 11 (9) 41 (34) 80 82 74 — 82 77 94 — Exercise, dobutamine and 
dipyridamole comparable

Marangelli149 60 35 >75 19 (54) — 89 — 43 83 91 — 92 76 Exercise has best balance of 
sensitivity and specificity

Marwick25 86 56 >50 34 (61) 0 (0) 88 54 — — 80 83 — — Exercise superior with 
submaximal dobutamine

Dagianti150 60 25 >70 15 (60) 0 (0) 76 72 52 — 94 97 97 — Myocardial infarction excluded

Rallidis151 85 85 >70 40 (47) 42 (49) 77 67 — — — — — — Only known CAD

CAD, Coronary artery disease; Dob, dobutamine; DP, dipyridamole; Ex, exercise.

TABLE 
16-6 
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Although ischemia detection with MRI and echocardiography 
has a concordance rate of 80% to 90%, reports of higher  
accuracy with MRI are based on avoidance of nondiagnostic 
studies.159 The evaluation of perfusion with MRI allows 
the detection of subendocardial abnormalities and may be 
helpful in the evaluation of disorders of the coronary 
microcirculation.

Prognostic Assessment
Although a substantial amount of literature regarding the 
individual predictive abilities of echocardiography and perfu-
sion imaging is available, comparative data are sparse. In 
patients undergoing surgery for vascular disease, dipyridamole 
stress thallium imaging has been shown to have a negative 
predictive value of more than 90% in most studies.55 The 
occurrence of unexpected cardiac events in some patients is 
probably due to plaque instability at the site of nonsignificant 
stenoses (which do not cause abnormal perfusion results). The 
predictive value of ischemia at scintigraphy ranges from 30% 
to 50%, this result being attributable to positive perfusion 
studies in the context of mild (prognostically benign) coro-
nary disease and false-positive results. Overall, these results are 
comparable to those of pharmacologic stress echocardiogra-
phy (see Table 16-7). Direct comparisons of stress echocar-
diography and SPECT for the prediction of perioperative 
cardiac events have shown their prognostic value to be 
similar.160,161 A meta-analysis of published work concluded 
that DSE and SPECT (mainly with dipyridamole stress) had 
comparable levels of accuracy, with cost effectiveness in favor 
of echocardiography.162

In patients with chronic stable coronary disease and after 
myocardial infarction, the relative prognostic roles of stress 
echocardiography and myocardial perfusion scintigraphy 
appear comparable. Ischemia may be difficult to identify within 
segments having abnormal resting function, and this is a source 
of discrepancy from the findings of perfusion scintigraphy.

Diagnosis of Viable Myocardium
The comparison of positron emission tomography, thallium 
reinjection techniques, and DSE from meta-analyses is sum-
marized in Figure 16-10; Table 16-8 summarizes matched 
data.163-174 Most comparative studies show SPECT techniques to 
be more sensitive but of lower specificity for the prediction of 
functional recovery.

who are unable to exercise can best be addressed by direct 
comparison.

Diagnosis of Coronary Artery Disease
Scintigraphy and echocardiography have a concordance rate of 
80% to 90% for the presence or absence of disease in most 
studies. A meta-analysis of vasodilator or dobutamine stress 
with either echocardiography or SPECT showed a consistent 
message of higher sensitivity with SPECT (especially for vaso-
dilator stress) and higher specificity with echocardiography.40 
Studies comparing stress echocardiography and scintigraphy 
using dipyridamole, adenosine, dobutamine, or atrial pacing 
stress are summarized in Table 16-7.5,35,152-156 Using dobutamine 
or pacing stress, the sensitivities are comparable, with most 
studies showing slightly greater sensitivity with scintigraphy. 
This difference is most evident in patients with single-vessel 
disease,157 a finding that might be expected from the identifica-
tion of flow heterogeneity with perfusion imaging, which is an 
earlier event in the ischemic cascade than regional dysfunction, 
identified by echocardiography. Similarly, antianginal therapy 
may compromise the results of echocardiography because it 
prevents the development of ischemia with less effect on perfu-
sion scintigraphy. Vasodilator stress echocardiography is signifi-
cantly less sensitive than perfusion scintigraphy. This difference 
is most marked in patients with single-vessel coronary disease 
and reflects failure to develop coronary steal in the absence of 
extensive coronary disease. This difference is less prominent in 
patients with multivessel disease.

The specificities of stress echocardiography and perfusion 
scintigraphy are comparable, with most series showing a small 
benefit for echocardiography. Two important sources of false-
positive results are patients with left bundle branch block and 
patients with LV hypertrophy. Stress echocardiography appears 
to show greater specificity in patients with left bundle branch 
block.158 Patients with hypertensive hypertrophy are prone to 
false-positive results with SPECT but not stress echocardiogra-
phy.52 Good scintigraphy is always better than poor stress echo-
cardiography, and good stress echocardiography is always better 
than poor scintigraphy.

Stress MRI is an exciting technique that permits high-
resolution imaging of both perfusion (including subendocar-
dial perfusion) and wall motion. However, cost and availability 
make it seem unlikely that this will become a serious alternative 
to stress echocardiography for most patients in the near future. 

Comparison of Pharmacologic Stress Echocardiography and Single Photon Emission Computed Tomography for Diagnosis  
of Coronary Artery Disease (>50 patients)

Study
Patients, 

N Stress Dose

Sensitivity, % Single-Vessel Disease Specificity

Echocardiography Nuclear Imaging Echocardiography Nuclear Imaging Echocardiography Nuclear Imaging

Marwick35 97 Adenosine 0.18 mg/kg/min 58 86 52 81 87 71

Marwick5 217 Dobutamine 40 mcg 72 76 66 74 83 67

Senior152 61 Dobutamine 40 mcg 93 95 86 86 94 71

Ho153 54 Dobutamine 40 mcg 93 98 — — 73 73

Huang154 93 Dobutamine 40 mcg 93 90 — — 77 81

Santoro155 60 Dobutamine 40 mcg 61 91 — — 96 81

San Roman156 102 Dobutamine 40 mcg + 
atropine

78 87 — — 88 70

Santoro155 60 Dipyridamole 0.84 mg/kg 55 97 — — 96 89

San Roman156 102 Dipyridamole 0.84 mg/kg 81 87 — — 94 70

TABLE 
16-7 
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The Future of Pharmacologic  
Stress Echocardiography
Just like the rest of echocardiography, pharmacologic stress 
echocardiography continues to evolve, and the only certainty in 
prediction of the future is that it will be different. The major 
themes of this evolution are likely to be efficacy, quality, and 
cost factors on one side, and new technologies on the other. As 
discussed in the chapter, the latter are likely to include perfu-
sion, quantitation, and 3D imaging, with the intent of increas-
ing accuracy, reproducibility, and reading speed. The more 
pressing (and less predictable) need relates to how the current 
cost pressures influence pharmacologic stress echocardiogra-
phy. Part of this process will relate to the application of appro-
priateness criteria.89 It will also relate in part to the development 
of standardized management algorithms, and stress echocar-
diography is likely to be favored over alternative techniques if 
quality is maintained.

KEY POINTS

 Nonexercise stress tests with dobutamine, vasodilators, 
and pacing are all feasible, although interest in pacing 
has not been sustained, and all demonstrate satisfactory 
levels of accuracy.

 Despite greater ease in gathering images, pharmacologic 
stress is less potent than exercise stress. The resulting 
lesser extent of ischemia may paradoxically make the 
interpretation of these studies more difficult than that 
of exercise.

 The adoption of new technologies such as myocardial 
contrast, 3D, and myocardial deformation techniques is 
easier with pharmacologic than with exercise stress.

 Subjective interpretation remains the Achilles heel of 
stress echocardiography—perhaps even more so with 
pharmacologic stress echocardiography because of the 
subtleties of interpreting augmentation of function in 
viability studies. Measurement of myocardial velocity 
and deformation offers potential support to interpreta-
tion but remains in evolution.

Comparison of Nuclear and Stress Echocardiographic Techniques for Prediction of Viability (Evidenced by Improvement of 
Regional LV Function)*

Study Thallium Technique
Dobutamine Protocol, 

mcg/kg/min

Sensitivity, % Specificity

Thallium 
SPECT

Dobutamine 
Echocardiography

Thallium 
SPECT

Dobutamine 
Echocardiography

Marzullo163 Rest-redistribution Low-dose, 10 86 82 92 92

Charney164 Rest-redistribution Low-dose, 10 95 71 85 93

Kostopoulos165 Rest-redistribution Low-dose, 10 90 87 69 94

Qureshi166 Rest-redistribution High-dose, 40 90 74 56 89

Nagueh167 Rest-redistribution High-dose, 40 91 68 43 83

Senior168 Stress (dobutamine)-rest/NTG Low-dose, 10 92 87 78 82

Arnese169 Stress (dobutamine) reinjection Low-dose, 10 89 74 48 95

Perrone-Filardi170 Stress (dobutamine) reinjection Low-dose, 10 100 79 22 83

Bax171 Stress (dobutamine) reinjection Low-dose, 10 93 85 43 63

Haque172 Stress (exercise) reinjection Low-dose, 20 100 94 40 80

Vanoverschelde173 Stress (exercise) reinjection High-dose, 40 72 88 73 77

Elsasser 174 Stress (dobutamine) reinjection High-dose, 40 87 95 98 80

NTG, Nitroglycerin; SPECT, single photon emission computed tomography.
*Average ejection fraction 38%.
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Coronary flow velocity and coronary flow velocity reserve 
measurements provide useful clinical and physiologic informa-
tion. Previously, coronary flow velocity has been assessed  
invasively by Doppler flow wire technique in the cardiac cath-
eterization lab. Recent technologic advances in Doppler echo-
cardiography provide noninvasive coronary flow detection by 
Doppler transthoracic echocardiography (TTE).1,2 The accu-
racy of these new noninvasive transthoracic coronary flow and 
coronary flow reserve (CFR) measurements has been validated 
compared to Doppler flow wire.3-7 Doppler TTE is widely avail-
able in the clinical setting, and this technique can be performed 
in an outpatient setting.8,9 The majority of the clinical data 
regarding this technique has been reported by European and 
Japanese groups, but Takeuchi and colleagues10 did a unique 
investigation testing the feasibility of transthoracic coronary 
flow detection in the relatively obese U.S. population and found 
a similar success rate for recording coronary flow and CFR. 
Intravenous contrast injection helps in detection of the coro-
nary signal.11-14 This new, noninvasive imaging technique of the 
coronary arteries promises to expand the field of diagnostic 
echocardiography and bring new insight into the pathophysiol-
ogy of ischemic heart disease.

Coronary Anatomy
It is important to understand the coronary arterial anatomy for 
assessment of coronary flow by Doppler TTE (Fig. 17-1). The 
left and right coronaries originate from the left and right coro-
nary sinuses of the aortic root. The left main coronary artery 
bifurcates into the left anterior descending (LAD) artery, which 
runs over the anterior interventricular sulcus, and the left cir-
cumflex (LCx) artery in the left atrioventricular sulcus. The LAD 
artery often around beyond the apex. In this situation,  
the LAD artery extends up the posterior interventricular sulcus. 
The septal branches arise at an acute angle from the LAD artery, 

coursing close to the endocardium on the right side of the inter-
ventricular septum. The LCx artery is the other principal vessel 
originating from the left main coronary artery. It is covered by 
the left atrial (LA) appendage in its proximal portion, and then 
courses along the left atrioventricular sulcus. The right coronary 
artery (RCA) has its origin at the right coronary aortic sinus and 
follows the right atrioventricular sulcus. The posterior descend-
ing artery lies in the posterior interventricular sulcus.

Doppler Evaluation of Coronary Flow
TECHNICAL ASPECTS

There are some important technical issues for detecting coro-
nary flow signals. First, a good high-resolution and high-
sensitivity ultrasound system with a high-frequency transducer 
is required (7 to 12 MHz for mid to distal LAD artery; 2 to 
5 MHz for proximal LAD artery, RCA, and LCx artery). Second, 
in color Doppler imaging, the Doppler velocity range should  
be set in the range of 10 to 30 cm/s to detect the coronary  
flow signal because the blood flow velocity is relatively slow. In 
cases in which it is difficult to detect a coronary flow signal, 
intravenous injection of contrast agent enhances the Doppler 
signal intensity.5,11 The contrast enhancer used in the most 
studies was Levovist (Schering AG, Berlin, Germany). Levovist, 
at a concentration of 300 mg/mL, was administered intrave-
nously by using an infusion pump. The infusion rate is adjusted 
from 0.5 to 2 mL/min, according to the quality and intensity of 
the Doppler signal enhancement achieved. By positioning the 
Doppler sample volume in the coronary flow stream under the 
guidance of color Doppler flow imaging, the characteristic cor-
onary flow spectrum, with biphasic predominantly diastolic 
flow velocities, can be recorded. In the pulsed Doppler tech-
nique, angle correction is required depending on the direction 
of coronary flow.
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DETECTION

Left Main and Proximal Coronary Arteries
Patients should be examined in the left lateral decubitus posi-
tion. To visualize the left main trunk and proximal left anterior 
descending artery, start with the image plane at the level of the 
aortic root, in a short-axis view (Fig. 17-2, A). This part of the 
exam can be performed using a relatively low-frequency trans-
ducer (2 to 4 MHz). The left main trunk is identified as a 
tubular structure that originates from the left coronary sinus. 
By adjusting the orientation of the ultrasound beam toward the 
distal side of the left main trunk, the proximal LAD artery, 
which runs from the bifurcation toward the anterior wall of the 
heart, can be visualized using color Doppler flow mapping.  
At the level of the left main bifurcation, the proximal circumflex 
artery is detected by rotating the transducer clockwise.

The proximal RCA, which originates from right coronary 
sinus, can be identified at the aortic root, in short-axis or long-
axis views (Fig. 17-3).

Left Anterior Descending Coronary Artery
In the short-axis images of the left ventricle (LV), the midpor-
tion of the LAD artery can be identified as a cross section of the 
tubular structure containing the color Doppler flow signal, 
located in the anterior interventricular sulcus (see Fig. 17-2, 
B and C). The color Doppler signal in the LAD artery, which 
typically appears as a red color, is mainly seen in diastole. After 
confirming its position, rotate the transducer counterclockwise 
to image the LV in a long-axis view aligned with the intraven-
tricular sulcus under the guidance of color Doppler flow 
imaging. To visualize the distal portion of the LAD artery, image 
the LV in a long-axis view starting from the apex and searching 
for the coronary flow signal around the intraventricular sulcus. 
In this view, pericardial fluid may appear similar to a coronary 
flow signal near the epicardium. However, pericardial fluid is 
seen mainly in systole and can easily be discriminated by pulsed 
Doppler recording. The coronary flow pattern by pulsed 
Doppler is biphasic, but pericardial fluid generally has a systolic, 
bidirectional signal. Once the LAD artery is found as a cross 
section of the tubular structure containing the color Doppler 
flow signal, rotate the transducer clockwise (toward the two-
chamber view position) to detect the flow signal in the long-axis 
view (Fig. 17-4). Coronary flow detection in the distal portion 
of the LAD artery is important, as CFR should be measured 

Figure 17-1  Anatomic position of epicardial 
coronary arteries. Left and right coronary arter-
ies  originate  from  the  left  and  right  coronary 
sinuses,  respectively.  Left  anterior  descending 
artery (LAD) runs over the anterior interventricu-
lar  sulcus  toward  apex.  Left  circumflex  artery 
(LCx)  runs  along  the  left  atrioventricular  sulcus. 
Right coronary artery (RCA) runs along the right 
atrioventricular  sulcus,  and  the  posterior 
descending  artery  (PD)  runs  in  the  posterior 
interventricular  sulcus.  Thus,  landmarks  for 
searching coronary flow by TTE are interventricu-
lar sulcus and atrioventricular sulcus. 

RCA

LCx

LV

LAD
RV

RCA

RV

PD

distal to any stenosis. Coronary blood flow velocity profiles are 
recorded by positioning a pulsed sample volume on the color 
flow signal. The incident angle between the Doppler beam and 
direction of blood flow should be used to correct the velocity 
scale.

Posterior Descending Coronary Artery
The posterior descending coronary artery usually is the distal 
extension of the RCA and runs along the posterior interven-
tricular sulcus toward the apex. After obtaining an apical two-
chamber image of the LV, angle the ultrasound beam superiorly 
to image the posterior interventricular sulcus (see Fig. 17-2, C). 
In this situation a lower frequency probe is recommended 
because this area is far from the transducer, compared to the 
anterior interventricular sulcus. Carefully examine this area 
using color Doppler flow imaging to locate the right posterior 
descending coronary artery (Fig. 17-5). Though the success rate 
in detecting coronary flow velocity profile in the right posterior 
descending coronary artery is lower compared with the LAD 
artery, a contrast-enhanced Doppler technique improves the 
success rate.15

Left Circumflex Coronary Artery
The LCx artery can be found in the modified four-chamber 
view (see Fig. 17-2, D). It is normally distinguished as a color 
flow signal running along the basal lateral wall16 (Fig. 17-6). 
However, visualization of circumflex arteries is relatively diffi-
cult because of their anatomic variations, and furthermore, 
these vessels are distant from the transducer.

Assessment of Coronary Flow Profile
Doppler spectral tracings of coronary flow velocity can be 
recorded by the pulsed-Doppler technique by positioning a 
sample volume (1.5 to 2.5 mm wide) on the color Doppler 
signal. Angle correction is needed in each examination.  
Coronary flow profile provides some useful clinical informa-
tion, such as coronary flow direction, coronary flow velocity, 
and coronary flow pattern. Normal coronary flow is character-
ized by a biphasic flow profile, which consists of a small systolic 
and a large diastolic flow signal (Fig. 17-7). It should be noted 
that pulsed-Doppler recording provides coronary flow velocity 
and not the absolute volume of coronary blood flow. CFR by 
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Figure 17-2  Schematic illustrations of coronary flow detection by transthoracic Doppler echocardiography. A, Proximal portion of left and 
right coronary arteries  in short-axis view at the  level of coronary sinus. The left main trunk (LMT ) originates from the left coronary sinus, and the 
right coronary artery (RCA) originates from the right coronary sinus. B, Position of three coronary arteries in LV short-axis view. Cross-sectional coro-
nary arteries can be observed by color Doppler. Left anterior descending artery (LAD)  is positioned at anterior interventricular sulcus. LAD signal 
can be seen longer by counterclockwise rotation. Posterior descending artery (RCA) is seen at the position of posterior interventricular sulcus. Left 
circumflex artery (LCx) is seen in a varied position but generally can be found at lateral wall of the LV (3-o’clock to 5-o’clock position). C, Detection 
of distal portion of LAD artery by apical view. Posterior descending artery is visualized in posterior interventricular sulcus. In apical long-axis view, 
cross-sectional LAD flow can be found. The flow signal becomes longer by adjusting the transducer to look at the interventricular sulcus (clockwise 
rotation). D, Detection of LCx by apical view. The LCx  is normally distinguished as a color flow signal  running along the basal  lateral wall  in  the 
modified four-chamber view. RVOT, Right ventricular outflow tract. 
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Figure 17-3  Detection of the proxi-
mal portion of left and right coronary 
arteries (short-axis view at the level of 
coronary sinus). The left main coronary 
artery  (LMT )  originates  from  the  left 
coronary  sinus,  and  the  right  coronary 
artery  (RCA)  originates  from  the  right 
coronary  sinus  (left  panel).  Coronary 
flow  signal  in  the  LMT  is  observed  by 
color  Doppler  (right  panel).  Ao,  Aorta; 
RVOT, right ventricular outflow tract. 
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Figure 17-5  Right  coronary  artery  (posterior  descending  artery)  by 
color Doppler echocardiography. In modified two-chamber view, pos-
terior descending artery appears as red color signal in diastole. 

Figure 17-6  Left  circumflex  artery  by  color  Doppler  echocardiogra-
phy. Left circumflex artery flow signal  is  seen at  the epicardial  side  in 
the lateral wall in modified four-chamber view. 

Figure 17-4  Distal portion of the left anterior descending artery by color Doppler echocardiography. In modified apical long-axis view, left 
anterior descending artery flow signal appears as red color signal in diastole. 
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Doppler TTE is derived from changes in the velocity of coro-
nary blood flow, which has been shown to correlate with abso-
lute CFR.

Clinical Applications
CORONARY FLOW VELOCITY RESERVE 
MEASUREMENT

CFR is expressed as a ratio of maximum flow to resting flow 
(Fig. 17-8). With a normal coronary artery, a vasodilatory stim-
ulus results in an approximately fourfold increase in flow rate 
compared to baseline. With progressive coronary stenosis, base-
line flow remains normal until the coronary artery is narrowed 
by 80% to 85% diameter stenosis. However, CFR begins to 

decrease at 40% to 50% diameter stenosis.17 CFR decreases to 
two times baseline at approximately 75% diameter stenosis, 
which indicates myocardial ischemia.

Coronary flow velocity reserve can be alternatively assessed 
as the ratio of hyperemic to basal coronary flow velocity after 
drug-induced coronary vasodilatation. Measurements of coro-
nary flow velocity reserve by Doppler TTE have already been 
established as feasible and accurate.3,5,6

After recording baseline spectral Doppler signals in the distal 
portion of the LAD artery, administer the vasodilator, either 
adenosine 140 mcg/kg/min as an intravenous infusion for 
about 1 minute or dipyridamole 0.56 mg/kg intravenously for 
about 4 minutes, to achieve maximum flow. Then spectral 
Doppler signals are recorded during hyperemic conditions  
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comes to maximum in 1 minute. Dipyridamole starts to act in 
4 to 6 minutes and has a prolonged duration of action (about 
30 minutes after administration). The short-acting effect is an 
advantage of adenosine. Although both vasodilators can cause 
flushing, headache, hypotension, or bradycardia, the adverse 
effects of adenosine are alleviated immediately after the infu-
sion is finished.

In the clinical setting, some factors that are related to coro-
nary risk factors have been known to affect CFR. Passive 
smoking has been reported to reduce CFR in healthy nonsmok-
ers, not in active smokers.18 Another study demonstrated that 
CFR was significantly higher in nonsmokers than in smokers, 
and interestingly, oral antioxidant vitamin C increased CFR in 
nonsmokers but not in smokers.19 Patients with hypertension 
showed lower CFR than did normotensive controls20; CFR is 
reduced in diabetic patients, especially in patients with reti-
nopathy21,22; and CFR decreased after a single high-fat meal in 
young healthy men.23 Because of the noninvasive nature of 
transthoracic Doppler, it can be used for serial evaluation of 
drug effects on coronary microcirculation.24-27 CFR is also 
reduced in metabolic syndrome28 and nonalcoholic fatty liver 
disease.29 Another study showed that in premenopausal women, 
CFR varies during the menstrual cycle, and in postmenopausal 
women, CFR increases after acute estrogen replacement.30 Non-
invasive CFR is expected to contribute to the evaluation of 
coronary microvascular function in various clinical situation 
other than ischemic heart disease, such as cardiomyopathy or 
heart failure.31 Several papers have reported its usefulness in the 
assessment of cardiac allograft vasculopathy in patients after 
heart transplantation.32,33

NONINVASIVE DIAGNOSIS OF  
CORONARY STENOSIS

Coronary Flow Velocity Reserve  
Measurement Approach
Coronary flow velocity reserve defined as a mean diastolic 
velocity increase with hyperemia less than 2 had a sensitivity of 
91% to 92% and a specificity of 75% to 86% for the presence 
of significant LAD artery stenosis.34,35 Compared with thallium-
201 single photon emission computed tomography (SPECT),  
a mean CFR derived from transthoracic Doppler greater than 
or equal to 2 predicted reversible perfusion defects, with a sen-
sitivity and specificity of 92% and 90%, respectively.36 CFR 
improves after coronary stenting,37 and a CFR less than 2 had 
high sensitivity (91%) and specificity (95%) in the diagnosis of 
in-stent restenosis after coronary intervention.38 Another paper 

(Fig. 17-9) with measurement of the mean diastolic velocity and 
peak diastolic velocity of each flow spectrum. Coronary flow 
velocity reserve by the transthoracic-Doppler technique is mea-
sured from only diastolic mean velocities and not mean veloci-
ties throughout the entire cardiac cycle because, in some cases, 
cardiac motion makes it difficult to obtain a complete Doppler 
spectral envelope throughout the cardiac cycle. However, previ-
ous studies have reported that the ratio of hyperemic to basal 
mean diastolic velocity and peak diastolic velocity was useful in 
the evaluation of functional coronary stenosis. Coronary flow 
velocity reserve is defined as the ratio of hyperemic to basal 
peak diastolic coronary flow velocity or the ratio of hyperemic 
to basal mean diastolic coronary flow velocity. Adenosine starts 
to act generally in 30 seconds, and the coronary flow velocity 

Figure 17-7  Coronary flow velocity profile in normal subject. Coro-
nary flow velocity profile is characterized by biphasic flow pattern with 
small systolic and large diastolic components. 

Figure 17-8  Coronary flow reserve (CFR) and percent diameter 
stenosis.  With  progressive  coronary  stenosis,  baseline  flow  remains 
normal until  the coronary artery  is narrowed by 80% to 85% diameter 
stenosis.  However,  CFR  begins  to  decrease  at  40%  to  50%  diameter 
stenosis  for  a  vasodilatory  stimulus,  increasing  flow  normally  to  four 
times baseline. CFR decreases to two times baseline at approximately 
75% diameter stenosis. (From Gould KL, Lipscomb K: Effects of coronary 
stenoses on coronary flow reserve and resistance. Am J Cardiol 34:48-
55, 1974.)
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Figure 17-9  Coronary flow velocity reserve measurement by 
pulsed-Doppler echocardiography in patient with a normal coronary 
artery.  Both  systolic  and  diastolic  flow  velocity  increase  during 
hyperemia. 
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echocardiography has an advantage in the assessment of left 
main coronary artery stenosis, mosaic flow and high velocity in 
the left main trunk can be observed by using transthoracic 
Doppler echocardiography. Significant left main stenosis can be 
diagnosed by a mosaic flow and/or peak diastolic velocity of at 
least 1.5 m/s (sensitivity of 85%, positive predictive value 
82.5%).50 In a similar study of a population with unstable 
angina, a velocity cutoff value of 47.5 cm/s or greater predicted 
significant coronary stenosis of the proximal left anterior 
descending or left main coronary artery with a sensitivity of 
88% and specificity of 97%.51 Okayama and co-workers52 mea-
sured coronary flow velocity in the proximal and distal sites  
of the left coronary artery to calculate the distal averaged dia-
stolic peak velocity to proximal averaged diastolic peak velocity 
ratio. A ratio less than or equal to 0.5 predicted significant  
coronary stenosis with a sensitivity of 91% and a specificity of 
72% in their study. However, low success rate in the visualiza-
tion of the left main coronary artery is a limitation of this 
technique.

Prestenotic to Stenotic Flow Velocity Ratio
The location of the coronary artery stenosis can be identified 
based on “aliasing” of color Doppler. In the diagnosis of signifi-
cant restenosis (greater than 50%) after coronary intervention 
in the LAD artery, a prestenotic-to-stenotic mean diastolic flow 
velocity ratio less than 0.45 had a sensitivity of 86% and a 
specificity of 93%.53 Flow velocity measurements were possible 
for in-stent stenosis with high sensitivity and specificity as 
well.54 Another study has investigated three major coronary 
vessels by color Doppler and pulsed-Doppler echocardiography. 
Overall sensitivity and specificity was 82% and 92%, respec-
tively, for the detection of greater than 50% stenosis. The sen-
sitivity and specificity were 73% and 92%, respectively, for the 
LAD artery, 63% and 96% for the RCA, and 38% and 99% for 
the LCx artery.55

Detection of Total Occlusion by Retrograde 
Coronary Flow
Following occlusion of a major epicardial coronary artery, 
blood flow to the previously supplied myocardium must arrive 
via coronary collateral vessels. The retrograde blood flow  
velocity distal to a totally occluded coronary vessel represents 
collateral flow to the occluded region. Retrograde LAD flow  
by Doppler TTE had a sensitivity of 93% and a specificity of 
100% for the detection of total LAD occlusion56 (Fig. 17-10). 
Retrograde flow in the LAD or septal artery had a sensitivity  
of 96% and a specificity of 100% for the detection of total  
LAD occlusion.57 Retrograde coronary flow detection is also 
useful in the RCA. Detection of reverse flow in the distal  
RCA and the inferior septal branches had a sensitivity of 100% 
and a specificity of 97.8% for identification of occluded RCA 
(Fig. 17-11).58 Boshchenko and colleagues59 have tested the 
diagnostic usefulness of detecting the total occlusion of coro-
nary arteries by observing the coronary flow direction in the 
epicardial and intramyocardial collaterals in the three major 
coronary arteries. They found that the Doppler TTE was a 
sensitive and highly specific method for diagnosis of LAD and 
RCA occlusions. Transthoracic Doppler echocardiography can 
also evaluate intramyocardial collateral flow in patients with 
total occlusion of epicardial arteries. Pizzuto and co-workers60 
successfully measured collateral function by recording coro-
nary flow velocity during adenosine stress (collateral flow 
reserve).

similarly reported that CFR less than 2 predicted restenosis 
determined by thallium-201 SPECT, with a sensitivity of 94% 
and a specificity of 100%.39 Furthermore, Voci and colleagues40 
reported that a CFR less than 1, which may reflect coronary steal 
phenomenon, could discriminate high-risk patients with severe 
stenosis from patients with nonsevere stenosis. A CFR of 2 or 
less can be applied to the prediction of the outcome in patients 
with intermediate coronary stenosis. In the population of medi-
cally treated patients with intermediate LAD stenosis (51% to 
75% diameter), 30-month event-free survival was higher in 
patients with normal CFR and lower in patients with decreased 
CFR (86% vs. 30%).41

For coronary stenosis in the right coronary territory, coro-
nary flow velocity reserve measured in the posterior descending 
coronary artery is useful. Detection of the posterior descending 
artery is more difficult than that of the LAD artery, but the use 
of an intravenous contrast injection improves Doppler signal 
recording.15 Using the cutoff value of 2 for coronary flow veloc-
ity reserve in the RCA, the sensitivity and specificity for detec-
tion of significant stenosis were 84% to 91% and 83% to 91%, 
respectively.6,15,35 Coronary flow velocity reserve less than 2 in 
the LCx artery has been reported to have a sensitivity of 92% 
and specificity of 96% for reversible perfusion defect detected 
by SPECT.16

A Japanese group has tested the feasibility and usefulness of 
CFR measurements in the three major coronary arteries as a 
screening examination. They found that the noninvasive tech-
nique is a promising tool for the detection of coronary stenosis 
in patients with chest pain42 and for the detection of restenosis 
after coronary intervention.43 Although each coronary risk 
factor influences the result of coronary flow velocity reserve, a 
cutoff value less than 2 was still adequate in terms of the diag-
nosis of significant coronary stenosis. A cutoff value less than 2 
for CFR had a sensitivity of 90%, a specificity of 93%, a positive 
predictive value of 77%, and a negative predictive value of 97% 
for the presence of significant coronary stenosis in a population 
that included patients with various coronary risk factors.44

Phasic Flow Characteristics and Coronary Stenosis
Resting coronary flow pattern is characterized by a diastolic 
dominant biphasic flow. In severe coronary stenosis, diastolic 
flow decreases, and hence, diastolic to systolic flow velocity 
ratio decreases at rest.45 Cutoff points of 1.6 for the ratio of 
peak diastolic to systolic velocity and 1.5 for mean velocities 
have high sensitivities and specificities in the detection of 
severe coronary stenosis (greater than 85%)46 and of myocar-
dial ischemia compared to thallium-201 SPECT.47 The diastolic 
to systolic velocity ratio can be measured in the emergency 
setting as a simple screening of critical coronary stenosis.48 
Okura and colleagues49 have reported that these ratio measure-
ments were useful in the differentiation of the ischemic cardio-
myopathy from the nonischemic dilated cardiomyopathy. In 
their study population, a peak or mean ratio less than 1.8 had 
a sensitivity of 77% and a specificity of 77% for detecting the 
presence of severe LAD.

Direct Measurements of the Coronary Flow 
Velocity in the Stenotic Site
Detection of Proximal Left Coronary  
Artery Stenosis
In the stenotic site of the coronary artery, color Doppler signal 
appears as “aliasing” or “mosaic flow.” Although transeso phageal 
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Combination with Stress Echocardiography
Coronary flow velocity reserve measurements are expected to 
contribute to the noninvasive diagnosis of coronary heart disease 
in combination with conventional dobutamine stress echocar-
diography (DSE). Transthoracic Doppler measurements of CFR 
with dobutamine have been proven to be comparable to CFR 
with adenosine in patients with a wide range of LAD diseases.61 
Coronary flow velocity reserve measurements are feasible during 
dobutamine stress62 or before dobutamine stress63 and provide 
useful additional information in the clinical diagnosis of  
coronary stenosis. Takeuchi and colleagues64 have compared the 
diagnostic accuracy of the contrast-enhanced DSE and CFR 
measurements during the DSE in the diagnosis of LAD stenosis. 
They concluded that the diagnostic accuracy of CFR mea-
surement was equivalent to wall motion assessment in the detec-
tion of LAD stenosis. Several studies have shown that CFR 
measurements can provide additional diagnostic or prognostic 
information over regional wall motion diagnosis by stress echo-
cardiography. Rigo and co-workers65 assessed the prognostic 
value of CFR in patients with known or suspected coronary 
artery disease and negative stress echo. In their study, CFR  
less than or equal to 1.92 was the best predictor of future events 
(area under the curve = 0.80, sensitivity = 77%, specificity = 
85%), and the 3-year event-free survival was lower in patients 
with reduced CFR compared with normals (98% vs. 64%, P less 
than .0001).

Figure 17-10  Antegrade and retrograde flow signals. Normal  left 
anterior  descending  artery  (LAD)  flow  (upper panel );  retrograde  left 
anterior  descending  artery  flow  in  patient  with  total  LAD  occlusion 
(lower panel ).  In total LAD occlusion, retrograde coronary flow signal, 
which reflects the collateral flow, is observed as blue color. (From Wata-
nabe N, Akasaka T, Yamaura Y, et al: Noninvasive detection of total 
occlusion of the left anterior descending coronary artery with transtho-
racic Doppler echocardiography. J Am Coll Cardiol 38:1328-1332, 2001.)
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Figure 17-11  Retrograde coronary flow signal in the distal right coronary artery (posterior descending artery).  Coronary  flow  signal  is 
observed as blue color in patient with total RCA occlusion. 
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area, and evaluation of coronary flow profile after revasculariza-
tion is useful in predicting recovery of regional left ventricular 
(LV) function. Optimal cutoff values to predict viable myocar-
dium were 6.5 cm/s for average systolic velocity and 600 ms for 
diastolic deceleration time (sensitivity, 79% and 86%, respec-
tively; specificity, 89% and 89%, respectively).69,70 Doppler TTE 
allows recording of the temporal sequence of coronary flow 
pattern after coronary intervention. Serial evaluation of the 
coronary flow velocity profile showed that persistence of abnor-
mal coronary flow pattern can predict LV remodeling after 
myocardial infarction.71,72 Clinical studies using transthoracic 
Doppler echocardiography have proven that shorter diastolic 
deceleration time and/or lower CFR after percutaneous coro-
nary intervention for the acute myocardial infarction can 
predict worse outcome of the LV function, myocardial damage, 
or cardiac events.73-77

IMPAIRED CORONARY CIRCULATION IN  
HYPERTROPHIC CARDIOMYOPATHY

CFR is reduced in hypertrophic cardiomyopathy (HCM).78 
Several reports have shown the unique coronary flow pattern 
in HCM, which is characterized by systolic flow reversal and 
high-velocity diastolic flow. Coronary flow abnormalities in 
HCM are related to myocardial thickness rather than the degree 
of outflow obstruction.78-81 This characteristic is seen in intra-
myocardial small coronary arteries as well as in epicardial coro-
nary arteries.82 It has been reported that this unique to-and-fro 
pattern in the intramyocardial arteries is related to the myocar-
dial ischemia and chest pain in HCM.83 Serial measurements of 
the CFR in patients with HCM found that the administration 
of cibenzoline significantly improved CFR (2.0 ± 0.8 to 3.0 ± 
1.0), and reduction in the LV outflow tract pressure gradient  
(55 ± 30 to 23 ± 18 mm Hg).84 Noninvasive Doppler exami-
nation of the coronary circulation might contribute to further 
research in HCM.

CORONARY FLOW RESERVE IN SYNDROME X 
AND CHEST PAIN SYNDROME

Several clinical studies have shown the microvascular distur-
bance in patients with syndrome X. Galiuto and associates85 
have reported that CFR in the LAD was significantly decreased 
in patients with syndrome X and even more in those with 
angina pectoris and ST-segment depression during adenosine 
testing. Lanza and colleagues86 have evaluated CFR by transtho-
racic Doppler echocardiography in patients with syndrome X. 
They compared the data with myocardial perfusion defects 
detected during dobutamine stress test by cardiovascular mag-
netic resonance imaging (MRI). They proved the existence of 
the coronary microvascular dysfunction by reduced CFR that 
correlated with perfusion defects by MRI. CFR has also been 
evaluated in chest pain syndrome. Decreased CFR on LAD was 
associated with increased risk in chest pain syndrome and a 
normal result of stress echocardiography87 or normal coronary 
angiography.88

Alternative Approaches
There are advantages and disadvantages for each imaging 
modality in the assessment of coronary flow. The greatest 
advantage of Doppler TTE coronary imaging is that this exami-
nation is totally noninvasive and can be easily and repetitively 

Figure 17-12  To-and-fro pattern of coronary flow profile in no-
reflow phenomenon.  Coronary  flow  velocity  pattern  in  no-reflow  is 
characterized by a systolic reversal flow followed by a diastolic flow with 
rapid deceleration. Short deceleration time is a predictor of long-term 
prognosis. 
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CORONARY FLOW MEASUREMENTS IN ACUTE 
CORONARY SYNDROME

Suboptimal coronary reperfusion with thrombolysis in myocar-
dial infarction (TIMI) grade 2 coronary blood flow in acute 
myocardial infarction adversely affects patient prognosis and 
requires additional procedures, such as thrombolysis or percu-
taneous coronary intervention. Doppler TTE enables a rapid 
noninvasive differentiation of TIMI 3 from TIMI 2 coronary 
reperfusion in patients with acute myocardial infarction in the 
acute phase before emergent coronary intervention. The diag-
nosis of TIMI 3 flow based on a diastolic peak distal LAD flow 
velocity of at least 25 cm/s by Doppler TTE had a sensitivity, 
specificity, and accuracy of 77%, 94%, and 89%, respectively.66 
Voci and colleagues67 have proposed the “open perforator hypo-
thesis” that presence of the perforator signals in the anterior-
apical wall by color Doppler TTE reflects adequate myocardial 
reperfusion, and hence, perforators are early noninvasive 
markers of myocardial viability. In the coronary care unit, non-
invasive transthoracic detection of coronary flow patterns is 
useful in the direct monitoring of coronary flow augmentation 
during intraaortic balloon pumping.68 Evaluation of coronary 
flow by Doppler TTE gives important physiologic information 
in addition to the conventional diagnostic examination in acute 
coronary syndrome.

CORONARY FLOW IN THE  
NO-REFLOW PHENOMENON

In no-reflow after coronary revascularization for acute myocar-
dial infarction, coronary flow velocity shows a characteristic 
to-and-fro pattern, which consists of systolic reversal and rapid 
diastolic deceleration (Fig. 17-12). This low systolic flow veloc-
ity and rapid deceleration time of diastolic coronary blood flow 
spectrum immediately after primary coronary intervention 
reflects a greater degree of microvascular damage in the risk 
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performed at the bedside. The pulsed-Doppler technique is a 
simple and reliable method for detection of coronary flow pro-
files. Advantages and disadvantages of each coronary imaging 
examination are summarized in Table 17-1. An interesting clini-
cal study by Pizzuto and colleagues89 indicates that CFR can 

Alternative Approaches for Evaluation of the 
Coronary Arteries

Advantages Disadvantages

X-ray angiography Full coverage of the 
coronary arteries; 
high resolution

Invasive; radiation exposure, 
needs nephrotoxic contrast 
agents

Transthoracic 
Doppler 
echocardiography

Noninvasive; no 
radiation exposure; 
portable; cost-
effective; physiologic 
assessment of 
coronary stenosis 
(CFR measurement)

Limited sites of coronary 
detection; low success rate 
in RCA and LCx (need 
contrast agent); need 
vasodilator infusion in 
measuring CFR

Multislice CT Noninvasive; relatively 
high resolution; 
anatomic  
assessment of 
coronary stenosis; 
tissue 
characterization; 
plaque volume 
measurements

Radiation exposure, motion 
artifacts; not available at 
calcified lesion; limited 
accuracy in the diagnosis 
of coronary stenosis; need 
a beta-blocker before 
examination; expensive; 
nephrotoxic contrast 
agents; not available in the 
heavily calcified lesion

MRI Noninvasive; no 
radiation exposure; 
anatomic assessment 
of coronary stenosis; 
soft-tissue 
characterization; 
CFR measurement

Expensive; time consuming; 
slower acquisition, motion 
artifacts; interpretable 
segments are limited by the 
size of the artery; limited 
accuracy in the diagnosis 
of coronary stenosis

CFR, Coronary flow reserve; CT, computed tomography; LCx, left circumflex artery; MRI, 
magnetic resonance imaging; RCA, right coronary artery.

TABLE 
17-1 

KEY POINTS

 For evaluation of coronary blood flow by Doppler echo-
cardiography, it is important to choose a transducer with 
adequate frequency and set the color Doppler velocity 
range around ±20 cm/s.

 The coronary flow signal is mainly observed during 
diastole.

 The normal coronary flow pattern is characterized by 
diastolic dominant biphasic flow.

 CFR can be measured by adenosine or dipyridamole 
intravenous infusion.

 CFR decreases (ratio of hyperemia to rest less than 2) 
when significant coronary stenosis is present.

 In acute myocardial infarction, a coronary flow peak 
velocity < 25 cm/s predicts poor reperfusion with 
≤ TIMI flow 2.

 CFR reflects intramyocardial coronary microcirculation. 
CFR is decreased when microvascular dysfunction is 
present.

improve the diagnostic accuracy of computed tomographic 
coronary angiography to detect significant LAD stenosis.89 In 
this era of noninvasive cardiac imaging, a combination of 
imaging modalities would be expected to provide a new stan-
dard. Assessment of coronary flow by Doppler echocardi-
ography is a promising tool for an additional examination that 
can improve the diagnostic approach to all types of cardiac 
diseases.
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Mitral regurgitation (MR) is a common valvular disorder that 
is a significant cause of morbidity and mortality in cardiovas-
cular disease.1-9 Population studies have estimated the preva-
lence rate of mild or greater MR to be approximately 20%.10-12 
Approximately 30,000 patients in the United States undergo 
mitral valve surgery annually for significant (moderate or 
severe) MR.13 MR can be categorized as primary (valvular) or 
secondary (ischemic or functional). Primary MR results from 
abnormalities of the mitral leaflets and chordal structures, such 
as prolapse, flail, or endocarditis. Secondary MR results from 
abnormalities of the left ventricle (LV), from either ischemic or 
myopathic remodeling of the ventricular myocardium that 
underlies the papillary muscles, which support the mitral valve 
apparatus. The LV abnormalities result in tethering of the mitral 
leaflets and incomplete leaflet coaptation. It is important to 
distinguish the mechanism of MR because therapy is based on 
whether MR is primary or secondary.

Accurate quantification of MR plays an important role in 
clinical practice. The introduction of Doppler techniques to 
echocardiography in the early 1980s transformed the diagnosis 
and management of mitral valve disease, providing accurate 
quantification of MR performed noninvasively. Clinical deci-
sion making in patients with significant MR, generally consid-
ered to be moderate or greater, relies on accurate assessment of 
both etiology and quantification of MR. This chapter reviews 
the mechanistic basis and quantification of MR and how these 
factors guide clinical decision making.

Mitral Valve Anatomy and Mechanisms 
of Mitral Regurgitation
EMBRYOLOGY AND ANATOMY

The mitral valve apparatus forms from delamination of the 
ventricular myocardium after formation of the atrioventricular 
valves from the endocardial cushions. The mitral valve appara-
tus includes the mitral annulus, mitral leaflets, chordae tendi-
neae, and papillary muscles. A detailed knowledge of the 
anatomy of the mitral valve apparatus is important in under-
standing mitral valve function and the mechanism of both 
primary and secondary MR.

Mitral Annulus
The mitral annulus is a D-shaped fibrous structure formed 
from the fibrous skeleton of the heart that serves to anchor the 
leaflets. The mitral annulus has a bimodal or saddle shape, with 
the anterior and posterior points superiorly oriented (toward 
the left atrium [LA]) and the medial and lateral points inferiorly 
oriented (toward the LV; Fig. 18-1).14 In vitro testing and com-
puter modeling studies have shown that a bimodal shape is 
optimal for minimizing stress on the leaflets during mitral 
leaflet opening and closing.15-18 The anteromedial portion of the 
mitral annulus, which forms the straight edge of the “D,” shares 
a common wall with the aortic annulus at the attachment of 
noncoronary and left coronary cusps. This shared wall is called 
the intervalvular fibrosa (also termed aortomitral curtain) and 
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of anchoring the mitral leaflets during systole, allowing for 
symmetric coaptation, and preventing prolapse of the leaflets 
into the LA.

The three types of mitral chordae are named primary, sec-
ondary, and tertiary. The primary chordae (also known as mar-
ginal chordae) extend from the papillary muscles in a branching 
pattern to attach along the coaptation line (margins) of the 
leaflet. These primary chordae are responsible for the primary 
role of the chordae, which is to maintain coaptation of the 
leaflets.20 Rupture or elongation of the primary chordae results 
in loss of coaptation and development of prolapse or flail leaflet 
and invariably MR. The secondary chordae (also known as basal 
or strut chordae) attach at the mid body of the leaflets in the 
transition zone between the rough and smooth zone of the 
leaflets. Their main function is to provide the basic support 
length from the papillary muscle to the leaflet.20 Secondary 
chordae are thicker and longer than primary chordae and do 
not have a branching pattern. Secondary chordae may rupture 
without compromising coaptation or development of severe 
MR. The body of each leaflet has a rough zone defined by where 
the primary chordae attach (the edge of the leaflets to approxi-
mately one third of the leaflet body) and a smooth zone 
(remainder of leaflet body). Tertiary chordae are small in 
number and arise from the basal myocardium, with attachment 
to the base of the leaflet to provide structural support.

The chordae are attached to the LV via the papillary muscles. 
During systole, the papillary muscles contract to facilitate 
closure of the leaflets via the chordae. The two papillary muscles 
in the LV are named by their location of origin: posteromedial 
and anterolateral. The anterolateral papillary muscle is some-
what a misnomer because it is actually located along the 

Figure 18-1  3D reconstruction of the mitral valve annulus.  Image 
shows bimodal shape and orientation of the superior and inferior points.
Ant, Anterior; Post, posterior. 

Figure 18-2  Schematic of mitral valve from LA aspect. The anterior 
leaflet is longer than the posterior leaflet but occupies less of the annular 
circumference.  Each  leaflet  can  be  divided  into  three  scallops,  num-
bered  from  lateral  to  medial,  which  allows  precise  description  of  the 
location of valve dysfunction identified by echocardiographic imaging. 
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is more rigid than the posterior annulus as a result of these 
fibrous attachments. The posterior portion of the annulus 
accounts for a greater circumferential length than the anterior 
portion. Because the anterior annulus is relatively fixed com-
pared with the posterior annulus, posterior dilation of the 
mitral annulus is predominant, although not exclusive; studies 
have shown that the anterior annulus does dilate, although not 
to as great an extent as the posterior annulus.19 The mitral 
annular area is dynamic throughout the cardiac cycle and is 
influenced by LA contraction and filling mechanics throughout 
the cardiac cycle.

Mitral Leaflets
The two leaflets of the mitral valve are referred to as anterior 
and posterior on the basis of their anatomic location. The broad 
anterior leaflet has a greater surface area and thickness than the 
posterior leaflet and accounts for most of the closing surface 
area of the mitral valve (Fig. 18-2). The anterior leaflet is 
attached to the anterior mitral annulus through fibrous conti-
nuity with the noncoronary and left aortic cusps. The posterior 
leaflet is crescent-shaped and has overall less surface area than 
the anterior leaflet, despite a greater circumferential attachment 
length to the mitral annulus. The shape of the posterior leaflet 
forms three scalloped segments that are separated by thin clefts 
between each segment. The anterior and posterior leaflets are 
attached at the posterior and anterior commissures. A common 
nomenclature for the leaflet segments divides each leaflet into 
three segments or scallops that are labeled 1 to 3, with 1 the 
anterolateral segment, 2 the middle segment, and 3 the postero-
medial segment (see Fig. 18-2).

Chordae Tendinae and Papillary Muscles
The mitral chordae tendinae, which typically number 25, are 
thin fibrous structures composed of collagen interwoven with 
elastin fibers, which extend from the papillary muscles to attach 
to the mitral leaflets. The chordae provide the critical functions 
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each leaflet, and chordae from the anterolateral papillary muscle 
attach to the lateral half of each leaflet (Fig. 18-3).

MECHANISM OF MITRAL REGURGITATION

Mechanisms of MR can be broadly categorized as primary, in 
which valvular (leaflets and chordae) abnormalities result in 
MR, or secondary, in which mitral valve function is abnormal 
as a result of distortion of the geometric relationships of the 
mitral valve apparatus and the LV. In the latter, valvular struc-
tures are morphologically normal. Table 18-1 summarizes the 
etiologies of MR based on primary or secondary mechanism.

Mitral valve prolapse is the most common type of primary 
MR and is defined as displacement of the mitral leaflets during 
systole of at least 2 mm from the annular plane (Fig. 18-4).14 
Flail leaflet is defined as an eversion of the leaflet segment with 
loss of the normal concave shape of the leaflet (Fig. 18-5) and 
is associated with significant, frequently severe MR. Flail leaflet 
results almost always from rupture of the primary or marginal 

posterolateral wall rather than the anterior wall. Each papillary 
muscle can have one head, multiple heads, or fused heads from 
which the chordae extend. Rarely, an accessory papillary muscle 
that arises from the anterior wall, often close to the septum, is 
present.21 In case reports, accessory papillary muscles and asso-
ciated chordae can insert directly onto the anterior leaflet, or 
even interventricular septum, resulting in mitral valve 
dysfunction.22

Equal numbers of chordae come from each papillary muscle 
to insert into each of the leaflets. Chordae that originate from 
the posteromedial papillary muscle attach to the medial half of 

Figure 18-3  Chordae originating from the posteromedial papillary 
muscle. Chordae originating from the posteromedial papillary muscle 
(PM-PM )  attach to the medial half of each leaflet (A3 and half of A2; P3 
and  half  of  P2),  and  chordae  from  the  anterolateral  papillary  muscle 
(AL-PM )   attach to the lateral half of each leaflet (A1 and half of A2; P1 
and half of P2). Primary chordae (white arrows) have a branching pattern 
and insert at the edge of the leaflets. AML, Anterior mitral leaflet; PML, 
posterior  mitral  leaflet.  (Adapted from Mills SE, editor:  Histology  for 
pathologists, ed 3, Philadelphia, 2006, Lippincott Williams & Wilkins.)
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Figure 18-4  Parasternal long-axis view (left) and M-mode recording (right) in a young woman with mitral valve prolapse. Bileaflet prolapse 
is seen on 2D imaging (arrows), and the M-mode shows late systolic posterior motion of the leaflets (arrow). Ao, Aorta. 
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Causes of Mitral Regurgitation

Primary MR Valvular abnormality

Degenerative Mitral valve prolapse, myxomatous changes
Ruptured chordae
Thickening/calcification

Infectious Endocarditis, vegetations; leaflet perforations

Inflammatory Systematic inflammatory disorders, valvulitis; 
Libman-Sacks lesions

Rheumatic Leaflet thickening/restricted posterior leaflet 
mixed mitral disease: mitral stenosis/MR

Radiation Leaflet thickening/restricted posterior leaflet 
mixed mitral disease: mitral stenosis/MR

Drugs Leaflet thickening/restricted posterior leaflet 
mixed mitral disease: mitral stenosis/MR

Congenital Cleft mitral valve/endocardial cushion defects

Secondary MR Ventricular distortion of mitral apparatus from 
coronary artery disease or cardiomyopathy

TABLE 
18-1 
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leaflet thickness of more than 5 mm, moderate or greater MR, 
and LV ejection fraction of less than 50%.4,25-27

Other valvular causes of MR include endocarditis in which 
the mechanism includes destruction of leaflet, leaflet perfora-
tion, and inflammation with thickening of mitral leaflets that 
leads to poor coaptation. Less common causes are rheumatic 
disease (in developed countries) where the mechanism is the 
result of leaflet thickening and scarring and restricted posterior 
leaflet motion that prevents complete coaptation (Fig. 18-6), 
valvulitis from collagen-vascular disease, radiation, and drug-
induced mitral valve disease. Calcific mitral annular disease in 
which annular calcification extends onto the leaflet bodies often 
results in mixed mitral valve disease with both stenosis and MR 
present. Congenital abnormalities of the mitral valve make up 
a small percentage of adult patients with MR. The most common 
congenital abnormality in the pediatric population that causes 
MR is mitral valve prolapse, with cleft mitral valve second most 
common.

Secondary MR results from ischemic or myopathic LV 
remodeling, which results in lateral displacement of the papil-
lary muscles and tethering of the mitral leaflets and incomplete 
leaflet coaptation (Fig. 18-7). Secondary MR is a more common 
mechanism of MR than primary valvular etiologies because the 
prevalence of ischemic heart disease is much greater than 
primary mitral valvular disorders. The prevalence rate of devel-
opment of mild or greater MR after myocardial infarction has 
been estimated to be up to 50% and is associated with worse 
prognosis.5,6,28 Patients who present with congestive heart failure 
from systolic dysfunction have an approximately 50% incidence 
rate of moderate or greater MR.7-9 Ischemic and functional MR 
are types of secondary MR. Ischemic MR specifically relates to 
MR that results from coronary artery disease. Papillary muscle 
rupture is an uncommon but dramatic type of ischemic MR, 
with 1.0% of patients with myocardial infarction having devel-
opment of papillary muscle rupture.29 Ischemic MR can also 

chordae. Rarely, elongation of the chordae without frank 
rupture can also result in flail leaflet. Both conditions lead to 
loss of leaflet coaptation with a gap at the coaptation line. The 
prevalence rate of mitral valve prolapse is approximately 2.4% 
in contemporary studies, and MR as a result of mitral valve 
prolapse accounts for most of the 10,000 isolated mitral valve 
surgeries performed annually in the United States.13,23 With 
echocardiography, mitral valve prolapse encompasses a spec-
trum from minimal prolapse to flail leaflet. Leaflet thickness can 
vary from normal to diffusely thickened and redundant leaflets. 
The latter is also known as Barlow’s disease of the mitral valve, 
named after Dr John Barlow, and is at the severe end of the 
spectrum of mitral valve prolapse.24 Factors that are associated 
with worse prognosis in the mitral valve prolapse spectrum are 

Figure 18-5  Flail mitral leaflet. Flail mitral leaflet (arrow) occurs when 
chordal  disruption  (arrow;  either  rupture  or  elongation)  results  in  an 
eversion of the leaflet. 

Flail

Ruptured
chord

Figure 18-6  Rheumatic mitral valve changes result in mitral regurgitation.  In  rheumatic mitral  valve disease,  the posterior  leaflet becomes 
rigid (top panels, arrows), which results in poor coaptation and mitral regurgitation (bottom panels). 
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(Fig. 18-8). Echocardiographic features are apical tenting of the 
mitral leaflets, best imaged in the apical four-chamber view in 
mid systole; loss of normal convex shape into concave shape; 
and a bend noted in the anterior mitral leaflet from tethering 
of the anterior leaflet from a secondary (strut) chord (Fig.18-9). 
Because the papillary muscles are located along the inferior-
posterolateral walls, the incidence of ischemic MR is greater in 
inferior myocardial infarctions than in anterior myocardial 
infarctions.31 However, ischemic MR can develop with any large 

develop from acute myocardial ischemia. The MR is in this case 
is usually transient, resolving once the acute ischemia subsides. 
By far the more common type of ischemic MR is a result of 
chronic LV remodeling after myocardial infarction that causes 
geometric distortion of the mitral valve apparatus.30 Develop-
ment of akinesis, scar, or aneurysm of the infarcted or ischemic 
myocardium underlying the papillary muscles results in lateral 
displacement of the affected papillary muscles, which in turn 
leads to tethering of the mitral leaflets and incomplete closure 

Figure 18-7  Schematic of mecha-
nism of secondary mitral regurgi-
tation.  This  diagram  illustrates  the 
mechanism of ischemic mitral regur-
gitation.  Left,  Balance  of  forces 
acting  on  mitral  leaflets  in  systole. 
Right, Effect of papillary muscle dis-
placement.  Dark shading  indicates 
inferobasal  myocardial  infarction. 
(Modified from Liel-Cohen N, 
Guerrero JL, Otsuji Y, et al: Design 
of a new surgical approach for  
ventricular remodeling to relieve is-
chemic mitral regurgitation: insights 
from 3-dimensional echocardiogra-
phy.  Circulation  101:2756-2763, 
2000.) AO, Aorta; MR, mitral  regur-
gitation; PM, papillary muscle. 
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Figure 18-8  Aneurysm of inferior wall from infarction. Left panel shows aneurysm of inferior wall from infarction, which results in distortion of 
the LV wall leading to mitral leaflet tethering and restricted closure with development of mitral regurgitation (right panel ) . 
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myocardial infarction that results in significant LV dilation and 
remodeling to affect the mitral valve geometry.

Functional MR is a general term that indicates MR resulting 
from ventricular distortion of the mitral valve apparatus. This 
can be from a cardiomyopathy or coronary disease. However, 
functional MR is often used specifically to MR that develops 
from a cardiomyopathy, to distinguish from ischemic MR. From 
a mechanistic basis, ischemic (from coronary artery disease) 
and functional (from cardiomyopathy) MR are similar.

An alternate classification of MR mechanisms proposed by 
Alain Carpentier32 is based on motion of the mitral leaflets. In 
type I, mitral leaflet motion is normal and the MR results from 
annular dilation. Type II MR is the result of excessive leaflet 
motion, such as prolapse or flail leaflet. Type III is from restricted 
leaflet motion and is subdivided into type IIIa and IIIb. In type 
IIIa, leaflets have restricted motion in both systole and diastole; 
rheumatic MR falls into this category. Ischemic and functional 
MR are grouped into type IIIb, where there is restricted motion 
during systole (Fig. 18-10).

Quantification of Mitral Regurgitation
Color Doppler techniques are the most commonly applied 
method for quantification of valvular regurgitation in clinical 
practice. The regurgitant color Doppler flow pattern has three 
components: the proximal flow convergence or proximal isove-
locity surface area (PISA), the vena contracta, and the distal jet 
(Figure 18-11, left panel).33 Principles of fluid dynamics can be 
applied to these components of regurgitant flow where flow can 
be considered to approach a finite orifice with flow distal to the 
orifice entering a constrained receiving chamber. The proximal 
flow convergence region occurs proximal to the regurgitant 
orifice (proximal to the leaflets). The vena contracta represents 
the narrowest point at the level or just distal to the leaflets and 
represents the effective orifice area and not the anatomic orifice 
area. The latter is defined as an orifice at the level of the leaflets, 
whereas the effective orifice area is defined by the narrowest 
point of the flow steam, which typically occurs just distal to the 
leaflets as flow continues to converge for a short distance beyond 
the anatomic orifice (Fig. 18-11, right panel).33 The final 
component is the distal regurgitant jet, which represents the 

Figure 18-9  Echocardiographic features of ischemic mitral regurgitation. Features are apical tenting of the mitral leaflets (best imaged in the 
apical four-chamber in mid systole), where the mitral leaflets coapt apically instead of at the annular plane (yellow dashed line); loss of normal convex 
shape  into concave shape  (small arrows); and a bend  (large arrow) noted  in  the anterior mitral  leaflet  from tethering of  the anterior  leaflet  from 
secondary strut chords. These features result in ischemic mitral regurgitation (right panel ) . 

Figure 18-10  Carpentier classification of mitral regurgitation.  In 
type I, mitral leaflet motion is normal and the MR results from annular 
dilation.  Type  II  MR  is  the  result  of  excessive  leaflet  motion,  such  as 
prolapse or flail leaflet. Type III is from restricted leaflet motion and is 
subdivided into type IIIa and IIIb. In IIIa, leaflets have restricted motion 
in  both  systole  and  diastole.  Rheumatic  MR  falls  into  this  category. 
Ischemic  MR  and  functional  MR  are  grouped  into  type  IIIb,  in  which 
there  is  restricted motion during systole.  (From Adams DH, Filsoufi F: 
Another chapter in an enlarging book: Repair degenerative mitral 
valves. J Thorac Cardiovasc Surg 125:1197-1199, 2003.)

Type I Type II

Type IIIa Type IIIb
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regurgitant flow once it has passed the leaflets and into the 
receiving chamber. This distal jet is most readily detected and 
measured but also most subject to external influences present 
in the receiving chamber.

COLOR DOPPLER METHODS

Distal Jet Area Method
A standard method for assessment of MR is measurement of 
the distal MR jet area as it enters the LA.34,35 The MR jet is 
defined as the turbulent mosaic color flow within the LA during 
systole that emanates from the mitral leaflets. Care should be 
taken to avoid including the low-velocity (nonturbulent) blood 
flows in the LA surrounding the turbulent jet because this 
falsely increases the MR jet area. The maximal jet area is traced 
in multiple views, and an average of the areas is calculated.

The distal jet area method is a relatively simple and com-
monly applied technique for the qualitative assessment of MR. 
However, a number of technical and physiologic factors should 
be taken into account. Assessment of the severity of MR with 
distal MR jet is based on the assumption that the color Doppler 
display of MR flow velocities can be a surrogate for MR regur-
gitant volume. On an empiric basis, this has been validated 
against angiographic standards. It is important to keep in mind 
limitations with the color display of the MR flow velocities as a 
substitute for mitral regurgitant volume. First of all, measure-
ment of the regurgitant jet is taken as the maximal instanta-
neous valve, whereas regurgitant volume includes the time that 
the MR flow occurs. In addition, because MR flow occurs in a 
pulsatile manner, the flow rate is not constant; hence, the rela-
tionship between jet velocity and flow rate varies. Because the 
MR flow is entering a constrained chamber (LA), the behavior 
of the MR jet is influenced by a number of factors, including 
physical containment from the LA wall, entrainment of blood 
pool in the LA into the MR flow, and flow influences from the 
pulmonary veins.

Eccentric MR jets are subject to impingement from the LA 
wall, which can result in a decrease in the size of the mitral 
regurgitant jet. In addition, wall jets are subject to the Coandal 
effect, which is the tendency of flow to follow adjacent to or 
along a wall. This effect influences the direction, and ultimately 

Figure 18-11   The three components of a regurgitant jet (left panel ). The proximal isovelocity surface area (PISA) region, also referred to as 
proximal flow convergence (PFC )  region; vena contracta (VC ) ; and distal jet. Right panel: The effective regurgitant orifice area is the orifice area 
defined by the narrowest  regurgitant flow stream and typically occurs distal  to the anatomic orifice defined by the valve  leaflets.  (Adapted from 
Roberts BJ, Grayburn P: Color flow imaging of the vena contracta in mitral regurgitation: technical considerations. JASE 16:1002-1006, 2003.)
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the display, of the MR jet.36,37 Eccentric jets in which the MR jet 
courses out of the plane of the ultrasound beam also are missed 
or underestimated. Because of the limitations with eccentric 
jets, the jet area method is probably best applied to centrally 
directed jets.37,38 Machine settings can also influence the distal 
MR jet. Over gain, in which there is random color noise present, 
can overestimate the size of the jet. In contrast, too low gain 
settings underestimate the jet size. Low Nyquist settings can also 
overestimate the true MR jet as lower velocity blood flows 
present in the LA are merged into the true MR jet. In general, 
Nyquist limits should be at least 50 cm/s for color flow mapping 
of MR regurgitant jets.

Importantly, distal jet area is influenced by hemodynamic 
conditions.38-43 Studies have shown that the size of the regurgi-
tant jet depends to some extent on the driving pressure across 
the mitral valve, which is dictated by the LV systolic pressure to 
LA pressure gradient.40,43 As this gradient is maximal at mid 
systole, the MR jet tends to be maximal at this time point in the 
cardiac cycle. Hemodynamic conditions that alter systemic 
arterial pressure or LA pressure can influence the overall jet 
size.39,41

Typically, the distal MR jet area is normalized relative to the 
LA area (Fig. 18-12). Comparison studies suggest that normal-
ization for LA size correlates better than absolute jet area com-
pared with angiographic standards.37,44 The MR jet area and LA 
area are measured in the same systolic frame to obtain a ratio 
of jet area to LA area (see Fig. 18-11).44,45 Fig. 18-13 shows 
examples of jet areas corresponding to mild, moderate, and 
severe MR. The maximal MR jet area is traced, and then this 
area divided by the LA area measured from the same frame. MR 
jet area to LA area ratios of less than 20% correspond to mild 
MR, whereas ratios of more than 40% correspond to severe  
MR (see Table 18-1).38 Factors that affect the accuracy of the jet 
area to LA area method are that the jet area to LA area ratio 
method assumes a relatively linear relationship between jet area 
size and LA area. However, this is not always the case; in some 
situations, the actual MR volume is greater than suggested by 
the jet area/LA area, such as in cases of chronic MR where there 
has been extensive LA remodeling. Table 18-2 summarizes vali-
dation studies for distal jet area methods against comparable 
standards.



  18  Mitral Valve Anatomy, Quantification of Mitral Regurgitation, and Timing of Surgical Intervention for Mitral Regurgitation 337

such as the parasternal long-axis or apical long-axis views, 
because this provides the optimal color resolution of the vena 
contracta as imaged in the anterior-posterior plane (Fig. 18-14). 
Views that display the MR jet along the coaptation line, such as 
the two-chamber view (medial-lateral dimension), falsely 
increase the width of the vena contracta (Fig. 18-15).

Because the vena contracta measurement inherently is within 
a narrow range, small differences in measurement can make a 
large impact on MR degree. Care must be taken to optimize the 
vena contracta region for measurement by magnifying and 
adjusting depth and sector settings for optimal color Doppler 
resolution. In addition, defining the “narrowest” portion of the 
MR jet can be difficult because, in some cases, the neck of the 
proximal MR jet is not easily seen or is obscured by the leaflets. 
Measurement of the width of the proximal jet either at the level 
of the leaflets or just distal to the coaptation line can sometimes 

Figure 18-12  Mitral regurgitation assessed with distal jet area to 
LA area ratio method.  Mitral  regurgitation  (MR)  jet  area  is  traced 
(dashed line) and divided by LA area (solid line). 

Figure 18-13  Increasing degrees of mitral regurgitation as assessed with jet area method area to LA area ratio. A, Mild: Jet area to LA 
ratio of less than 20%. B, Moderate: Jet area to LA ratio between 20% and 39%. C, Severe: Jet area to LA ratio of 40% or greater. 

ModerateMild

A B C

Severe

Vena Contracta Method
The vena contracta is the narrowest portion of the mitral regur-
gitant jet and provides a simple linear measurement of the 
proximal MR jet.33,45-51 The vena contracta can be considered to 
be a surrogate measure of the effective regurgitant orifice area 
because the vena contracta essentially represents the anterior-
posterior dimension of the effective regurgitant orifice area. 
Measurement of the vena contracta is important to perform in 
views orthogonal to the coaptation line of the mitral leaflets, 

Figure 18-14  The vena contracta (arrows) of the mitral regurgitant 
jet is the narrowest diameter of the mitral regurgitant jet at the 
level of or just distal to the leaflets. 
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Figure 18-15  Proximal isovelocity surface area.  Fluid  dynamic 
theory predicts that as flow approaches a circular finite orifice, it forms 
a series of concentric hemispheric shells with gradually decreasing area 
and increasing velocity. Arrows refer to direction of flow as it approaches 
the proximal isovelocity surface area region. R is the radius of a hemi-
spherical shell. With principle of conservation of mass, flow through the 
regurgitant orifice = flow through the isovelocity surface = 2πr2 × aliasing 
velocity. 

Regurgitant flow rate

R

Flow direction

Leaflets

Summary of Methods for Mitral Regurgitation

Study Method N Comparison Standard Results

Omoto35 Jet area (absolute) 72, both aortic and mitral 
regurgitation

Angiography Descriptive data showing method of color flow 
imaging with good correlation with angiography.

Miyatake34 Jet area 109 Angiography r = 0.87

Helmcke Jet area/LA area 147 Angiography r = 0.78

Spain44 Jet area 47 Angiography r = 0.76

Fehske45 Vena contracta 78 Angiography r = 0.94
r = 0.83 (RV)

Heinle51 Vena contracta TEE 35 Pulsed Doppler
Quantitation (RV)

r = 0.81

Castello77 Jet area TEE 80 Angiography r = 0.90

Hall50 Vena contracta 80 Pulsed Doppler
Quantitation (RV)

r = 0.85

Mele Vena contracta/proximal jet 33
47

Angiography
Pulsed-wave Doppler

r = 0.85 − 0.91
r = 0.86

Omoto35 Jet area TEE 37, patients with MR Angiography

Grayburn49 Vena contracta TEE 80 Angiography Sensitivity, 100% 
Single plane TEE: specificity, 

83%; sensitivity, 95% 
Multiplane TEE: sensitivity, 98%

Recusani55 PISA in vitro Electromagnetic flow meter r = 0.94 − 0.99 (flow rate)
r = 0.795 − 0.96 (EROA)

Bargiggia56 PISA 52 Angiography
PISA flow rate

r = 0.91 versus (flow rate)
r = 0.93 (RV)

Utsunomiya57 PISA in vitro 226 Flow meter

Dujardins Pulsed Doppler 180 Angiography EROA, r = 0.79
RV, r = 0.80
RF, r = 0.78

Kizilbash Pulsed Doppler n = 22 Magnetic resonance imaging RF, r = 0.82

Tribouilloy69 Pulsed Doppler n = 27 Angiography RF with echo 45.8 mL ± 19.2%
versus

RF with angio, 41.3 ± 17.8%

Rokey67 Pulsed Doppler n = 25 Angiography r = 0.91

Blumlein68 Pulsed Doppler
Quantification

27 Angiography
Scintigraphy

r = 0.82
r = 0.89

Ascah71 Pulsed Doppler (canine 
experimental model)

7 Electromagnetic flow meter r = 0.84 (RF) low
r = 0.83 (RF)

angio, Angiography; echo, echocardiography; EROA, effective regurgitant orifice area; PISA, proximal isovelocity surface area; RF, regurgitant fraction.
References:
Helmcke F, Nanda NC, Hsiung MC, et al: Color Doppler assessment of mitral regurgitation with orthogonal planes. Circulation 75:175-183, 1987.
Mele D, Vandervoort P, Palacios I, et al: Proximal jet size by Doppler color flow mapping predicts severity of mitral regurgitation. Clinical studies. Circulation 91:746-754, 1995.
Dujardin KS, Enriquez-Sarano M, Bailey KR, et al: Grading of mitral regurgitation by quantitative Doppler echocardiography: calibration by left ventricular angiography in routine clinical 

practice. Circulation 96:3409-3415, 1997.
Kizilbash AM, Hundley WG, Willett DL, et al: Comparison of quantitative Doppler with magnetic resonance imaging for assessment of the severity of mitral regurgitation. Am J Cardiol 

81:792-795, 1998.
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circumvent this. The vena contracta is believed to be less influ-
enced by physiologic loading conditions and thus may be more 
reproducible than jet area methods.45 In vitro studies have 
shown that vena contracta is less dependent on hemodynamic 
factors than distal jet area.46 Another potential advantage of 
vena contracta measurement over jet area may be in eccentric 
jets where the proximal jet is less affected by wall impingement. 
Table 18-2 summarizes validation studies of the vena contracta 
method against comparable standards.

Table 18-1 shows values for vena contracta corresponding to 
MR degree. Vena contracta measurements of less than 3 mm 
correspond to mild MR; 0.3 to 0.69 mm corresponds to moder-
ate MR, and 0.7 mm or more corresponds to severe MR. A 
broad range for vena contracta is considered to be in the moder-
ate range, which limits the vena contracta as a quantitative 
measure. Despite this, vena contracta remains a clinically useful 
semiquantitative measure of MR, which is simple in concept 
and measurement.

Proximal Isovelocity Surface Area Method
The PISA method is based on the fluid dynamic principle that 
as flow approaches a circular finite orifice, it forms concentric 
hemispherical shells with gradually decreasing surface area and 
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during mid systole. In patients with mitral valve prolapse, peak 
MR flow occurs mid to late systole. For rheumatic disease, the 
MR flow rate is constant during systole. PISA radius measure-
ment should be avoided very early or very late in systole because 
these are times when the mitral leaflets are just closing or are 
about to open and the flow rate may not be at equilibrium. As 
a general rule, the PISA radius measurement should occur at 
the same time as the peak MR velocity (as measured with CW 
Doppler). This usually occurs at mid systole or at the T wave in 
the electrocardiogram pattern. In practice, precise alignment in 
time of the peak MR velocity with a PISA region suitable for 
accurate measurement can be difficult. In these situations, it is 
best to aim for accurate PISA region radius measurement at a 
time point that is closest to the peak MR velocity. Accuracy  
and reproducibility of the PISA method is highly dependent on 
careful attention to technique of acquisition and measure-
ments. The PISA region should be magnified with sector and 
depth optimized for color Doppler resolution, with the PISA 
region and mitral leaflets encompassing most of the sector. 
Measurement of the PISA should be aligned parallel to flow rate 
direction because this optimizes Doppler resolution. MR regur-
gitant volumes of more than 0.40 cm2 are consistent with severe 

increasing velocity (see Fig. 18-15).52 This principle can be 
applied to mitral regurgitant flow, where the PISA region is the 
hemispheric shell that forms proximal to the mitral leaflets on 
the LV side and the finite orifice is the mitral regurgitant orifice 
at the level of the leaflets42,52-58 With the conservation of mass 
principle, the flow rate of each of the isovelocity shells equals 
the flow rate at the regurgitant orifice. Assuming a hemispheric 
shape for the isovelocity shells, then flow rate = surface area of 
a hemisphere = 2πr2 × aliasing velocity, where r is the radius of 
the hemispherical shell. The flow rate of the hemispheric shell 
equals the MR rate at the orifice with the conservation of mass 
principle. Once flow rate is calculated, the MR regurgitant 
orifice area and regurgitant volume can be derived with the 
following formulas: regurgitant orifice area = MR flow rate/
peak MR velocity with continuous wave (CW; Fig. 18-16). As 
the regurgitant orifice area is calculated from an instantaneous 
peak flow rate, regurgitant orifice area obtained with the PISA 
method represents a maximal instantaneous regurgitation 
orifice area. For calculation of regurgitant volume, the effective 
regurgitant orifice area is divided by the time velocity integral 
of the MR: regurgitant volume = effective regurgitant orifice 
area × time velocity integral (MR jet). The regurgitant fraction 
is calculated as regurgitant volume divided by the stroke 
volume. Stroke volume can be calculated as: (end-diastolic 
volume—end-systolic volume)/end-diastolic volume. To opti-
mize measurement of the radius r, baseline shifting of the 
Nyquist limit is recommended (Fig. 18-17). The baseline is 
shifted toward the direction of the regurgitant flow. The Nyquist 
limit should be relatively low compared with the regurgitant 
velocity or the hemispherical assumption can be invalid.59 Thus, 
measurement of the radius of the PISA region at Nyquist limits 
much lower than flow rates is important. In general, 20 to 
40 cm/s is the Nyquist limit range at which there is an optimal 
balance of maximal radius resolution and integrity of the PISA 
shape. Very low Nyquist limits overestimate the size of the PISA 
region, in which case, there is elongation in the axial dimension, 
and conversely high Nyquist limits minimize the PISA region, 
making accurate measurements difficult.53,57,59-62 Mitral regurgi-
tant flow rate and effective orifice area can be dynamic through-
out systole depending on the etiology of MR,63,64 which is an 
important consideration in the decision of at what time point 
during systole to measure the PISA radius. For example, with 
functional MR, there is typically a bimodal pattern with peak 
MR flow rates in early and late systole; MR flow rate is the least 

Figure 18-16  The proximal isovelocity surface area region (left) is displayed after baseline shifting and magnification. The arrows point to 
the dropout in Doppler flow along the sides of the proximal isovelocity surface area region where the flow is perpendicular to the ultrasound beam. 
The radius of the proximal isovelocity surface area zone measures 0.7 cm. The aliasing velocity is 30.8 cm/s as displayed by the Nyquist limit. The 
peak regurgitant flow rate = 2 × Π × (0.7 cm)2 × 30.8 cm/s = 95 mL/s. The regurgitant orifice area = 95 cm3/sec ÷ 454 cm/s = 0.21 cm2. 

Aliasing
velocity

r = 0.7 cm

Peak MR velocity = 454 cm/s

Figure 18-17  Baseline shifting of the Nyquist limit toward the 
direction of the regurgitant flow results in a larger proximal isove-
locity surface area zone for optimal measurement of the proximal 
isovelocity surface area region radius (right panel ). 

Shifting of the Color Baseline

Regular Baseline-shifted

58 19

Nyquist velocity: 58 cm/s
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Nyquist velocity: 58 cm/s
Aliasing velocity: 19 cm/s
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that the calculated results vary widely when the radius is mea-
sured at different distances from the orifice because of varying 
three-dimensional (3D) shapes of the isovelocity surface. The 
contour of the PISA region changes depending on location of 
flow rate relative to the regurgitant orifice.52,61,62 The contour 
flattens out close to the orifice, whereas the contour assumes an 
elongated or more oval shape furthest from the orifice. These 
variations in PISA contour result in systematic overestimation 
at flow rates farthest from the orifice and in underestimation 
closest to the orifice (Fig. 18-19). In addition, measurement of 
the radius should be avoided along the sides of the PISA region 
because flow here is perpendicular to the ultrasound beam, 
resulting in underestimation of the velocity component with 
frank dropout of flow display at angles perpendicular to flow. 
This dropout of color display where flow is perpendicular gives 
the PISA region a rounded appearance at its base. Figure 18-20 
shows an ideal zone for PISA radius measurement to occur and 
zones in which to avoid measurement.

In vitro studies have shown that regurgitant orifice shape can 
impact the shape of the PISA region.57 This important factor 
should be considered with application of the use of a hemi-
spherical formula to the PISA contour because this assumes a 
circular regurgitant orifice. However, the regurgitant orifice 
may not be circular, particularly in view of the elliptical coapta-
tion zone of the mitral leaflets, which may be especially impor-
tant in functional MR where symmetric tethering of the mitral 
leaflets results in an elliptical regurgitant orifice. Hemispheric 
assumption of the PISA region underestimates the regurgitant 
flow rate, especially with rectangular regurgitant orifices.57 
Application of a hemielliptical formula to the PISA region has 

MR, whereas regurgitant volumes of less than 0.20 cm2 are con-
sistent with mild MR. Table 18-2 summarizes validation studies 
of the PISA method against comparable standards.

Geometric Factors That Influence Proximal 
Isovelocity Surface Area Method
In theory, the PISA method provides an accurate quantitative 
measure of MR. However, some technical and practical aspects 
to the PISA method should be considered. The PISA region is 
influenced by the surrounding geometry of the orifice.52 This 
principle is important in examination of eccentrically directed 
PISA regions, such as occur in flail mitral leaflet. This typically 
results in an overestimation of the PISA radius due to distortion 
of the PISA region from constraint from the LA wall, which 
results in a falsely increased radius.54 To overcome this, an angle 
correction factor can be applied to the surface area calculation.52 
Angle correction is performed by multiplying the surface area 
calculation by α/180, where α is the angle between the mitral 
leaflet and the end of the PISA region confined by the LA wall 
(Fig. 18-18).65 Angle correction for eccentric PISA regions adds 
additional complexity to the MR flow rate calculation, creating 
additional opportunities for measurement error. Furthermore, 
accurate measurement of the α angle is not always possible 
because of LV wall confinement. The practical difficulties in 
applying angle correction have limited its use clinically.

Technical Factors
One should measure the radius of the PISA region at Nyquist 
velocities, which are reliably displayed with color Doppler flow 
mapping. One major limitation of the PISA method has been 

Figure 18-18  Angle correction method for eccentric 
proximal isovelocity surface area. These schematics show 
the radius  (r) and convergence angle measurements of  the 
proximal  convergence  field  for  central  (left)  and  eccentric 
(right) convergence. The convergence angle is obtained by 
projecting  the  most  distal  point  of  the  isovelocity  contour 
onto the constraining wall. (Adapted from Pu M, Vandervoort 
PM, Griffin BP, et al: Quantification of mitral regurgitation by 
the proximal convergence method using transesophageal 
echocardiography. Clinical validation of a geometric correc-
tion for proximal flow constraint.  Circulation  92:2169-2177, 
1995.)
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Figure 18-19  Effect of proximal isovelocity surface area radius on proximal isovelocity surface area shape and flow calculation. Schematic 
of  isovelocity  hemispheres  proximal  to  a  mitral  regurgitant  orifice  (left)  at  three  different  distances  from  the  orifice  and  corresponding  plots  of 
calculated flow  rates  (Qc)  as a  function of distance  from the orifice. The dashed line  represents  the actual  regurgitant flow  rate.  (Adapted from 
Schwammenthal E, Nakatani S, He S, et al: New method for accurate calculation of regurgitant flow based on analysis of Doppler color flow maps 
of the proximal flow field: validation in a canine model of mitral regurgitation with initial application in patients. J Am Coll Cardiol 27:161-172, 1996.)
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Figure 18-20  The proximal isovelocity surface area (PISA) region 
is optimally measured where the region is hemispherical.  Flows 
farthest away from the orifice assume an elongated or oval contour and 
overestimate  flows,  whereas  flows  closest  to  the  orifice  assume  a  flat 
contour and underestimate flows. Measurement of the radius should be 
avoided along the sides of  the PISA region because flow here  is per-
pendicular to the ultrasound beam, which results in underestimation of 
the  velocity  component  with  frank  dropout  of  flow  display  at  angles 
perpendicular to flow. 

r

Regurgitant flow

Flow direction

Leaflets

Flow direction nonparallel

Oval PISA zone: Overestimation of flow rate

Flat PISA zone: Underestimation of flow rate

Optimal PISA zone measurement

who have at least moderate MR given the annular dilation that 
occurs with development of moderate or greater MR. Alterna-
tively, the mitral annulus can also be calculated as an ellipse in 
which the area is πab, with a and b being the diameters mea-
sured in the apical four-chamber and two-chamber views 
divided by 2. Aortic outflow is calculated as time velocity inte-
gral of aortic outflow × cross-sectional area of LV outflow tract. 
This method assumes that there is no aortic regurgitation; oth-
erwise, pulmonary artery outflow can be used, assuming no 
significant pulmonary regurgitation. The MR regurgitant 
volume can also be obtained by calculating LV stroke volume 
and subtracting aortic outflow volume, assuming no aortic 
insufficiency is present. Table 18-2 summarizes validation of 
volumetric methods with pulsed Doppler against comparable 
standards.

Although straightforward in concept, volumetric methods 
are subject to increased variability related to the number of 
measurements necessary to calculate cardiac flows from pulsed 
Doppler and annular areas. For reproducible results, these 
methods generally require significant training. In addition, as 
the radius is squared in the area term, small errors in measure-
ment are amplified,67 and accurate resolution of the annulus is 
important to minimize measurement errors.

SUPPORTIVE EVIDENCE IN THE ASSESSMENT 
OF MITRAL REGURGITATION

Pulmonary Venous Inflow Pattern
The pulmonary venous inflow pattern provides confirmatory 
data in assessment of MR severity. Normal pulmonary venous 
inflow has forward flow during both systole and diastole, with 

Figure 18-21  Schematic shows volumetric method for calculation 
of mitral regurgitant (MR) volume.  Mitral  inflow  minus  the  aortic 
outflow equals the MR regurgitant volume, provided there is no signifi-
cant aortic regurgitation. 

Aorta

AFlow – BFlow = MR volume

LV

A

B

MR

shown improved accuracy MR quantification.58,66 However, the 
hemielliptical surface area formula is complex, requiring mea-
surement of three radii, which are orthogonally oriented, and 
integrated for surface area calculation. This adds considerable 
complexity to the PISA method and has limited clinical applica-
tion of a hemielliptical formula for the PISA region.

The PISA region appears less influenced by changes in 
machine settings such as gain, wall filter, frame rate, and packet 
size compared with distal jet area methods.53

VOLUMETRIC METHODS WITH PULSED 
DOPPLER IMAGING

Volumetric methods use pulse wave Doppler techniques to cal-
culate flow rates and stroke volumes. The stroke volume across 
a valve annulus can be calculated as: time velocity integral 
across valve annulus multiplied by the cross-sectional area of 
the annulus. The MR regurgitant volume can be calculated from 
the flow across cardiac valves.67-71 Although many combinations 
can be used, a common way to derive MR volume is: MR 
volume = mitral inflow minus aortic outflow (Fig. 18-21).

Mitral inflow volume is calculated as: (time velocity integral 
of mitral inflow) × (cross-sectional area) of the mitral annulus. 
The time velocity integral of mitral inflow should be measured 
at the level of the mitral annular plane because this is where the 
cross-sectional area is measured (Fig. 18-22). The cross-sectional 
area of the mitral annulus is assumed to be circular and calcu-
lated as πr2, where r is the diameter measured in the in apical 
four-chamber divided by 2. Anatomically, the mitral annulus is 
D-shaped, more like an ellipse than a circle. However, use of a 
circular assumption for the annulus is reasonable in patients 
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the MR volume increases, there is eventual reversal of first the 
S2 wave (see Fig. 18-23, right panel) and then the entire S wave.76 
Changes in pulmonary venous pattern with increasing MR 
volume relates to initial blunting of the systolic wave from the 
propagation wave formed by the MR volume into the LA, with 
overt reversal of pulmonary systolic flow with increasing MR 
volume. Other studies have suggested that pulmonary venous 
inflow is best imaged with transesophageal echocardiographic 
(TEE) techniques. Studies with TEE have shown sensitivity of 
82% to 90% and specificity of 100% for systolic flow reversal as 
indicative of severe MR.77,78

Systolic blunting of pulmonary veins without reversal of flow 
also provides confirmatory evidence of significant MR. However, 
the presence of systolic blunting is nonspecific as it can occur 
in a number of clinical situations where there is elevated LA 
pressures, such as in LV dysfunction or atrial fibrillation.79,80 
Consequently, the presence of systolic blunting is not a specific 
sign of MR severity and should be interpreted with this in mind. 

a brief reversal of flow during atrial contraction (Fig. 18-23). 
Systolic flow (S wave) has two components: S1 and S2. The S 
wave is slightly larger than the D wave. Pulmonary veins are 
sampled in the apical four-chamber view with the sample 
volume placed approximately 1 cm from the orifice. Studies 
have shown feasibility of imaging the pulmonary venous inflow 
pattern with transthoracic imaging,72-74 with a reported success 
rate of 95% for pulmonary venous systolic and diastolic flow 
velocity and 90% for the atrial reversal wave. Systolic flow rever-
sal as detected with transthoracic imaging had a sensitivity of 
61% and specificity of 92% for severe MR as measured with 
PISA method.75 Limitations with transthoracic echocardio-
graphic (TTE) imaging of the pulmonary venous inflow pattern 
occur where increased depth settings have resulted in inade-
quate pulsed-wave Doppler sampling.

Changes in the systolic pulmonary venous pattern can esti-
mate the degree of MR severity. As MR increases, the systolic 
wave becomes blunted, decreasing to less than the D wave. As 

Figure 18-23  Normal pulmonary venous pattern (left panel ). Pulmonary venous inflow into the LA occurs both in systole (S1 and S2) and diastole 
(D), with brief reversal of flow during atrial contraction (A). Right panel: Reversal of S2 component (arrows) with severe mitral regurgitation. 

S2 reversal

S1
S2 D

A

Figure 18-22  Mitral inflow measured at the level of the mitral annulus (left panel ). Right panel: Diameter of the mitral annulus (yellow dots) 
measured in mid diastole. 

Mitral annulus
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approach.88-90 More recently, Marsan and associates reported 
that 3D vena contracta area was highly accurate compared with 
MR volume measured with velocity-encoded cardiac magnetic 
resonance imaging in patients with functional MR.89 An impor-
tant limitation of 3D color-guided direct planimetry of vena 
contracta area is the relatively low 3D spatial resolution, par-
ticularly in the nonaxial planes. For optimization of spatial 
resolution, depth should be adjusted for maximal resolution 
and 3D data acquisitions should be performed with the highest 
number of cardiac cycles whenever possible. 3D color-guided 
planimetry of the vena contracta area is best applied for moder-
ate or greater MR, given the limitations of 3D spatial resolution. 
This alternate measure of effective regurgitant orifice area can 
provide an alternative measure or complementary measure to 
2D methods, especially in borderline cases.

Because there is no single reference standard for MR grading, 
and because each method has inherent limitations, the Ameri-
can Society of Echocardiography has recommended an inte-
grated approach to grading MR, where multiple parameters are 
included rather than dependence on a single measurement in 
evaluation of severity of MR.7 The integrative method includes 
quantitative and semiquantitative Doppler methods that 
include PISA method, vena contracta width, jet area to LA area 
ratio, and volumetric methods. In addition, supportive data 
such as pulmonary vein flow pattern and height of the E wave 
should be included in the grading of MR. Table 18-3 summa-
rizes the echocardiographic criteria for quantification of MR.

Timing of Surgical Intervention for 
Mitral Regurgitation
PATHOPHYSIOLOGY

Mitral regurgitation results in a significant fraction of the LV 
ejection volume returning to the LA. To maintain the same 
forward stroke volume, the LV compensates by increasing the 
dilating and the ejection fraction, resulting in hyperdynamic LV 
function. Eventually, the LV becomes unable to compensate for 
the increased volume workload, and the LV ejection fraction 
begins to decrease while the LV end-systolic volume increases. 
The development of MR can be acute, such as in acute mitral 
valve endocarditis, or chronic, such as frequently occurs with 
mitral valve prolapse. In addition, acute MR can occur in the 
setting of chronic MR, such as with development of flail leaflet 
from ruptured chord in a patient with chronic MR from mitral 
valve prolapse. The presentation and pathophysiology of acute 
MR differs from that of chronic MR (Fig. 18-25). In acute MR, 
the LA cannot accommodate the sudden volume load because 
it has not had time to adapt. This results in acute pulmonary 
edema, elevated right-sided pressures, and severe dyspnea. The 
LV function becomes hyperdynamic to compensate but may not 
be able to dilate adequately to maintain forward stroke volume, 
resulting in decreased cardiac output and hypotension. Treat-
ment for acute MR focuses on acute unloading with afterload 
agents if blood pressure allows or with insertion of an intraaor-
tic balloon pump. These are often temporary measures because, 
ultimately, the primary treatment is surgical correction.

In chronic MR, the LV has time to remodel. The additional 
volume load on the LV leads to an eccentric hypertrophy pattern 
as part of the remodeling process. Histologic examination of 
the myocardium in this setting shows myocyte hypertrophy, 
predominantly through addition of sarcomeres in series, result-
ing in elongation of the myofibers. This remodeling process 

On the other hand, systolic flow reversal is a fairly specific sign 
of severe MR. Flow reversal can be difficult to demonstrate with 
transthoracic imaging. In addition, the MR jet itself can flow 
directly into the pulmonary vein, contaminating the pulmonary 
venous Doppler signal. In eccentric MR jets, the right and left 
pulmonary veins can be differentially affected, depending on 
the direction of the jet. The best method is to pulse Doppler 
both right and left pulmonary veins to obtain a complete 
sampling.76,81

Continuous Wave Doppler Pattern
Continuous wave Doppler of the MR jet provides an indirect 
assessment of MR severity. The more intense the CW signal of 
the MR, the greater number of red blood cell reflectors and 
hence, MR volume. In addition, the more complete the MR CW 
signal, the greater likelihood the MR is significant. Studies have 
shown that the signal intensity of the MR CW tracing correlates 
with MR severity compared with an angiographic standard.82,83 
Rapid equilibration of the LV-LA gradient that occurs with 
severe MR can result in a “V” shape pattern to the normal para-
bolic CW MR jet. CW intensity and pattern should be used as 
supportive evidence for MR severity because signal intensity 
and shape can vary greatly with machine settings and alignment 
of the CW beam along the regurgitant jet.

Other Supportive Factors
Valve morphology can provide important clues in the assess-
ment of MR. Apical tenting of the mitral leaflets is associated 
with functional MR, which develops in the setting of LV 
cardiomyopathy.84-87 The presence of valvular vegetations, flail 
portion, and frank papillary muscle rupture are associated with 
severe MR. Increased LA and LV size are associated with signifi-
cant MR, presumably from a volume effect in increasing 
chamber size. However, left-sided chamber enlargement results 
from a number of clinical situations, such as arrhythmias and 
cardiomyopathy, and thus is not specific for MR severity. An 
elevated right ventricular (RV) systolic pressure also suggests 
clinically important MR as a result of the regurgitant volume 
effect on the pulmonary vasculature. An increased E wave veloc-
ity is also supportive of significant MR.

THREE-DIMENSIONAL ECHOCARDIOGRAPHY

3D echocardiography allows for direct planimetry of vena con-
tracta area, a measure of the regurgitant orifice area. An advan-
tage of 3D echocardiography is that it does not rely on geometric 
assumptions for measurement of regurgitant orifice area, which 
are necessary in two-dimensional (2D) regurgitant orifice  
area methods. For planimetry of the vena contracta area, a full-
volume 3D color Doppler acquisition should be obtained 7 to 
14 consecutive cardiac cycles with electrocardiographic gating. 
Sector size should be narrowed to maximize frame rate. With 
use of multiplanar reconstruction software available on com-
mercial 3D analysis systems, two orthogonal image planes paral-
lel to the regurgitant jet direction can be cropped across the 
regurgitant jet; then a third cropping plane oriented perpen-
dicular to the jet direction can be aligned until the cross-sectional 
area at the level of the vena contracta is visualized. The frame 
with the largest vena contracta area in systole is measured with 
direct planimetry of the color Doppler flow signal (Fig. 18-24).88

Validation studies have shown that 3D guided direct planim-
etry of vena contracta area is feasible and correlates well with 
regurgitant orifice area derived with the volumetric Doppler 
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Figure 18-25  Three phases of MR compared with normal physiol-
ogy. A, Normal physiology. B,  In  acute MR, an  increase  in preload 
and a decrease in afterload cause an increase in end-diastolic volume 
(EDV )  and  a  decrease  in  end-systolic  volume  (ESV ),  producing  an 
increase in total stroke volume (TSV ). However, forward stroke volume 
(FSV ) is diminished because 50% of the TSV regurgitates as the regur-
gitant  stroke  volume  (RSV ),  resulting  in  an  increase  in  LA pressure. 
C,  In  the  chronic  compensated  phase,  eccentric  hypertrophy  has 
developed  and  EDV  is  now  increased  substantially.  Afterload  has 
returned toward normal as the radius term of the Laplace relationship 
increases  with  the  increase  in  EDV.  Normal  muscle  function  and  a 
large  increase  in EDV permit a substantial  increase  in TSV  from the 
acute phase. This, in turn, permits a normal FSV. LA enlargement now 
accommodates the regurgitant volume at lower LA pressure. Ejection 
fraction (EF )  remains greater than normal. D,  In the chronic decom-
pensated phase, muscle dysfunction has developed,  impairing ejec-
tion  fraction,  diminishing  both  TSV  and  FSV.  The  EF,  although  still 
normal” has decreased to 0.55, and LA pressure is reelevated because 
less  volume  is  ejected  during  systole,  causing  a  higher  ESV.  (From 
Carabello BA: Progress in mitral and aortic regurgitation. Curr Probl 
Cardiol 28:553, 2003.)
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Figure 18-24  3D guided direct planimetry of vena contracta area. Two orthogonal image planes parallel to the regurgitant jet direction are 
displayed simultaneously (top panels). A third cropping plane, which is perpendicularly oriented to the jet direction, is moved along the jet direction 
until the cross-sectional area at the level of the vena contracta is visualized (bottom right panel ).The vena contracta area is measured with direct 
planimetry of the color Doppler flow signal (bottom left panel ). (Adapted from Zeng X, Levine RA, Hua L, et al: Diagnostic value of vena contracta 
area in the quantification of mitral regurgitation severity by color Doppler 3D echocardiography. Circ Cardiovasc Imaging 4:506-513, 2011. Epub 
Jul 5, 2011.) 
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5 to 10 years from time of diagnosis before signs of symptoms 
or other indications for surgical intervention develop.2,92,93

Treatment with afterload unloading agents for chronic severe 
primary MR has not been shown to be of benefit.94,95 Because 
the pathophysiology of MR is not one of increased afterload, 
treatment with these agents does not address the mechanistic 
derangement and in fact may mask the development of LV 
dysfunction by unloading the ventricle.

DETERMINATION OF MECHANISM

Determination of the mechanism of MR is important because 
it dictates the therapeutic course, especially as treatment options 
for primary versus secondary MR are different.

For primary severe valvular MR, consensus guidelines 
support a class I indication surgical intervention with mitral 
valve repair or replacement when symptoms develop or when 
evidence of LV dyfunction is present.96 Consensus guidelines 
support an LV ejection fraction of 0.60 or less or LV end-systolic 
dimension of 40 mm or more as cutoff values for the presence 
of LV decompensation in severe MR.

A natural history study of 229 patients with MR from isolated 
flail mitral leaflet diagnosed from 1980 to 1989 with clinical 
follow-up period from 1994 to 1995 showed that patients with 
flail mitral leaflet had decreased survival rates compared with 
the expected survival rates of an age-matched and gender-
matched control group (Fig. 18-27).1 The incidence rate of sur-
gical intervention or death was 90% at 10 years from diagnosis 
(Fig. 18-28). Factors associated with increased postsurgical mor-
bidity and mortality were an LV ejection fraction of 0.60 or less 
and or New York Heart Association functional class 3 to 4.97,98

Asymptomatic patients with severe MR with preserved LV 
function are an important but challenging group. Early mitral 
repair in asymptomatic patients with chronic severe MR and 
preserved LV function is a class 2a indication in selected cases, 
with a high likelihood of mitral valve repair (more than 90%) 
with low operative mortality rate (1% or less). One of the chal-
lenges is determination of whether patients are truly asymp-
tomatic because decreased functional capacity may be attributed 
to deconditioning and age or manifested as nonspecific symp-
toms. In addition, some patients reduce their activity subtly in 
response and may not be aware of or recognize a reduction in 
functional capacity. In these cases, exercise testing echocardiog-
raphy can provide objective evidence of functional capacity 
and, if performed with echocardiography, can also provide 
hemodynamic data such as right-sided pressures changes and 
valvular and ventricular function in response to exercise.

Mitral valve repair is associated with improved survival rates 
in patients compared with mitral valve replacement. If mitral 
valve repair is not possible, then mitral valve replacement 
should be performed with chordal preservation. An algorithm 
for management of severe chronic primary (valvular) MR is 
displayed in Figure 18-29.96

For secondary MR, the therapeutic approach is less clear. The 
development of MR (even mild) after myocardial infarction is 
associated with decreased survival (Fig. 18-30).3,4 Yet it is 
unknown whether the procedure to reduce the MR severity 
results in a decrease in cardiovasular morbidity and mortality 
or improvement in total survival. Medical management should 
be aimed toward primary LV dysfunction. Specifically, 
angiotensin-converting enzyme inhibitors and beta-blockers 
have shown a reduction in MR in this patient population, as has 
cardiac resynchronization.99-102

results in LV dilation and augmented contraction, which results 
in hyperdynamic LV function providing a larger total ejection 
volume to maintain forward stroke volume. Similarly, the LA 
remodels by dilating to increase compliance to accommodate 
the MR volume. This lessens the transmitted pressure from 
backward flow of blood directly into the pulmonary circulation 
and results in less elevation of right-sided pressures and dyspnea.

Eventually, the LV is unable to compensate with the gradual 
replacement of myocyte mass with interstitial fibrosis as the 
remodeling process progresses (Fig. 18-26).91 LV volumes 
increase further but cannot fully compensate, resulting in a 
decrease in LV ejection fraction, predominantly by a relatively 
greater increase in end-systolic volume. The forward stroke 
volume falls, and without intervention, onset of heart failure 
occurs. Patients with chronic severe MR can be asymptomatic 
for a long period of time, with studies reporting an average of 

Qualitative and Quantitative Parameters Useful in Grading 
of Mitral Regurgitation Severity

Mild Moderate Severe

Structural Parameters
LA size Normal* Normal or dilated Usually dilated†

LV size Normal* Normal or dilated Usually dilated†

Mitral leaflets or 
support 
apparatus

Normal or 
abnormal

Normal or 
abnormal

Abnormal/flail 
leaflet/ruptured 
papillary 
muscle

Doppler Parameters
Color flow jet 

area‡
Small central jet 

(usually <4 cm2 
or <20% of LA 
area)

Variable Large central jet 
(usually 
>10 cm2 or 
>40% of LA 
area) or 
variable size 
wall-impinging 
jet swirling in 
LA

Mitral inflow, 
pulsed wave

A wave dominant|| Variable E wave dominant|| 
(E usually 
1.2 m/s)

Jet density, CW Incomplete or faint Dense Dense

Jet contour, CW Parabolic Usually parabolic Early peaking, 
triangular

Pulmonary vein 
flow

Systolic 
dominance¶

Systolic blunting¶ Systolic flow 
reversal§

Quantitative Parameters**

Vena contracta 
width (cm)

<0.3 0.3-0.69 ≥0.7

Regurgitant 
volume (mL/
beat)

<30 30-44, 45-59 ≥60

Regurgitant 
fraction (%)

<30 30-39, 40-49 ≥50

EROA (cm2) <0.20 0.20-0.29, 
0.30-0.39

≥0.40

TABLE 
18-3 

Adapted from Zoghbi WA, Enriquez-Sarano M, Foster E, et al: Recommendations for 
evaluation of the severity of native valvular regurgitation with two-dimensional and 
Doppler echocardiography. J Am Soc Echocardiogr 16:777-802, 2003.

EROA, Effective regurgitant orifice area.
*Unless there are other reasons for LA or LV dilation. Normal 2D measurements: LV minor 

axis, ≤2.8 cm/m2; LV end-diastolic volume, ≤82 mL/m2; maximal LA anteroposterior 
diameter, ≤2 cm/m2; maximal LA volume, ≤36 mL/m2.2,33,35

†Exception: acute mitral regurgitation.
‡At a Nyquist limit of 50 to 60 cm/s.
§Pulmonary venous systolic flow reversal is specific but not sensitive for severe MR.
||Usually more than 50 years of age or in conditions of impaired relaxation, in the absence 

of mitral stenosis or other causes of elevated LA pressure.
¶Unless other reasons for systolic blunting (e.g., atrial fibrillation, elevated LA 

pressure).
**Quantitative parameters can help subclassify the moderate regurgitation group into 

mild-to-moderate and moderate-to-severe.
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Figure 18-27  Decreased survival of 229 patients with flail mitral 
leaflet with medial treatment alone compared with expected sur-
vival in an age-matched and gender-matched control group. (From 
Ling LH, et al: Clinical outcome of mitral regurgitation due to flail leaflet. 
N Engl J Med 335:1417-1423, 1996.)
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Figure 18-28  Incidence rates of atrial fibrillation (AF ) , congestive 
heart failure (CHF ) , mitral-valve surgery, and surgery or death in 
adults with a flail mitral leaflet. A total of 175 patients were initially at 
risk for atrial fibrillation, and 229 were initially at risk for the other end-
points.  The  numbers  in  parentheses  are  numbers  of  events  for  each 
endpoint.  Plus-minus  values  are  mean  (±SE)  event  rates  at  10  years. 
(From Ling LH, et al: Clinical outcome of mitral regurgitation due to flail 
leaflet. N Engl J Med 335:1417-1423, 1996.) 
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Figure 18-26  Myocardial ultrastructures of normal dogs (A), dogs with severe mitral regurgitation (MR) (B), and dogs that had severe MR 
corrected surgically (C) are shown. With severe MR, a loss of contractile elements is restored after surgery. (From Spinale FG, Ishihara K, Zile M, 
et al: Structural basis for changes in left ventricular function and geometry because of chronic mitral regurgitation and after correction of volume 
overload. J Thorac Cardiovasc Surg 106:1147-1157, 1993.)

A B C

Surgical mitral valve repair or replacement for ischemic MR 
is most often performed at time of coronary artery bypass graft 
surgery in patients with moderate to severe ischemic MR. Mitral 
valve repair seems preferable over replacement for ischemic MR 
in most patients; retrospective studies suggest improved sur-
vival in patients undergoing mitral valve repair compared with 
replacement.103,104

Much of the uncertainty regarding the therapeutic approach 
for secondary MR is the lack of consistent data that show 
improvement in survival or functional status in patient who 
undergo mitral valve repair at time of coronary artery bypass 
graft surgery.105 Until recently, no prospective randomized 
trials have examined impact of mitral valve repair in patients 
undergoing coronary artery bypass graft surgery with moder-
ate or greater MR. The Cardiothoracic Surgical Network  

(www.ctsnet.org) is currently conducting two randomized 
trials on this topic.106 One examines the impact on end-systolic 
volume index of coronary artery bypass graft plus mitral valve 
repair or coronary artery bypass graft alone in patients with 
moderate ischemic MR. A second one examines the impact on 
end-systolic volume index of coronary artery bypass graft plus 
mitral valve repair or coronary artery bypass graft plus mitral 
valve replacement in patients with severe ischemic MR. Adding 
to the therapeutic uncertainty in ischemic MR is that there is 
a significant recurrence rate of MR of up to one third of 
patients after mitral valve repair.107-109 This may result from 
progression of LV dilation or persistent tethering of the mitral 
leaflets despite ring annuloplasty.110,111

http://www.ctsnet.org


  18  Mitral Valve Anatomy, Quantification of Mitral Regurgitation, and Timing of Surgical Intervention for Mitral Regurgitation 347

Figure 18-29  Algorithm for management of severe chronic primary mitral regurgitation.  AF,  Atrial  fibrillation;  EF,  ejection  fraction;  ESD, 
end-systolic dimension; HT, hypertension; MV, mitral valve; MVR, mitral valve replacement.  (From Bonow RO, et al: ACC/AHA guidelines for the 
management of patients with valvular heart disease. Circulation 114:84-231, 2006.)
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Figure 18-30  Mitral regurgitation and survival after myocardial infarction with patients stratified by mitral regurgitant severity based on 
effective regurgitation orifice area (EROA; left) or regurgitation volume (right). (From Grigioni F, et al: Ischemic mitral regurgitation: long-term 
outcome and prognostic implications with quantitative Doppler assessment. Circulation 103:1759-1764, 2001.)
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KEY POINTS

 The mitral valve apparatus consist of mitral annulus, 
mitral leaflets, chordae tendineae, and papillary muscles.

 The mitral annulus shape is bimodal with superior (high) 
points oriented anterior-posterior and inferior (low) 
points oriented medial-lateral.

 The anterior leaflet accounts for most of the leaflet closing 
surface area. The posterior leaflet is crescent shaped and 
scalloped with small clefts between the scallop segments.

 The primary or marginal chordae attach along the edges 
of the leaflets and function to produce a level coaptation 
plane. Rupture of the primary chordae is associated with 
flail leaflet and significant MR.

 The assessment of MR should be performed in an integra-
tive manner, with Doppler methods and supportive evi-
dence taken into account.

 Distal jet area and vena contracta methods provide semi-
quantitative methods for assessment of MR.

 With eccentric MR jets, jet area methods may underesti-
mate MR degree because of wall impingement.

 Quantitation of MR is performed by calculating effective 
regurgitant orifice area or regurgitant volume or fraction 
with PISA or volumetric pulsed Doppler methods  
when technically possible in moderate or greater degrees  
of MR.

 Pulmonary venous Doppler pattern provides supportive 
evidence of MR severity, particularly the presence of pul-
monary venous systolic flow reversal.

 Supportive evidence such as LA and LV chamber enlarge-
ment, LV hypertrophy, elevated RV pressures, and peak 

mitral E wave velocity should be included in the overall 
assessment of MR.

 Direct planimetry of vena contracta area (a measure of the 
effective regurgitant orifice area) is feasible with 3D color-
guided echocardiography and can be useful in determina-
tion of MR degree and as complementary data to 2D 
methods, especially in cases where MR grade is in a border 
zone.

 Clinical decision making for management of MR is predi-
cated on echocardiographic assessment of mechanism, 
severity of MR, and LV function.

 It is important to distinguish the mechanism of MR as 
primary (valvular etiology) or secondary (ventricular 
abnormality) because the approach to therapy is different.

 Development of MR can be acute, chronic, or acute on 
chronic.

 For severe primary MR, class 1 indications for surgical 
intervention are for development of symptoms or evi-
dence of LV decompensation (LV ejection fraction of 0.6 
or less or LV end-systolic diameter of 40 mm or more).

 Early mitral valve repair can be considered for asymptom-
atic patients with severe primary MR and preserved LV 
function if there is a high likelihood (more than 90%) of 
mitral valve repair and low operative mortality (less than 
1%).

 Therapy for secondary MR should focus on medical man-
agement of the primary LV dysfunction with angiotensin-
converting enzyme inhibitors and beta-blockers showing 
a decrease in MR in this patient population.
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The advent of transesophageal echocardiography (TEE) and 
innovations in ultrasound technology have led to progressive 
improvement in the outcomes of valve procedures, especially 
surgical and transcatheter interventions on the mitral valve.

Indications for Intraoperative 
Echocardiography
Intraoperative echocardiography (IOE) has both diagnostic and 
monitoring functions that are useful in valve surgery, especially 
valve-sparing operations. The diagnostic functions of IOE are 
used before cardiopulmonary bypass (prepump) to determine 
the mechanism and severity of the mitral valvular dysfunction, 
identify lesions of other valves, and refine the surgical mission. 
After cardiopulmonary bypass (postpump), the diagnostic 
strengths of IOE are used again to determine the success of the 
surgical mission. IOE is essential in performing mitral valve 
repair and many other types of innovative heart surgery. In 
addition to its use in valve surgery, the diagnostic function of 
IOE also is used in the surgical management of congenital heart 
disease,1,2 hypertrophic cardiomyopathy,3,4 reconstruction of 
the ascending aorta,5,6 and many other surgeries (Box 19-1).7 In 
addition, echocardiography in preparation for and during 
transcatheter procedures is now an increasingly important and 
essential role.

Technique of Intraoperative 
Echocardiography
TEE is the most widely used technique for IOE. TEE became 
available in 1987 and progressively supplanted the epicardial 
route for most studies. Compared with epicardial echocardi-
ography, TEE has the advantage of allowing image acquisition 
without interfering with the surgical field or procedure. Imme-
diately after induction of anesthesia and endotracheal intuba-
tion, the TEE probe is inserted and left in place throughout the 
operation.

Although the technique of intraoperative TEE is similar to 
TEE in the echocardiography laboratory or the intensive care 
unit, there are additional potential pitfalls. First, it is occasion-
ally difficult to pass the probe, particularly if the patient has 
been draped and the ether screen has been positioned. Usually, 
laryngoscope and direct vision succeed in placement of the 
probe, but sometimes this problem cannot be overcome.

Inadequate imaging occurs with the transesophageal 
approach for a number of reasons. Anatomic causes include a 
hiatal hernia or the presence of an echodense structure such as 
a mechanical valve prosthesis, which can cause shadowing of 
other cardiac structures. With all TEE studies, there is a “blind 
spot” approximately 2 to 4 cm in size in the middle portion of 
the ascending aorta caused by interposition of the trachea 
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3D echocardiography has tremendous potential in the analy-
sis of complex cardiac morphology, including the assessment  
of lesions in which mitral repair or reconstruction is being 
considered.12 The complex 3D geometry of some valvular and 
congenital lesions is easier to display and understand using 3D 
echocardiography.13,14 3D reconstruction may allow more 
appropriate selection of patients, help determine the most 
appropriate surgical procedure, and potentially allow the 
surgeon to map out the reconstruction ahead of time in 3D 
computer space.15-17 Importantly, 3D echocardiography allows 
additional slices to be derived at a later time from one stored 
volumetric data set. 3D data yielded incremental information 
to standard 2D TEE in up to 25% of patients.18 3D imaging can 
reconstruct structures such as the regurgitant orifice area19 and 
the location of mitral valve prolapse.20

INTRAOPERATIVE ECHOCARDIOGRAPHY 
EXAMINATION

Intraoperative TEE examinations should be performed in a 
standard comprehensive manner so that the acquisition of criti-
cal information is not omitted. It is important to do a complete 
TEE study, using imaging planes (Fig. 19-2) that allow long- and 
short-axis views of each intracardiac valve and chamber, as well 
as the great vessels.21 Epicardial echocardiography is performed 
using a standard transthoracic transducer inside a sterile plastic 
sleeve with acoustic gel inside to eliminate the air. This tech-
nique is used in a minority of intraoperative cases, most com-
monly to evaluate the severity and location of atheroma in the 
ascending aorta, especially when it will affect the method of 
arterial cannulation for cardiopulmonary bypass. In cases where 
passage of the TEE probe is contraindicated or unsuccessful, a 
complete cardiac study can be obtained using four epicardial 
transducer positions as we have previously described.8

The entire prepump examination should be recorded to 
provide a durable record of the examination, especially as a 
reference for postpump studies and for medical-legal purposes. 
Storing key images in a cineloop facilitates rapid comparison at 
the end of the operation and in follow-up. In diagnostic (as 

between the esophagus and the ascending aorta. Interference 
from electrical apparatus such as electrocautery leads to dis-
tortion of two-dimensional (2D) imaging and often renders 
spectral and color Doppler signals impossible to interpret. For-
tunately, imaging may be resumed once the electrocautery is 
discontinued. Also, while the patient is on cardiopulmonary 
bypass, the incomplete filling and the absence of cardiac motion 
cause suboptimal images until the heart is filled with blood 
again and starts to eject during rewarming.

ECHOCARDIOGRAPHIC EQUIPMENT

Ideally, an ultrasound machine devoted solely to IOE should be 
available. In addition to interfacing with transesophageal and 
transthoracic transducers, the machine should be capable of 
recording M-mode, 2D imaging, three-dimensional (3D) 
imaging, and all Doppler modalities (see Chapter 2). Sterile 
sleeves and acoustic gel should be available for epicardial 
imaging.8 Cables should be available to input the electrocardio-
graphic signal from the operating room monitoring system into 
the ultrasound machine. Many institutions have the capability 
of transmitting images from the operating room to a server for 
digital storage of images, which can be reviewed in a remote site 
such as the echocardiography laboratory in order to allow over-
sight or second opinions to be obtained in selected cases.9

Real-time 3D echocardiography acquisition using trans-
esophageal and transthoracic transducers is currently an impor-
tant component of intraoperative echocardiographic diagnosis 
(see Chapter 4).

The mitral valve can now be viewed en face as a complex 
saddle-shaped, anatomic structure and rotated into the sur-
geon’s view orientation as viewed from the left atrium (LA) 
(Fig. 19-1; Video 19-1; see ExpertConsult.com). Assessment of 
mitral valve morphology using real-time 3D TEE and offline 
reconstruction 3D TEE showed similar accuracy in defining 
mitral leaflet prolapse but greater interobserver agreement 
compared with 2D TEE.10 Recent studies have demonstrated the 
feasibility of intraoperative assessment of the mitral valve mor-
phology by real-time 3D TEE, with superior accuracy to stan-
dard 2D TEE in defining leaflet pathology when both were later 
compared to surgical findings.11

Figure 19-1  3D TEE image of the atrioventricular and semilunar 
valves. A, Aorta; M, mitral valve; P, pulmonic valve; T, tricuspid valve. 

T
AP

M

Box 19-1 

INTRAOPERATIVE ASSESSMENT OF REPAIR 
AND RECONSTRUCTIVE VALVE OPERATIONS

Prepump
Assess severity of stenosis/regurgitation.
Assess mechanism of regurgitation and potential 

reparability of valve.
Measure dimensions of annulus, chambers, and valves.
Assess whether lesions other than the primary lesion 

require surgery.
Determine biventricular function.

Postpump
Assess severity and mechanism of residual regurgitation/

stenosis.
Detect systolic anterior motion of the mitral valve and LV 

outflow obstruction.
Determine change in severity of other valve lesions.
Assess biventricular function.
Detect iatrogenic complications.

http://www.ExpertConsult.com
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2. The hemodynamic milieu may change quickly, and the echo-
cardiographic appearance may differ from images acquired 
under “street conditions” outside the operating room. 
Changes in hemodynamics, such as intravascular volume, 
preload, and afterload, substantially affect the severity of 
valvular lesions and ventricular performance. If necessary, 
the hemodynamic situation should be manipulated to match 
preoperative conditions, in order to determine the true or 
potential severity of a valvular lesion.

3. The surgeon who requests the intraoperative study wants 
online interpretation. In fact, it is very tempting to “wing it” 
and give premature conclusions. Care must be maintained 
to make only diagnoses and conclusions that have been veri-
fied by examination from multiple imaging planes under 
appropriate imaging and hemodynamic conditions.

Prepump Intraoperative  
Echocardiography in Patients  
Undergoing Valve Repair for Mitral 
Regurgitation

The prepump echocardiogram assessment of mitral regurgi-
tation (MR) (Table 19-1) usually confirms findings made 
previously by preoperative echocardiography or cardiac cathe-
terization. However, because of its improved resolution over 
TTE, TEE often improves on the accuracy and resolution of 
preoperative TTE of the component structures, the mitral valve, 
and the regurgitant jet. There are four main goals of IOE in 
mitral valve disease:
1. To assess the severity of MR and determine the need for 

mitral valve surgery
2. To assess the mechanism of MR and determine if a repair 

rather than prosthetic replacement is feasible and to deter-
mine the technique of repair

3. To determine the presence of other significant disease that 
may require surgical attention, such as tricuspid or aortic 
valve disease or intraluminal thrombi

4. To assess left and right ventricular function as a baseline with 
which to compare the postpump study

SEVERITY OF MITRAL REGURGITATION

The severity of MR is assessed by IOE in the same manner as 
the use of echocardiography for other applications in other 

opposed to monitoring) studies, the structure of interest to the 
primary surgical mission should first be examined thoroughly 
in multiple planes, using imaging and Doppler modalities. If 
the echocardiographic study must thereafter be abbreviated 
because of pressing demands of the surgical agenda or the need 
to limit anesthetic and cross-clamp time, at least the primary 
concern, the raison d’étre of the echocardiographic study, has 
been addressed. Other structures of interest should then be 
examined, including long- and short-axis views of all four 
chambers, all four valves, and the great vessels. The entire aorta 
should be examined in all cases both prepump and postpump. 
We also advocate a routine intravenous contrast injection to 
look for intracardiac shunting.

Once the prepump study is completed, a written report of 
the examination detailing significant findings should be made. 
Although ultrasound has not been demonstrated to cause any 
significant damage to cardiac structures during prolonged 
examinations,22 studies have shown that ultrasound waves can 
result in minor changes in pulmonary capillaries, so when 
imaging is not required, it is advisable to put the machine on 
freeze so that no ultrasound energy is transmitted. After cessa-
tion of cardiopulmonary bypass, a second comprehensive 
examination should be carried out and a second or updated 
report generated.

The intraoperative examination has several aspects that are 
different from a TEE or transthoracic echocardiography (TTE) 
study in the outpatient echocardiography laboratory:
1. The echocardiogram is performed simultaneously with the 

operation; therefore, the room conditions, including the 
lighting and the space for the machine, may be suboptimal. 
For example, radiofrequency interference from electrocau-
tery or from other surgical equipment may mar the quality 
of echocardiographic images for long periods.

Figure 19-2  Diagram oriented similarly to the transgastric short 
axis view of the mitral valve (posterior part of the heart toward the 
top of the screen).  The  solid lines  show  the  orientation  of  the  mid-
esophageal mitral valve planes as they can be rotated around the mitral 
circumference, including the midesophageal four-chamber view (ME 4 
Chr) at about 0°, midesophageal commissural view (ME COM ) at about 
60°, the midesophageal 2 chamber view (ME 2 Chr) at about 90°, and 
the midesophageal long-axis view (ME LAX ) at about 120°. (Copyright 
CCF 2004.)

ME 4 Chr

M
E 

LA
X

M
E

 2 C
hr

ME COM

P1 A1

A2
P2

P3

A3

Determination of the Mechanism of MR from Analysis of 
Jet Direction and Leaflet Mobility

Jet Direction

Leaflet Motion

Excessive Restrictive Normal

Anterior Prolapse/flail of 
posterior leaflet

Perforation in 
posterior leaflet

Posterior Prolapse/flail of 
anterior leaflet

Restriction of posterior 
> anterior leaflet

Apical tethering 
from LV dilation

Central Prolapse/flail of 
both leaflets

Equal restriction of 
both leaflets

Apical tethering 
from LV dilation, 
annular dilation

Commissural Rupture of 
commissural 
chordae or 
papillary muscle

Eccentric 
origin

Leaflet perforation 
or cleft

TABLE 
19-1 
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regurgitant orifice area of less than 0.3 cm2. Importantly, in 
patients in whom the right and left pulmonary vein flow 
pattern is discordant (23% of patients), the more abnormal 
pattern is most predictive of MR severity.

6. Quantification of mitral regurgitant volume (RV) from the 
difference between Doppler echocardiography measure-
ments of antegrade flow through the mitral and the aortic 
valves. Regurgitant fraction (RF) is the proportion of total 
mitral antegrade flow (MF) that is regurgitant:

RF RV/MF(%) ( )= ×100

LV outflow tract flow and mitral valve flow can be assessed 
by the product of annular cross-sectional area derived from 
echocardiography and velocity derived from pulsed Doppler 
measurements at the same site. Mitral cross-sectional area is 
derived from two orthogonal diameters of the annulus, which 
is elliptical in shape.34 This method has not been used routinely 
because of the time-consuming nature of the measurements 
required and the ease and general reliability of semiquantitative 
techniques (see Chapter 18).

The size of the regurgitant orifice area can be derived from 
Doppler echocardiography techniques in the operating room,35 
using either the antegrade flow difference method or the  
flow convergence method. The maximum regurgitant orifice 
area is calculated by dividing regurgitant flow rate by the 
maximum mitral regurgitant flow velocity (Vmax) obtained 
from continuous-wave Doppler. The regurgitant orifice area is 
greater than 0.4 cm2 in severe MR and greater than 0.30 cm2 in 
moderately severe MR. It is hoped that 3D echocardiography 
will help with assessment of regurgitant orifice area in the 
future, though this is not feasible in most routine studies 36

The flow convergence, or PISA, technique analyzes flow prox-
imal (on the LV side) to the regurgitant orifice, assuming a 
hemispherical shape.35,37 In this area, blood accelerates predict-
ably as it moves toward the regurgitant orifice and forms a series 
of concentric shells of decreasing area and increasing velocity 
that are depicted clearly. The radius of these shells is easily 
measured on the color image because of the color aliasing of 
the accelerating flow. To the degree that the aliasing contours 
are shaped like a hemiellipse, the surface area of the hemiellipse 
can be calculated from 2πr2 for blood flow moving at velocity 
v and at a radius r from the regurgitant orifice, and the instan-
taneous flow rate Q can be calculated from

Q r v= 2 2π

The PISA method provides excellent estimation of regur-
gitant flow when the flow convergence is centrally located, ellip-
tical, and well away from the walls. However, this method 
overestimates regurgitant flow when the proximal flow is con-
strained by the LV wall. Use of appropriate correction factors 
can compensate for this problem.38 If the aliasing zone is hemi-
spheric at an aliasing velocity of 40 cm/s, a simplified form of 
the PISA method can be used. Because 2 times π times 40 
divided by 500 is almost exactly 0.5, the mitral valve effective 
regurgitant orifice can be calculated from 1/2r2. This approxi-
mation also assumes that the peak mitral regurgitant jet velocity 
is 500 cm/s.

Other methods of assessing the severity of MR in the operat-
ing room include surgical palpation of the LA for the thrill of 
a mitral regurgitant jet, evaluation of the size of v waves on the 
LA pressure tracing, fluid filling of the arrested LV, and contrast 

parts of the hospital (see Chapter 18).23-28 The intraoperative 
assessment of MR severity usually agrees with the preoperative 
assessment by contrast ventriculography or TTE29,30; however, 
it may reflect change, dependent on different loading condi-
tions. In patients with ischemic MR, agreement between preop-
erative studies and the intraoperative assessment is less, possibly 
because the amount of regurgitation is more variable, depen-
dent on hemodynamic conditions or differing degrees of isch-
emia. One study of patients with ischemic MR31 showed that in 
11% of patients, the preoperative and intraoperative assess-
ments of MR severity differed by more than one grade, with 
discordance occurring in both directions. Discordance was 
more common in patients with clinical instability or those who 
received thrombolysis. MR resulting from any mechanism is a 
dynamic lesion, affected greatly by loading conditions. Reduc-
tion of afterload or intravascular volume at the time of the 
operation may reduce the true severity of the regurgitation. 
When less MR is found than expected, the intravascular blood 
volume should be expanded and systemic vascular resistance 
increased transiently using repeated boluses of intravenous 
phenylephrine, usually 100 mcg every 30 to 120 seconds. The 
velocity of MR, and therefore display of its jet by color Doppler, 
depends on the pressure difference between the LA and left 
ventricle (LV), which is higher with hypertension. The size of 
the jet in the LA is also variable based on changes in color gain 
(directly proportional) and pulse repetition frequency (inversely 
proportional) (see Chapter 18). Spatial mapping for the size of 
the MR jet in the LA should be performed at a Nyquist setting 
of 50 to 60 cm/s.

The transesophageal imaging window has advantages over 
transthoracic or epicardial imaging in the assessment of MR. A 
mitral prosthesis or severe mitral calcification causes acoustic 
shadowing of the regurgitant jet when the transducer is placed 
anteriorly, as in epicardial imaging or TTE. Excellent agreement, 
however, has been reported between the epicardial and trans-
esophageal approaches in assessing MR.32

Semiquantitation of MR on a scale from 0 to 4+23,24 is deter-
mined based on a weighted average of several criteria:
1. The size of the LA flow disturbance, based on the depth of 

penetration and area of the regurgitant jet in the LA cavity 
assessed in multiple imaging planes; a multiplane probe 
facilitates this process, especially in eccentric jets.

2. The geometry of the jet; eccentric jets tend to have a higher 
regurgitant volume than free jets of the same area.25

3. The size of the proximal convergence zone, by use of the 
proximal isovelocity surface area (PISA) technique. More 
severe regurgitation is associated with a larger radius of the 
proximal flow convergence.26 Flow convergence can be used 
to calculate regurgitant flow, orifice area, and volume (see 
later).

4. The width of the proximal portion of the regurgitant jet 
(“vena contracta”) on the LA side of the orifice is also useful 
and may be less load sensitive than mapping of the regurgi-
tant jet in the atrium.23

5. The pulmonary venous pulsed Doppler tracing. Severe MR 
often leads to systolic reversal of flow in the pulmonary 
veins,33 which is 69% sensitive and 98% specific in predicting 
a regurgitant orifice area of greater than 0.3 cm2.33 Blunting 
of pulmonary vein flow is somewhat reliable in predicting 
severe MR for patients in normal rhythm with normal LV 
function but is unreliable in patients with severe LV dysfunc-
tion or atrial fibrillation. A normal pulmonary vein flow 
pattern is useful in excluding severe MR and predicting a 
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Figure 19-3  Artist’s drawings showing the morphology and echocardiographic demonstration of mechanisms of mitral regurgitation (MR). 
A normal competent mitral valve is shown in the upper left panel. The lower three panels show “intrinsic valve mechanisms” of MR, including exces-
sive leaflet motion (lower left) such as posterior leaflet flail due to ruptured chordae (Carpentier type 2), normal leaflet motion (lower middle) from 
a congenital cleft or leaflet perforation (Carpentier type 1), and restricted leaflet motion (lower right) due to fibrosis from rheumatic fever or chest 
radiation (Carpentier type 3A). Functional MR (FMR) is shown in the upper middle panel, with apical tethering of normal leaflets due to ischemic or 
nonischemic left ventricular systolic dysfunction (LVSD) (Carpentier type 3B) with outward displacement of the papillary muscles. The normal position 
of the leaflets, papillary muscle, and LV is shadowed behind the FMR anatomy. The upper right panel shows a close-up view of FMR. 
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echocardiography. These methods lack sensitivity and are  
not as reliable or as convenient as color flow Doppler 
techniques.30,39,40

MECHANISM OF MITRAL REGURGITATION

Assessment of the cause and mechanism of MR41 is of great 
importance in determining the suitability of the mitral valve for 
repair. Mitral valve repair is most likely in patients with MR due 
to myxomatous degeneration and is least likely in patients with 
regurgitation due to endocarditis or rheumatic valvular fibrosis. 
Repair is now successful in more than 90% of all patients with 
myxomatous disease. The probability of repair, however, is 
affected by the mechanism of regurgitation, especially whether 
the posterior leaflet, the anterior leaflet, or both leaflets are 
involved. Repair is most likely with posterior prolapse or flail, 
whereas isolated anterior leaflet prolapse is somewhat more 
difficult to repair.42,43 Extensive chordal or leaflet disruption or 
the presence of mitral annular calcification also reduces the 
feasibility and likelihood of successful repair.44

An Organized Approach to Imaging  
the Mitral Valve
To adequately assess the pathophysiologic mechanism respon-
sible for MR, it is essential to perform a thorough examination 

of the mitral valve and mitral apparatus (Fig. 19-3) and to 
determine the origin and geometry of the regurgitant jet. The 
long-axis imaging planes are best for determining which mitral 
leaflet is involved. Long-axis views of the mitral valve are 
obtained by imaging from midesophageal TEE planes. Most 
basilar long-axis views around the entire multiplane sweep 
allow portions of both leaflets to be examined individually. The 
midesophageal intercommissural view21 at approximately 50° to 
60° in most patients, an imaging plane parallel to a line between 
the commissures, is very useful for determining which portion 
of the anterior or posterior leaflet is involved. Long-axis imaging 
at a multiplane angle of about 135° cuts perpendicular to this 
intercommissural line.

The short-axis views also are useful for determining which 
portion of the anterior or posterior leaflet is involved (Figs. 19-4 
and 19-5). Useful views may be obtained from 3D echocardiog-
raphy or from 2D planes recorded from the transgastric short-
axis view.45 A useful 3D volume set can be recorded from the 
midesophageal position by placing the border of the sampling 
zone for the “3D zoom view” just posterior to the mitral valve, 
so that no solid structures are within the data set posterior to 
the mitral valve. The derived data set, shaded for 3D viewing, 
is rotated around so it mimics the “surgeon’s view” of the mitral 
valve (Fig. 19-6). Although 3D echocardiography is not as 
sensitive as 2D imaging in detection of small abnormalities,  
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Figure 19-6  3D TEE of the mitral valve. The valve is viewed en face rotated to the “surgeon’s view” shown in (A) systole and (B) diastole, dem-
onstrating a P2 flail scallop. 

A B

Figure 19-5  P2 prolapse.  Transgastric  short-axis  view  of  the  mitral 
valve  in  a  patient  with  severe  prolapse  of  the  middle  scallop  of  the 
posterior leaflet (arrow). 

it facilitates understanding the exact locations and topographic 
relationships of the abnormalities.

The posterior leaflet has three divisions or scallops: the 
lateral, middle, and medial, respectively numbers P1, P2, and 
P3. The anterior leaflet is not scalloped but has a central portion 
known as the bare area between the insertions of the chordae 
from the anterolateral and posteromedial papillary muscles. 
Although there are no distinct scallops, the anterior leaflet is 
arbitrarily divided into segments that correspond to the seg-
ments of the posterior leaflet opposite them: the lateral, middle 
and medial segment, respectively A1, A2, and A3. In a similar 
way the posterior leaflet is also supported, about half each by 
chordae from the anterolateral and posteromedial papillary 
muscles. The papillary muscles lie below each mitral commis-
sure. The papillary muscles and chordae usually are well visual-
ized from the transgastric long-axis views of the LV.46 In assessing 
the mitral valve and in providing the results to the surgeon, 
giving an accurate localization of the abnormality is important. 
A prospective study of 50 patients47 used a segmental approach 
to the mitral valve, breaking each leaflet into three segments, 
and found that TEE was 96% accurate for localization com-
pared with surgical findings. Other researchers have shown that 
localization of the defect to the posterior leaflet by TEE is 78% 
sensitive and 92% specific in myxomatous disease, with accu-
racy being least when the medial rather than the lateral or 
middle scallop is involved.48 Assessment of the mechanism of 
MR is performed by analyzing the motion of the valve leaflets 
with 2D, and now more recently 3D echocardiography and the 
direction of the regurgitant jet with color flow imaging49,50 (see 
Table 19-1). Four types of leaflet motion (see Fig. 19-3) may be 
associated with MR: (1) normal motion (Carpentier class 1) as 
seen with leaflet perforation, (2) excessive motion (Carpentier 
class 2) as seen with prolapse or flail valve such as chordal 
rupture or elongation, (3) restricted motion (Carpentier class 3) 
as seen in rheumatic mitral valve disease, and (4) apical tether-
ing of normal leaflets (Carpentier class 3B) as seen in functional 
MR with ventricular and annular dilation.

IOE has been shown to be highly sensitive and specific in 
determining the mechanism of MR in patients undergoing 
mitral valve surgery. In a study of 286 patients undergoing 
mitral valve surgery in which the echocardiography mechanism 
was correlated with the surgical findings, echocardiography was 
highly accurate (86%) in determining the mechanism of MR.49

Excessive Leaflet Motion (Carpentier Class 2)
Excessive leaflet motion occurs with elongation or disruption 
of any portion of the mitral valve or of the mitral apparatus, 

Figure 19-4  The anatomy of the mitral valve in systole from a 
transverse transgastric short-axis view of the mitral valve.  The 
medial  and  lateral  commissures  (MED COMM, LAT COMM )  and  the 
positions of the medial (MED ), middle (MID ), and lateral (LAT ) scallops 
of the posterior leaflet are shown. ANT, Anterior. 

MED
COMM
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Restricted Leaflet Motion (Carpentier Class 3)
This pattern, involving leaflet thickening, is seen most com-
monly in rheumatic disease, but it also can result from ischemic 
heart disease, the chronic phase of lupus, radiation-induced 
valvular disease, or acquired disease caused by ergot derivatives 
or the fen-phen combination (fenfluramine and phentermine). 
If both leaflets are equally affected by the pathologic process, 
the jet direction is central. More commonly in rheumatic 
disease, the posterior leaflet is more severely affected than the 
anterior leaflet, and the relatively normal anterior leaflet “over-
rides” the restricted posterior leaflet. The direction of the regur-
gitant jet in this situation is posterior, toward the affected leaflet. 
The surgical approach to this condition includes débridement 
of the valve tissue and chordae, commissurotomy, and annulo-
plasty. This type of repair is more technically demanding, less 
often successful, and less durable because of postoperative pro-
gression of the fibrotic process.

Apical Tethering of Normal Leaflets  
(Carpentier Class 3B)
In ischemic heart disease, the leaflets are usually structurally 
normal, but they are tethered and their motion is “relatively 
restricted,” owing to apical displacement of the posteromedial 
papillary muscle. The leaflets themselves are not thickened but 
fail to coapt adequately (Fig. 19-10) because of tethering of the 
leaflets apically and outward by the LV enlargement. The surgi-
cal approach to this problem usually involves placement of an 
annuloplasty ring to reduce the size of the mitral annulus. Sur-
gical treatment of ischemic regurgitation with apical tethering 
is less successful, and residual regurgitation is often more sig-
nificant than after myxomatous valve repair.

Normal leaflet motion is commonly seen in patients with MR 
secondary to LV dilation of any cause, such as disease of other 
valves, dilated cardiomyopathy, or severe ischemic cardiomy-
opathy. We have previously termed this category ventricular-
annular dilation. Ventricular enlargement causes displacement 
of the mitral coaptation point toward the apex with resultant 
impaired coaptation and leaflet “tenting.” Annular dilation is 
seen in these patients, but it occurs in proportion to LV dilation, 
in contrast to myxomatous or rheumatic MR patients whose 
annulus size is often abnormally large. Annuloplasty with ring 
insertion is commonly used in the surgical management of 
these patients. An Alfieri stitch to support the valve also has 
been used instead of or in addition to the annuloplasty. There 
has been an upsurge in interest in the surgical management of 
severe MR in patients with dilated cardiomyopathy. Excellent 
functional improvement with a relatively low operative 

including the papillary muscles and chordae. Myxomatous 
disease, endocarditis, and papillary muscle infarction all can lead 
to this abnormality. With excessive leaflet motion, the regurgi-
tant jet is directed away from the affected leaflet. Thus, prolapse 
or flail of the posterior leaflet leads to an anteriorly directed jet 
(Fig. 19-7; see Fig. 29-6 and Video 19-2 at ExpertConsult.com). 
In bileaflet prolapse, the excessive motion is often asymmetric, 
and the jet direction is away from the more severely affected 
leaflet. When the amount of prolapse or flail is completely bal-
anced between both leaflets, a central jet direction occurs. If the 
chordae to the commissures are ruptured, then a jet originating 
at the commissures is seen in the transgastric short-axis view. 
Jets originating at the commissure also are seen in infarction of 
a papillary muscle, most commonly the posteromedial one.51 
Excess motion with severe MR results when the head of a papil-
lary muscle ruptures in an acute myocardial infarct. This type 
of rupture may be differentiated from acute chordal rupture by 
detecting a mass attached to the flail leaflet that is a portion of 
the muscle and by the appropriate clinical setting (Fig. 19-8).

Precise delineation of which portion of the valve has excess 
motion is important in planning the surgical repair. Rupture of 
the posterior chordae is the most common abnormality and is 
repaired by quadrilateral resection of the posterior leaflet (Fig. 
19-9). Elongation of the chordae is repaired by chordal transfer 
or by implantation of artificial chordae. Papillary muscle  
elongation or disruption may be repaired by reimplanting, sup-
porting, or shortening the affected muscle.42 Postoperative 
prognosis is best in those with excessive leaflet motion.

Figure 19-7  Bileaflet prolapse. The TEE four-chamber view shows prolapse (A) of the posterior, more than the anterior, leaflet causing severe 
MR (B) before mitral valve repair and no MR after successful mitral valve repair (C). The jet is deflected opposite the leaflet that has the most exces-
sive leaflet motion. 

Figure 19-8  Papillary muscle rupture with resulting severe mitral 
regurgitation (MR). Ruptured portion of muscle is seen prolapsing into 
LA (arrow) in left panel. MR jet is seen in right panel. 

http://www.ExpertConsult.com
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detecting ruptured chordae. The TEE findings of valve function 
are highly predictive not only of valve reparability (Table 19-2), 
but also of long-term survival, which were independent of age, 
gender, ejection fraction, and coronary artery disease.53

Determining the Need for Mitral Valve 
Surgery in Patients Undergoing Cardiac 
Surgery for Other Reasons
IOE increasingly is used to determine the need for a mitral valve 
operation in patients undergoing aortic valve surgery or revas-
cularization procedures; this is especially true in the assessment 
of patients in whom the severity of the MR preoperatively is 
significantly different by cardiac catheterization and echocar-
diography, when the severity of MR over time is variable (such 
as in ischemic heart disease), and when the MR is of moderate 
severity.

The following questions must be considered when determin-
ing the need for mitral valve surgery in addition to the primary 
surgery:
1. How severe is the MR?
2. Is there a primary abnormality of the mitral valve (such as 

a torn chord or prolapse)?
3. Will the MR change as a consequence of the primary 

operation?
4. Is the valve repairable or is prosthetic replacement 

necessary?

mortality has been reported even in selected patients with 
severe MR and severe LV dysfunction.

Normal Leaflet Motion (Carpentier Class 1)
The least common type of MR occurs with normal leaflet 
motion either due to perforation of a valve leaflet, which occurs 
most commonly because of endocarditis, or because of a con-
genital cleft in the valve. Occasionally MR with normal leaflet 
motion is iatrogenic, after attempted repair. Typically, the jet 
origin is eccentric, arising from the midportion of the leaflets 
rather than from the coaptation line. The prejet flow accelera-
tion also may be seen away from the coaptation line, along the 
affected leaflet. Leaflet perforation may be repaired in some 
instances by suture closure or with pericardial patch.52

One study of 248 patients undergoing mitral valve surgery 
showed that TEE was more than 90% accurate for defining the 
mechanism of regurgitation, localizing the origin of regurgita-
tion, and detecting a flail segment. TEE was 88% accurate in 

Figure 19-10  Ischemic mitral regurgitation. The TEE four-chamber 
view shows apical  tethering, of normal mitral  leaflets and a central  to 
posteriorly directed jet of mitral regurgitation. 

Figure 19-9  Surgical mitral valve repair. The first step is quadrilateral resection of the posterior  leaflet (A)  followed by repair of the posterior 
mitral valve  leaflet, with placement of annular sutures  (B), and then  implantation of an annular ring  (C).  (From Grewal KS, Malkowski MJ, Kramer 
CM, et al: Multiplane transesophageal echocardiographic identification of the involved scallop in patients with flail mitral valve leaflet: intraoperative 
correlation. J Am Soc Echocardiogr 11:966-971, 1998.)

A B C

Repairability and Durability of Repair for Mitral 
Regurgitation According to Mechanism and Morphology

Carpentier Class Morphology
>90% 

Repairable Durable

1: Normal Perforation Yes Variable

2: Simple excessive Flail, prolapse Yes Yes

2: Complex excessive Extensive flail, 
billowing, or calcium

No Variable

3A: Restricted Fibrotic, retracted No Less

3B: Apical tethering Functional Yes Variable

TABLE 
19-2 
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abnormal LV geometry. In particular, the surgeon should not 
act on these findings unless they are subsequently confirmed by 
further imaging after the cessation of cardiopulmonary bypass.

INTRAOPERATIVE FINDINGS

In most cases, with an experienced surgeon, mitral valve repair 
leads to a competent mitral valve with mild or no residual MR; 
however, there are potential complications of mitral valve repair 
that are readily recognized by postpump IOE. Many of these 
complications may not be apparent clinically or may take longer 
to accurately diagnose without echocardiography. If left 
untreated, these complications may interfere with the long-
term success of the procedure and require early reoperation. 
Complications seen after mitral valve repair by IOE are shown 
in Table 19-3. In early experience with more than 6000 patients, 
the frequency of needing a second run of cardiopulmonary 
bypass in mitral repair was 7%, which was lower than the fre-
quency of aortic repair (14.7%) and myectomy (17.9%), but 
greater than the frequency of tricuspid repair (5.1%), congeni-
tal heart disease (4.9%), and aortic aneurysm surgery (3.6%).

INCOMPLETE MITRAL REPAIR

Significant residual MR is the most common postpump problem 
detected by IOE. Moderate (2+) or more MR, either at rest or 
following afterload challenge with phenylephrine as previously 
described, is generally considered excessive after mitral repair 
and is an indication for a further surgical procedure. The inci-
dence of this complication varies with the cause of the valvular 
regurgitation, the complexity of the repair, the experience of the 
surgeon, and the threshold of the operative team to accept a 
suboptimal result. When residual MR is found, further repair 
of the valve may lead to an improved result with reduction or 
elimination of MR, particularly when the echocardiographer 
can define the mechanism of the residual regurgitation. In some 
patients, further repair is impossible or fails, and the patient 
requires a third pump run to implant a prosthesis.

If the regurgitation is mild (1+) or less on the postpump IOE, 
then the result is usually accepted, though individual surgeons 
vary in their willingness to accept even mild amounts of regur-
gitation. The severity of MR detected by immediate postpump 

5. What is the additional risk imposed by the additional mitral 
valve procedure?

The final decision on what surgery is indicated is made by the 
surgeon; however, when the surgical plans are changed in the 
operating room, telephone consultation with the referring clini-
cal doctor is advisable.

In many patients, especially those in whom the regurgitation 
is secondary to apical tethering from ischemic heart disease 
with LV dilation, the severity of the regurgitation may be vari-
able. Sometimes, the severity of regurgitation detected at the 
time of operation is different from that recorded preoperatively. 
Frequently the difference in severity is due to a true physiologic 
change. Compared with ambulatory conditions, the loading 
conditions during surgery often entail a lower intravascular 
volume and less peripheral vasoconstriction, both of which may 
reduce the severity of valvular regurgitation and reduce stenotic 
valve gradients. On other occasions this discrepancy reflects the 
superior ability of esophageal and epicardial echocardiography 
to visualize MR compared to TTE.

In patient presenting with symptoms that might be due to 
MR, but severity is less than is expected or borderline, it is often 
useful to increase afterload with multiple boluses of phenyleph-
rine (100 mcg every 30 to 120 seconds), and then to recheck the 
severity of regurgitation at a mean arterial pressure that is tran-
siently as high as 120 mm Hg. Patients with 3+ or more MR at 
rest, or during this afterload stress test, are generally considered 
candidates for a mitral valve operation. The threshold for 
surgery on the mitral valve also is affected by other factors, 
including whether there is a primary structural abnormality of 
the valve. If the valve appears to be repairable, the threshold for 
surgery is lower, given the relatively low morbidity and mortal-
ity associated with repair as compared with valve replacement, 
whereas the threshold for surgery is higher in patients with 
valves that are not reparable. In patients undergoing surgery  
for aortic stenosis, improvement in the severity of the MR can 
be expected postoperatively; therefore, the threshold for con-
comitant mitral surgery is higher.54,55 On any patient with val-
vular disease, a postpump assessment is made regardless of 
whether a surgical intervention on the mitral valve has been 
performed.

Postpump Intraoperative  
Echocardiography in Mitral Repair
The most significant indication for IOE in mitral valve repair 
(see Box 19-1 and Table 19-3) is to determine the competency 
of the repair immediately after cardiopulmonary bypass. If the 
repair is inadequate, further repair or replacement can be per-
formed immediately during the same thoracotomy.

TIMING

To make a relevant assessment of valvular performance, post-
pump intraoperative echocardiographic assessment of valvular 
function should be done after loading conditions and ventricu-
lar function have reached their postoperative plateau, when the 
patient has returned to relatively normal loading conditions. 
The most appropriate time to image after repair is when the 
patient is off cardiopulmonary bypass, the intravascular volume 
is replete, and the loading conditions are similar to those in the 
ambulatory state. Imaging can be initiated earlier than that, 
after the aortic cross clamp is off and the LV is at least partially 
filled, but abnormal findings at this time may result from 

Management of Abnormal Findings on Doppler 
Echocardiography after Mitral Valve Repair

Complication Management

Residual MR Define mechanism. If ≤1+, accept. If 2+, give 
phenylephrine to recheck MR with increased 
afterload; if >2+, further surgery is required.

Systolic anterior motion 
with LVOT obstruction

Assess LVOT gradient and MR. Increase 
ventricular volume, stop positive inotropes.  
If these measures are not successful, further 
surgery is needed to revise repair.

Dehisced ring or leaflet 
perforation

Another pump run is needed to redo 
annuloplasty.

Residual mitral stenosis Quantify severity. If mean gradient >5 mm Hg or 
area <1.5 cm2, consider further surgery.

Significant tricuspid 
regurgitation

If 3+ or more, consider further repair.

Regional LV dysfunction Assess intracardiac air; if not resolved after further 
time on pump, consider coronary bypass.

Global (right or left) 
ventricular dysfunction

Assess volume status, afterload, and response to 
medications. Assessment for coronary air 
emboli.

LVOT, Left ventricular outflow tract; MR, mitral regurgitation.

TABLE 
19-3 
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MR as determined by postpump IOE who did not undergo a 
further pump run at the time of initial operation required reop-
eration within 5 days because of hemodynamic instability and 
the frequent inability to wean off mechanical ventilation.

Patients who undergo a second pump run for an initially 
inadequate repair have an in-hospital complication rate that is 
similar to that of patients who require a single pump run.66,67 
In one study,68 residual MR of 1+ or 2+ did not increase hospital 
complications when compared with trivial or no regurgitation 
postoperatively. There was a trend for patients with 1+ or 2+ 
MR, however, to need more reoperations in late follow-up than 
those with trivial or no MR.

Other Complications of Mitral  
Valve Repair
SYSTOLIC ANTERIOR MOTION OF THE  
MITRAL VALVE

Significant LV outflow obstruction caused by SAM of the mitral 
valve has been recognized as a complication of surgery since the 
early days of mitral valve repair.69,70 This abnormality simulates 
the physiology seen in hypertrophic obstructive cardiomyopa-
thy, even though septal hypertrophy is absent. The SAM of the 
mitral valve after mitral repair in these patients is dynamic and 
is exacerbated by reducing the size of the ventricular chamber 
or augmenting contractility. SAM may cause pressure gradients 
of 100 mm Hg or more, severe hypotension, severe MR, and 
inability to wean the patient from cardiopulmonary bypass. In 
many cases, however, it is mild and is not the cause of congestive 
preload or decreased forward flow. Fortunately, this series of 
complications is readily recognized and quantified by an expe-
rienced echocardiographer on the postpump echocardiogram 
study (Fig. 19-11). If it is not recognized, in some patients it 
will cause postoperative problems and require reoperation. 
SAM was initially reported in 2% to 9% of patients undergoing 
mitral valve repair,29,60,71 but it is now less common because of 
the ability to prevent it with better design of the initial repair 
procedure.

Several mechanisms have been proposed to explain SAM 
following mitral valve repair. These mechanisms include ante-
rior displacement of the posterior ventricular wall, anterior 
displacement of the posterior mitral leaflet, and narrowing of 
the angle between the mitral and aortic valves.72 It is clear that 
SAM occurs primarily in patients with degenerative mitral valve 
disease, those with large mitral leaflets, and in the presence of 
a hyperdynamic, small ventricle.60 SAM is usually seen only after 
annuloplasty ring insertion, but it has been reported after a 
suture annuloplasty.60 It is seen more commonly with stiff than 
with flexible annuloplasty rings.60,71 One quantitative study72 
has shown that SAM is associated with anterior displacement 
of the mitral coaptation line. The anterior displacement is 
reduced or disappears after successful revision of the repair and 
elimination of SAM. The ratio of the length of the anterior and 
posterior leaflets during coaptation and the distance from the 
coaptation line to the septum, on preoperative TEE, were shown 
to be predictors of SAM. The smaller the ratio between anterior 
and posterior leaflet and the narrower the distance between  
the coaptation point and the septum, the greater the likelihood 
of SAM.73

When severe, SAM is easily recognized and may involve both 
leaflets. The LV outflow gradient and the severity of MR are 
important indicators of the hemodynamic severity. The best 
TEE view for measurement of the LV outflow gradient is the 

IOE correlates well with angiographic or TTE and TEE esti-
mates of severity obtained later.56,57 Rarely, changes in the early 
postoperative period such as progressive chordal rupture, suture 
dehiscence, or early postoperative endocarditis may cause acute 
worsening of the MR. Thus, IOE is a reliable measure of the 
severity of MR and the need for further intervention.

Other considerations in deciding whether residual MR 
should be accepted or subjected to another surgical procedure 
include the mechanism of the MR, the overall condition of the 
patient, and LV function. Postpump determination of the 
mechanism of the residual MR helps the surgeon to determine 
whether a further reparative procedure could lessen the regur-
gitation and yet conserve the valve. More MR than is usually 
desirable might be accepted when other surgical procedures 
such as aortic valve replacement or coronary artery bypass 
grafting have also been accomplished, particularly in elderly 
patients or those with significant LV dysfunction. For example, 
in patients with extensive mitral annular calcification, mitral 
prosthetic insertion may be technically more difficult and more 
hazardous for the patient than accepting a moderate amount of 
residual MR.58

In various studies of patients undergoing mitral valve repair, 
4% to 11% have needed a second pump run. About half of these 
(for example, 3% of the total, less than half of the 8% in one 
study) had persistent MR that was greater than 2+.29 In most of 
the patients in whom immediate failure of mitral repair is 
treated with a further run of cardiopulmonary bypass, further 
repair can be accomplished successfully, whereas a smaller per-
centage (10% to 15%) of the patients having a second pump 
run undergo mitral prosthetic implantation. In one study,59 
inadequate repair was associated with a degenerative cause of 
the MR and with the absence of an annuloplasty ring implanta-
tion at the time of initial repair. In another study,60 the need for 
reoperation because of inadequate repair or systolic anterior 
motion (SAM) of the mitral valve was more common in patients 
with anterior mitral leaflet or bileaflet prolapse, as opposed to 
those with posterior prolapse. In still another study61 with an 
11% incidence of second pump runs, interscallop malcoapta-
tion of the posterior leaflet was the most common cause of the 
initially persistent MR. In the previously cited large retrospec-
tive study by Click and colleagues,62 the incidence of changes 
based on the postpump IOE was 6%, although only one third 
of those returned to cardiopulmonary bypass for further 
surgery.

IMPACT ON CLINICAL OUTCOME

IOE has a positive impact on prognosis and the incidence of 
reoperation after mitral repair in large centers and in smaller 
community hospitals. Reoperations are lower when IOE is 
used,63 and the percentage of valves that are repaired is improved 
by the use of IOE.64

The severity of residual MR after mitral valve repair, as 
assessed by IOE, is important for prognosis, as shown by several 
studies. In one of these studies,64a moderate or greater MR was 
associated with a higher incidence of congestive heart failure, 
repeat valve surgery, or postoperative death. In a study of isch-
emic MR,31 residual regurgitation by postpump IOE was a 
strong predictor of survival after mitral valve repair. Postopera-
tive recurrence of MR in ischemic heart disease, however, cor-
relates more with the degree of apical tethering, annular dilation, 
and contractile impairment, rather than the technical success 
of the repair procedure.65 In another study,31 patients with 3+ 
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characteristics of mitral valve dehiscence and helps in planning 
appropriate corrective interventions. Dehiscence of a suture at 
the site of the leaflet resection or a suture line of the sliding 
plasty simulates a leaflet perforation mechanistically. This is 
now the most common cause of persistent MR after repair, and 
it is easily repaired on a second pump run. Another rare com-
plication of mitral valve repair that can be detected by IOE is 
partial dehiscence of the annuloplasty ring. The annuloplasty 
ring shows increased mobility, and regurgitation may originate 
outside the ring (Fig. 19-12).

LV SYSTOLIC DYSFUNCTION

Some reduction in LV function is often detected after mitral 
valve repair.78,79 Early dysfunction after weaning from cardio-
pulmonary bypass may reflect the transient effects of cardiople-
gia and the suboptimal metabolic milieu. When dysfunction 
persists, it is most often global and may reflect the unmasking 
of LV dysfunction present preoperatively that had been con-
cealed by the effects of increased ventricular preload and 
decreased afterload. In a minority of instances, a regional wall 
motion abnormality is detected, despite normal coronary vas-
culature preoperatively. This abnormality is usually caused by 
passage of air into a coronary vessel, most commonly a transient 
wall motion abnormality in the right coronary artery distribu-
tion, which usually but not always resolves without permanent 
infarction.67,79a Air within the LV cavity is readily detected by 

deep transgastric imaging window, which puts the heart in an 
orientation similar to a transthoracic apical five-chamber image 
and allows alignment of the continuous-wave Doppler cursor 
with the LV outflow tract jet. When this examination cannot be 
reliably performed with the transesophageal approach, the gra-
dient can be measured with epicardial echocardiography. In 
many circumstances, the appearance on midesophageal images 
of marked SAM and significant persistent MR mandates a 
second pump run, without having to quantitate the gradient 
itself.

The initial management of patients with SAM and LV outflow 
obstruction after mitral repair should be to increase intracar-
diac volume by fluid repletion and to stop any positive inotropic 
agents that are being administered.60 Systemic afterload can be 
supported by a pure alpha agonist (phenylephrine), avoiding 
any beta agonists such as dobutamine, dopamine, isoproterenol, 
or epinephrine. If these measures are inadequate to reduce the 
severity of SAM, another pump run to improve the SAM is 
indicated. A further procedure that may improve SAM is a 
sliding posterior leaflet advancement (sliding plasty), which 
reduces the anterior-posterior height of the posterior leaflet.

Sliding annuloplasty is currently used as a component of the 
primary operative procedure on patients who are considered  
at risk for developing SAM, particularly those with severe  
myxomatous leaflets with substantial redundancy, which has 
significantly reduced the incidence of this complication in those 
patients in whom it has been used.74,75 If SAM persists despite 
these maneuvers, the final recourse is mitral prosthetic implan-
tation. Patients in whom SAM is discovered by TTE days or 
longer after mitral valve repair, obviously a subset selected to 
have milder obstruction by successful weaning from bypass and 
extubation, may be treated medically with negative inotropic 
agents. Some patients show a late reduction in the LV outflow 
gradient, but obstruction may remain inducible by exercise, 
catecholamine infusions, or inhalation of amyl nitrite.76

SUTURE DEHISCENCE, PERFORATION JET 
LESIONS, AND ANNULOPLASTY DEHISCENCE

Occasionally, suture dehiscence leads to significant MR after 
mitral valve repair. This complication was found by the post-
pump IOE in 2% of operations in one series.59 Kronzon and 
co-workers,77 in a small case series of patients undergoing mitral 
valve repair or replacement, demonstrated that real-time 3D 
TEE provides additional information about the anatomic 

Figure 19-11  Systolic anterior motion (SAM) of the anterior and posterior mitral valve leaflets at the end of the first pump run during 
mitral valve repair. In the TEE four-chamber view, SAM is seen (A, arrow) leading to severe MR (B) and outflow obstruction. The maximal velocity 
measured in the outflow tract by continuous-wave Doppler (C) from the deep transgastric TEE view was 4.6 m/s, allowing estimation of an outflow 
tract pressure gradient of ≈85 mm Hg. 

Figure 19-12  Annular ring dehiscence.  Late  failure of mitral  repair 
due to annular ring dehiscence (arrow, left panel) leading to severe MR 
(right panel). 
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Doppler recording by planimetry of the diastolic velocity enve-
lope, to measure the transmitral pressure gradient, and by mea-
suring the pressure half-time.82-84 An epicardial approach using 
a parasternal short-axis equivalent view may be used to obtain 
views suitable for planimetry of the mitral orifice itself, but 
most TEE short-axis views of the mitral valve from the trans-
gastric window are not of sufficient quality for quantitative 
purposes. The mechanism of the stenosis, whether valvular or 
subvalvular, should also be determined. A splitability score gen-
erated in a manner similar to the transthoracic method used for 
percutaneous mitral valvuloplasty may help to determine the 
degree of valvular fibrosis and calcification and whether a valve-
sparing procedure is feasible.85 Because the surgeon can débride 
the valve under direct vision, open commissurotomy is some-
times possible even with a moderately high splitability score of 
9 to 11, when a balloon valvuloplasty is not as likely to be effec-
tive or durable (see Chapter 21). The presence of MR and its 
mechanism, which is usually restricted leaflet motion, are also 
determined. It is important also to detect LA appendage throm-
bus preoperatively so that the surgeon can remove it.

On the postpump echocardiogram, the mitral valve gradient 
and area and MR are again assessed. The presence of residual 
MR of 2+ or greater, or a mitral valve area of less than 1.5 cm2 
by pressure half-time, is an indication for a further pump run, 
either to improve the repair or to implant a prosthesis. Fre-
quently, when the patient has atrial fibrillation, a Maze proce-
dure or pulmonary vein ablation will be performed. The LA 
appendage may be ligated in an effort to reduce the embolic 
risk, although in up to one third of patients, blood may still 
enter and leave the appendage.86

TEE in Minimally Invasive and Robotic 
Mitral Valve Repair
Guidance by imaging is more important when the therapy 
involved is new or for some reason associated with more risks 
of mistaken objectives or faulty outcome. With the ongoing 
development of percutaneous leaflet repair and annuloplasty, 
along with minimally invasive valvular surgery, IOE continues 
to be a vital component in ensuring the success of these new 
techniques. (See Chapters 5 and 6.)

One such emerging arena is less invasive valve procedures. 
The vast majority (over 80%) of isolated minimally invasive 
mitral surgeries performed in the past 15 years have been done 
using a hemisternotomy, which involves a vertical incision 
about 8 to 10 cm long. This operation causes less chest trauma 
and bleeding and is associated with more rapid return to work, 
but it also involves less visual exposure of the heart, which is 
largely compensated for by intraoperative TEE.17 In minimally 
invasive operations in which smaller incisions are used, surgical 
venting may be difficult or impossible. In this situation, resump-
tion of cardiopulmonary bypass may be necessary for a period 
of time in order to allow slow resolution of the air.

Robotic heart surgery is a new field that requires very special 
techniques and technology. Again, robotic valve surgery relies 
heavily on IOE.87 Recent studies have demonstrated the valuable 
adjunct role that TEE plays in the assessment of robotic MV 
repair. Wang and associates28 recently performed intraoperative 
TEE in 22 consecutive patients at the General Hospital in 
Beijing, China, over a 2-year period and demonstrated that all 
patients (100%) had successful robotic MV repair with the use 
of intraoperative TEE.

echocardiography because it is echodense. The presence of large 
amounts of air on postpump IOE is an indication for increased 
surgical venting of the heart to prevent coronary embolization. 
Fortunately, most instances of air embolization of the coronary 
vessels resolve without significant long-term ventricular dys-
function. Because of its anterior position, air is more likely to 
travel to the right coronary artery in a supine patient, causing 
inferior wall motion abnormalities.

TRICUSPID REGURGITATION

Tricuspid regurgitation is a common concomitant lesion to MR, 
More than moderate tricuspid regurgitation should treated 
with a ring annuloplasty at the time of mitral surgery. In all 
patients, whether tricuspid surgery is done or not, the amount 
of tricuspid regurgitation should be rechecked on the post-
pump intraoperative echocardiogram.80 The success of the tri-
cuspid surgery should be checked only after the intravascular 
volume status has been normalized.81 Occasionally, tricuspid 
regurgitation that did not appear to be significant preopera-
tively may appear to be more severe on the postpump study and 
require a further pump run for tricuspid repair.

MITRAL STENOSIS

In performing a mitral valve repair in a nonrheumatic valve, the 
surgeon may remove a significant portion of the leaflet or 
perform an annuloplasty that reduces the size of the mitral 
annular orifice. Despite these anatomic derangements, it is very 
unusual to have any significant stenosis in degenerative or  
ischemic mitral valve repair, because there is not any fusion of 
the mitral commissures or narrowing at the subvalvular level. 
The normal annulus area is 5 to 10 cm2, varying with the size 
of the annuloplasty ring inserted. In contrast, residual stenosis 
of mild degree is common after rheumatic mitral valve repair 
because of the thickened leaflets and fusion of subvalvular 
chordae and commissures. The mitral valve gradient should be 
measured using continuous-wave Doppler after every mitral 
valve repair. A mean gradient in excess of 5 mm Hg should 
arouse suspicion of some degree of stenosis of the valve. Addi-
tional physiologic alterations with pharmacologic intervention 
may be needed to best demonstrate a transvalvular mitral valve 
gradient.

Mitral Valve Repair Involving 
Commissurotomy
Mitral repair with open commissurotomy is used with decreas-
ing frequency because of a progressive decline in the United 
States of the frequency of rheumatic valvular disease, and the 
recognition that repair of such valves is fraught with recurrence 
due to postoperative progression of the postinflammatory 
fibrosis. Balloon valvuloplasty is also a more common method 
of treating patients with isolated mitral stenosis. (See Chapter 
21.) Nevertheless, mitral repair with open commissurotomy 
still has a place, especially in patients with mild or moderate 
valve calcification, or combined mitral stenosis and significant 
MR. It is especially useful when nonprosthetic outcomes are 
desirable, for example, in anticipation of future pregnancy. 
Before surgery, IOE is used to determine the severity of stenosis 
as a reference to assess the success of surgery. The severity of 
mitral stenosis is determined from the continuous-wave 
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moderate or severe MR.94 A total of 279 patients were enrolled 
and evaluated for 12 months. The 1-year efficacy endpoint of 
the combined incidence of death, mitral valve surgery, or reop-
eration for mitral valve dysfunction was reached in nearly 75% 
of surgical patients and 66% of MitraClip patients, which met 
the noninferiority hypothesis for efficacy.

PERCUTANEOUS CLOSURE OF PARAVALVULAR 
MITRAL REGURGITATION

Development of paravalvular leak is a well-known complication 
of mitral valve replacement surgery occurring in 1% to 5% of 

TEE in Transcatheter Mitral Valve Repair
Another innovation involves percutaneous valve procedures, 
which are done entirely via endovascular access. Percutaneous 
valve replacement has been developed, though only for the 
aortic and pulmonic valves thus far.88-90 For severe MR, although 
endovascular valve replacement is not yet available, both direct 
and indirect percutaneous repair of the native mitral valve can 
now be accomplished.

The primary form of surgical mitral repair is annuloplasty. 
The placement of a ring or annuloplasty band in the mitral 
annulus, fixed by sutures, is the technique most commonly 
used. Percutaneous therapies for MR have paralleled many of 
these same surgical techniques. Percutaneous annuloplasty are 
under investigation through both direct and indirect approaches. 
Direct annuloplasty is significantly more challenging techni-
cally and associated with greater morbidity. A guide catheter 
must be passed retrogradely across the aortic valve and posi-
tioned within the LV on the undersurface of the posterior mitral 
leaflet. Current systems in development use either radiofre-
quency wires over which pledgets are passed and then con-
nected via a string that is then plicated drawing the pledgets 
closer together, or Nitinol anchors that are placed directly in the 
mitral annulus and tethered together to draw the anchors closer 
together. Indirect annuloplasty fundamentally involves the 
placement of a device in the coronary sinus, which parallels the 
posterior mitral leaflet, and creates tension that is then trans-
mitted to the mitral annulus. Given the relatively long history 
of implantation of devices in the coronary sinus, this approach 
is the less technically challenging. There are several limitations 
that are common to the indirect approach. Because of signifi-
cant mechanical stresses causing significant torsional forces, 
there have been several cases of device fracture. Further, given 
the proximity of the circumflex coronary artery to the coronary 
sinus, compression is a potential concern. Alternative tech-
niques for surgical mitral repair involve annuloplasty with 
leaflet resection and sliding annuloplasty.

PERCUTANEOUS EDGE-TO-EDGE REPAIR OF 
MITRAL REGURGITATION

Though it is used less commonly for surgical repair, the edge-
to-edge approximation technique is a leaflet maneuver first 
described by Alfieri and colleagues91 in the early 1990s. A percu-
taneous method of direct mitral valve repair has been developed 
that uses this edge-to-edge approach via transseptal access92 (Fig. 
19-13). The MitraClip system consists of a guide catheter, a clip-
delivery catheter, and an implantable dual-arm cobalt-chromium 
clip. The open clip can grasp the mitral leaflets via small grippers. 
When the edges of the two leaflets are attached, the intact chords 
to the anterior leaflet support the prolapsing posterior leaflet, or 
vice versa. TEE is essential for online assessment of the degree 
of reduction in MR in real time. The clip can be opened and 
closed multiple times for proper positioning, and if needed, a 
second clip can be placed if the reduction in MR is felt to be 
insufficient (Fig. 19-14). The EVEREST Phase I clinical trial 
evaluated 24 patients in whom the MitraClip was placed and 
followed them for 6 months.93 In 13 of 14 patients where reduc-
tion of MR was 2+ or less after 1 month, the reduction was 
maintained at 6 months. The EVEREST II trial was a multicenter, 
randomized controlled trial that was designed to evaluate the 
benefits and risks of the MitraClip device for endovascular  
mitral valve repair compared with open surgery in patients with 

Figure 19-13  Improvement in the amount of mitral regurgitation 
(MR) in a patient undergoing percutaneous mitral repair (PMR) is 
illustrated. At upper left, the flow convergence zone is measured in a 
patient with severe prolapse of the posterior leaflet in a midesophageal 
TEE view from which the aliasing radius, at a Nyquist of 43 cm/s, permit-
ted  calculation  of  a  regurgitant  orifice  area  (ROA)  of  0.6 cm2.  After 
percutaneous  edge-to-edge  repair  (lower right),  the  MR  has  been 
reduced to mild or 1-2+ with an ROA of 0.2 cm2, based on an aliasing 
radius of 0.66 cm at a Nyquist of 30 cm/s. 
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Figure 19-14  3D TEE online still image of a patient with severe 
MR undergoing insertion of a percutaneous MitraClip via trans-
septal puncture. The dual-arm cobalt-chromium clip (arrow) is seen at 
the end of the clip-delivery catheter. 
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Background
Aortic regurgitation (AR) is characterized by diastolic reflux of 
blood from the aorta into the left ventricle (LV). The clinical 
presentation is variable and depends on several factors, includ-
ing acuity of onset, aortic and LV compliance, hemodynamic 
conditions, and severity of the lesion. Although chronic AR is 
generally well tolerated for many years, acute AR may lead to 
rapid decompensation and, if untreated, to early death. Doppler 
echocardiography is the primary modality for evaluation of the 
presence and severity of AR. However, two-dimensional (2D) 
and M-mode echocardiography are useful in evaluation of the 
mechanism of AR. The prevalence of AR depends on age, aortic 
root diameters, and ethnic group. The overall prevalence of 
chronic AR is 5% to 10%, with most cases being trace or mild; 
moderate or severe AR is less common (0.5% to 2.7%).1,2 Precise 
determination of the severity of the regurgitation and its reper-
cussions on LV function is essential for clinical management 
and appropriate timing of surgical intervention. Echocardiog-
raphy has become the most frequently used noninvasive method 
for AR assessment, including not only the etiology, with evalu-
ation of ascending aortic dilation, but also determination of the 
severity of regurgitation along with its effect on ventricular 
function.

Etiology
AR results from numerous causes, with malcoaptation of the 
aortic leaflets due to abnormalities of the leaflets themselves or 
of the supporting structures, such as the aortic root and annulus, 
or both (Box 20-1). Although rheumatic heart disease remains 

the most common etiology in developing countries, ascending 
aortic diseases are becoming a more frequent cause in  
developed countries.3,4

Echocardiographic evaluation of the anatomy of aortic leaf-
lets, annulus, and aortic root is important not only in defining 
the etiology but also in the prognosis and management of AR.

LEAFLET ABNORMALITIES

There are several diseases that result in AR due to leaflet 
abnormalities:
1. Rheumatic disease is characterized by commissural fusion, 

thickening, and retraction of the aortic leaflets, which usually 
induces a central regurgitation jet.

2. Aortic valve sclerosis results in AR due to calcifications 
located in the central part of the cusps, which is more preva-
lent in the elderly population.

3. Congenital abnormalities include bicuspid and, more rarely, 
unicuspid or quadricuspid valves. In these congenital abnor-
mal valves, abnormal stress on the leaflets modifies valve 
structure and causes AR, mainly due to valve prolapse. The 
long-axis view reveals an asymmetric closure line and sys-
tolic doming or diastolic prolapse of the leaflets. The short-
axis view is more specific. The diagnosis is confirmed when 
only two leaflets are seen in systole with two commissures 
framing an elliptical systolic orifice5-7 (Fig. 20-1). The dia-
stolic image may mimic a trileaflet valve when a raphe is 
present. The most frequent abnormality is fusion of the right 
and left coronary cusps. Three-dimensional (3D) echocar-
diography may better define morphologic details of the 
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Figure 20-1  Parasternal short-axis view of a bicuspid aortic valve (BAV). A, Fusion of the right and left coronary cusps (anterior-posterior BAV). 
B, Fusion of the right coronary and noncoronary cusps (right-left BAV ) . 

A B

Figure 20-2  3D TEE image looking at the aortic side of a bicuspid 
aortic valve.  The  two  commissures  (arrows)  are  seen  with  the  slitlike 
valve  opening  in  systole.  The  larger  anterior  leaflet  has  a  prominent 
raphe. 

Box 20-1 

ETIOLOGY OF CHRONIC  
AORTIC REGURGITATION

Abnormalities of Aortic Leaflets
Bicuspid aortic valve and other congenital abnormalities
Aortic valve sclerosis
Rheumatic heart disease
Myxomatous valve disease
Systemic inflammatory disorders
Antiphospholipid syndrome
Anorectic drugs
Subaortic stenosis

Diseases of the Aortic Root
Idiopathic aortic root dilatation
Aortoannular ectasia
Marfan syndrome
Ehlers-Danlos syndrome
Osteogenesis imperfecta
Aortic dissection
Syphilitic aortitis

bicuspid aortic valve (BAV)8 (Fig. 20-2). Other congenital 
disorders such as ventricular septal defect or subvalvular 
aortic stenosis may also induce AR secondary to jet lesions.

4. Endocarditis results in acute AR either by leaflet perforation 
due to the infectious process (see Chapter 22) or to diastolic 
leaflet closure deformity caused by the presence of a valvular 
vegetation.9

5. Myxomatous valve disease can affect the aortic as well as the 
mitral valve. The leaflets are thickened and redundant with 
slight sagging into the LV outflow tract (LVOT) in diastole10 
(Fig. 20-3).

6. Less common abnormalities include congenital or iatrogenic 
leaflet fenestrations. In addition, leaflet thickening may be 
induced by drugs11 or radiation, nonbacterial thrombotic 
endocarditis, lupus erythematosus, and other inflammatory 
diseases.12

AORTIC ROOT ABNORMALITIES

AR may be caused, even when the leaflets themselves are normal, 
by alteration in the geometry of the structures supporting the 
leaflets. These conditions may now be more common than 
primary leaflet disease in patients undergoing surgical treat-
ment for isolated AR in developed countries.4 The aortic 
annulus is a complex crown-shaped structure where the leaflets 
attach to the aortic valve with the three points of the crown at 
the commissures and the three lowest points at the midsection 
of each leaflet (Fig. 20-4). Dilatation of this area at the base of 
the aortic root results in AR owing to inadequate coaptation of 
the stretched leaflets13. Aortic root dilatation may be due to a 
variety of causes14 including chronic hypertension,15 Marfan 
syndrome,16 aortoannular ectasia (Fig. 20-5), Ehlers-Danlos 
syndrome, osteogenesis imperfecta, atherosclerotic aneurysms, 
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aortic dissection (Fig. 20-6), syphilitic aortitis, or various sys-
temic inflammatory diseases.14,17-19 (See Chapters 37 and 39.) 
Interestingly, in some studies, hypertension did not predict AR 
on multivariate analysis, thereby confirming the results of 
earlier studies showing hypertension to be associated with 
modest increases in aortic root size but not AR when age is 
included in the model.15 Remarkably, Roberts and colleagues4 
analyzed the causes of pure AR in 268 patients undergoing 
isolated aortic valve replacement and showed that the cause was 
unclear by echocardiography, angiography, or histologic find-
ings in more than 30% of cases. The group with unclear causes 
of AR was the oldest; 91% had hypertension, and 29% showed 
small calcific deposits in the valve cusp.

COMBINED VALVE AND AORTIC  
ROOT ABNORMALITIES

Some diseases, such as BAV or ankylosing spondylitis, may 
share both leaflet and aortic root abnormalities. In fact, more 
than 50% of patients with BAV have echocardiographic evi-
dence of aortic dilatation. Controversy exists as to whether 
aortic wall changes in BAV are caused by a congenital defect or 
whether they are due to the abnormal hemodynamic stress on 
the aortic wall secondary to abnormal helical systolic flow in 
the ascending aorta.20,21 It has been suggested that type 1 BAV 
(fusion of right and left coronary cusp) is related to larger sinus 
diameter than type 2 (right and noncoronary fusion) and type 
3 (left and noncoronary fusion). Type 2 morphology shows 
mid–ascending aortic dilatation5 more frequently (see Fig. 
20-1). However, other studies have not shown a significant rela-
tionship between aortic dimensions and morphologic valvular 
variables.22 Finally, chronic severe AR of any etiology may lead 
to progressive enlargement of the aortic root and further  
worsening of AR over time.23

Aortic Regurgitation Severity
COLOR DOPPLER ECHOCARDIOGRAPHY

Color Doppler echocardiography is the key method for the diag-
nosis and quantification of AR in clinical practice.24-26 Pulsed- 
and continuous-wave Doppler are used as complementary 

Figure 20-3  Myxomatous aortic valve with a prolapse of  right coro-
nary cusp (arrow). Note that LV is severely dilated (end-diastolic diam-
eter = 68 mm) due to chronic severe aortic regurgitation. Ao, Aorta. 

LV

LA

Ao

RV

Figure 20-4  Aortic valve anatomy.  Radiograph of  a  valve outlined 
by contrast. Ao, Aorta. (Courtesy Tim Fleming, MD.)

LV

Ao

Figure 20-5  Annuloaortic ectasia  shown  in  parasternal  long-axis 
view. Ao, Aorta. 

LV

Ao

Figure 20-6  Acute aortic regurgitation secondary to type A aortic 
dissection.  Arrows  show  the  intimal  flap  in  aortic  root  by  parasternal 
long-axis view. Ao, Aorta. 

LV
Ao
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2. Proximal regurgitant jet width and its ratio to LVOT diameter 
is obtained from the long-axis views measured immediately 
below the aortic valve (at the junction of the LVOT and 
aortic annulus). A ratio less than 25% is consistent with mild 
AR, whereas a ratio greater than 65% is consistent with 
severe AR.35 However, the absolute value of jet width has 
similar accuracy and better reproducibility than this ratio, 
indicating that jet width alone may be sufficient and more 
practical in the follow-up of patients. A jet width greater 
than 10 mm is indicative of severe AR and less than 7 mm 
of nonsignificant AR31 (Fig. 20-8). This method has some 
limitations. Jet width should be measured perpendicular to 
the direction of the jet. However, eccentric jets directed pre-
dominantly toward the anterior leaflet of the mitral valve or 
the septum tend to occupy a small portion of the proximal 
outflow tract and may thus appear narrow and underesti-
mate regurgitation severity.31 Conversely, central jets tend to 
expand fully in the outflow tract (the spray effect) and may 
be overestimated. This method works best when the regur-
gitant orifice is relatively round in shape. When it is elliptical, 
as in BAV, jet width can lead to underestimation of AR sever-
ity.25 The short-axis view is helpful in identifying regurgitant 
orifice shape (Fig. 20-9).

3. Cross-sectional area of the jet from the parasternal short-axis 
view and its ratio to the LVOT area are also indicators of AR 
severity. A ratio less than 25% is consistent with mild AR, 
whereas a ratio greater than 65% is consistent with severe 
AR.24,25 In our experience an area greater than 1 cm2 is indic-
ative of severe AR31 (see Fig. 20-9). The short-axis jet area 
has limitations because small changes in the level of the 
LVOT result in significant differences in jet area. In addition, 
image quality is suboptimal in more than 20% of cases in 
this view.

The combination of jet width greater than 10 mm with an 
apical color jet area greater than 7 cm2 or cross-sectional area 
greater than 1 cm2 has been considered a strong argument 
for severe AR. Unfortunately, concordance in severity grades 
among these Doppler methods was only 60%.31

4. Vena contracta width is one of the best methods for grading 
AR severity.24,25 The vena contracta represents the smallest 
flow diameter at the aortic valve level, immediately below the 
flow convergence region. It provides, thus, an estimate of the 
size of the effective regurgitant orifice area (EROA) and  
is smaller than the regurgitant jet width in the LVOT. The 
vena contracta is measured in the parasternal long-axis view  

Figure 20-8  Severe aortic regurgitation in parasternal long-axis view.  A,  Color  Doppler  2D.  B,  Color-coded  M-mode  depicting  the  time 
dependency of flow signal (white line) during the heart cycle. 

A B

Figure 20-7  Eccentric jet of aortic regurgitation directed toward 
mitral valve. The jet is well visualized by apical three-chamber view. Ao, 
Aorta. 

LV

Ao

LA

V

methods. The regurgitant color Doppler flow pattern has three 
components: the proximal flow convergence or proximal isove-
locity surface area (PISA), the vena contracta, and the distal jet.
1. Color jet area and length correlate only weakly with the 

degree of AR, mainly in acute or subacute AR, as they are 
particularly affected by the aortic-to-LV diastolic pressure 
gradient and LV compliance.27-30 Despite these limitations, 
the difference between mild and significant AR may be esti-
mated whenever the same instrument settings are used and 
complete visualization of the jet extension using different 
apical projections is used31 (Fig. 20-7). When the AR jet is 
directed toward the mitral valve, the use of the apical long-
axis view permits better visualization of the jet area. In our 
experience,31 in chronic AR, a jet area less than 4 cm2 or 
greater than 7 cm2 is specific for mild or significant regurgi-
tation, respectively. However, this method is associated with 
high intermachine variability.31-33 In addition, in the pres-
ence of mitral stenosis or mitral valvular prosthesis, AR jet 
size is difficult to evaluate.31,34



  20  Aortic Valve Regurgitation: Quantitation of Disease Severity and Timing of Surgical Intervention 371

sector size is reduced as narrowly as possible to maximize 
the frame rate. The Nyquist limit should then be shifted in 
the direction of the AR jet to optimize measurements of the 
PISA radius. A clearly visible, hemispheric PISA is required 
for calculation. Peak flow is calculated as 2πr2 multiplied by 
the aliasing velocity (Valiasing). The EROA is obtained by divid-
ing the peak AR flow rate by the peak instantaneous AR 
velocity (VAR) obtained by continuous-wave (CW) Doppler.

EROA r V /peak Valiasing AR= × ×6 28 2.

The regurgitant volume is calculated from the EROA by 
multiplying by the velocity-time integral (VTI) of the AR jet. 
Possible accumulated errors of each variable of the equation 
for calculation of the regurgitant orifice do not render this 
method advisable for groups with limited experience in its 
routine use. Grading of AR severity classifies an EROA less 
than 10 mm2 or an AR regurgitant volume less than 30 mL/
beat as mild AR, and an EROA greater than 30 mm2 or an 
AR regurgitant volume greater than 60 mL as severe AR.41 

(Fig. 20-10). A narrow color sector scan and zoom mode are 
recommended to optimize this measurement. Using a 
Nyquist limit of 50 to 60 cm/s, a vena contracta width of less 
than 3 mm correlates with mild AR, whereas a width greater 
than 6 mm indicates severe AR.36,37 Because the vena con-
tracta is often obscured by the leaflets, it can be difficult to 
measure accurately, mainly in calcified valves. The vena con-
tracta method is also limited when the regurgitant orifice is 
elliptical or irregular. With 3D echocardiography, vena con-
tracta areas less than 20 cm2 and greater than 60 cm2 have 
been proposed to define mild and severe AR, respectively.38

5. The flow convergence method is less commonly used to iden-
tify a clear proximal flow convergence in AR compared with 
mitral regurgitation. When feasible, the PISA method is less 
sensitive to loading conditions,39-41 although this method is 
more technically demanding. The PISA region is imaged 
ideally in apical or right parasternal views (Fig. 20-11). The 
area of interest is expanded using the zoom mode, and the 

Figure 20-9  Severe aortic regurgitation secondary to bicuspid aortic valve. Although the vena contracta (A, arrows) of eccentric jet, directed 
toward  mitral  valve,  is  5 mm,  the  short-axis  view  shows  the  elliptical  shape  (arrows)  of  the  regurgitant  orifice,  suggesting  a  greater  severity  of 
AR (B). Ao, Aorta. 

A

LV
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Figure 20-10  Vena contracta of aortic regurgitation jet (arrows). In 
the parasternal long-axis view, the vena contracta is the narrowest waist 
of the jet (7 mm in this example) just downstream from the aortic orifice. 
Ao, Aorta. 

LV

Ao

Figure 20-11  Quantitative assessment of aortic regurgitation 
severity using the proximal isovelocity surface area (PISA) method. 
Downward shift of zero baselines to obtain a hemispheric PISA. 

V
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flow reversal to occur throughout most of diastole, because 
there can be brief early diastolic flow in the ascending and 
descending aorta resulting from elastic recoil in a normal aortic 
Doppler pattern, particularly in young children and adults. As 
the degree of regurgitation increases, so do the duration and 
velocity of reversal flow.43 End-diastolic velocity exceeding 
20 cm/s is indicative of severe AR. In our experience, holodia-
stolic flow reversal with a diastolic VTI greater than 15 cm or 
with a similar value to the systolic antegrade VTI is a reliable 
qualitative sign of severe AR (Fig. 20-13). In addition, 

When imaged from the apical window, the PISA method 
significantly underestimates AR severity in the presence of 
eccentric AR jets. In this situation, imaging the flow conver-
gence zone from the parasternal long axis improves the accu-
racy of the PISA method.24-26

VOLUME FLOW CALCULATIONS

The pulsed Doppler volumetric method can be used as an alterna-
tive method to quantify AR severity. The difference between 
LVOT flow volume and mitral or pulmonary flow volume facili-
tates estimation of regurgitant volume and regurgitant frac-
tion.31 Mitral inflow is calculated as VTI of mitral inflow (at 
annulus level) multiplied by the mitral annular area, assuming 
there is no more than mild MR. Mitral annular area is calculated 
as π(D/2)2, in which D is the diameter of the mitral annulus 
measured in the apical four-chamber view in middiastole.42 
Measurement of stroke volume of right ventricular (RV) 
outflow is calculated as VTI of the RV outflow tract multiplied 
by the pulmonary annular area obtained from the parasternal 
short-axis view (Fig. 20-12). This approach is time consuming 
and is associated with drawbacks such as low reproducibility. In 
general, a regurgitant fraction greater than 50% indicates severe 
AR.24,25

AORTIC HOLODIASTOLIC FLOW REVERSAL

Diastolic flow reversal in descending aorta: AR determined at the 
aortic isthmus level using the suprasternal view by pulsed 
Doppler is an easy method for identifying significant AR. A 
pulsed Doppler sample volume should be placed just distal to 
the origin of the subclavian artery, aligning it as far as possible 
along the major axis of the aorta. It is important for diastolic 

Figure 20-12  Quantification of regurgitant fraction. Stroke volume obtained  in  the  left ventricular outflow tract  (LVOT)  (top) and RV outflow 
tract  (bottom). Aortic annular diameter  (top right)  is 25 mm. Velocity-time  integral  (VTI) of LVOT  (top left)  is 20 cm; pulmonary annular diameter 
(bottom right)  is  22 mm;  VTI  of  RV  outflow  (bottom left)  is  13 cm.  LV  outflow  stroke  volume  is  98 mL,  RV  outflow  stroke  volume  is  44 mL;  thus, 
regurgitant volume is 54 mL and regurgitant fraction 55%. Ao, Aorta; PA, pulmonary artery. 
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PA

Ao

Ao

Figure 20-13  Holodiastolic flow reversal in descending thoracic 
aorta with severe regurgitation.  Note  that  end-diastolic  velocity  is 
35 cm/s. 
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Figure 20-14  Abdominal aortic flow. A, Brief diastolic flow in nonsevere aortic regurgitation (AR); B, pandiastolic flow reversal in severe AR. 

A B

Figure 20-15  CW Doppler signal of aortic regurgitation (AR) with 
different diastolic deceleration slopes. A,  Moderate  AR; B,  severe-
acute AR. Note that pressure half-time is significantly shorter in B than 
in A. 

A B

significant holodiastolic reversal in the abdominal aorta is also 
a specific sign of severe AR (Fig. 20-14).24-27 However, these 
methods are influenced by heart rate, diastolic period duration, 
and aortic distensibility.

CONTINUOUS WAVE DOPPLER ULTRASOUND

CW Doppler of the AR jet provides an indirect assessment of 
AR severity. The more intense the CW signal of the AR com-
pared to systolic antegrade flow, the greater number of red 
blood cell reflectors and AR volume.

Deceleration Time of Regurgitant Flow
The deceleration rate of the AR jet assessed by continuous wave 
Doppler provides supportive evidence when the degree of AR 
is assessed. The deceleration slope of the AR jet reflects the 
pressure difference between the aorta and the LV during dias-
tole. It is classically best obtained from the apical five-chamber 
view (Fig. 20-15). The method is limited in mild AR and in 
the presence of eccentric jets because an adequate spectral enve-
lope is not easy to obtain. Significant overlap exists between 
moderate and severe regurgitation.31 The deceleration rate of 
the diastolic regurgitation jet and the derived pressure half-time 
(PHT) reflect both the degree of regurgitation and ventricular 
end-diastolic pressures. As the degree of AR increases, aortic 
diastolic pressure decreases and the LV end-diastolic pressure 
increases. The late diastolic jet velocity is thus reduced and the 
PHT shortened. A PHT of less than 200 ms is consistent with 
severe AR, whereas a value of greater than 500 ms suggests mild 
AR.44-47 However, this method is influenced by chamber compli-
ance, chamber pressure, peripheral resistance, or aortic compli-
ance.48,49 PHT assessment is less reliable in the setting of chronic 

AR in which the LV has been able to adapt to the chronic 
volume load.48,49 PHT can underestimate AR in which LV end-
diastolic pressure is elevated as a result of concurrent conditions 
such as LV systolic dysfunction. The use of PHT may be better 
in acute AR before changes in LV compliance occur with chronic 
volume load.27

INTEGRATING DOPPLER INDEXES OF SEVERITY

The best way to evaluate AR severity is to integrate several 
Doppler methods. Based on literature data, a scheme of Doppler 
parameters for AR severity quantification has been proposed 
(Table 20-1, Fig. 20-16).50-52 AR severity is easy to grade when 
results from the different parameters are congruent, particularly 
jet and vena contracta width and holodiastolic flow reversal in 
the proximal descending aorta and abdominal aorta.31 When 
different parameters are contradictory, one must carefully seek 
technical and physiologic reasons for these discrepancies and 
rely on the components that have the best quality in the primary 
data. Quantitative parameters can help to subclassify the  
moderate regurgitation group into mild-to-moderate and 
moderate-to-severe and overcome certain limitations of some 
semiquantitative methods.41 However, quantitative methods are 
more technically demanding, require adequate experience, and 
are also vulnerable to the accumulated errors of each variable 
when image quality is not perfect.24,25

ALTERNATIVE APPROACHES

Transesophageal echocardiography (TEE) is the reference 
examination for AR quantification in nonechogenic patients 
(Fig. 20-17). Vena contracta imaging by TEE color flow mapping 
in the long axis (130°) is an accurate marker of AR severity.53 
In the absence of significant aortic annulus calcification, TEE 
permits planimetry of the regurgitant jet using color Doppler.54,55

Regurgitant vena contracta width greater than 6 mm and 
area greater than 7.5 mm2, respectively, favor severe AR. Dia-
stolic flow reversal at multiple sites in the descending aorta with 
biplane TEE may be useful to confirm severe AR.55

3D TTE
Recent studies demonstrated the feasibility and accuracy of 3D 
TTE in quantifying AR (Fig. 20-18). Systematic cropping of the 
acquired 3D TTE data set is used to measure the vena contracta. 
The first step is to obtain the best AR jet in the long axis or from 
the apical view and, if the parasternal window is poor, by 
posterior-to-anterior cropping of the 3D TTE data set. The 3D 
TTE color Doppler data set is cropped from the aortic side to 



374 PART IV Valvular Heart Disease

Figure 20-16  Flow chart illustrating the clinical approach to evalu-
ation of AR severity by echocardiography. AR, Aortic regurgitation; 
CWD, continuous-wave Doppler; LVOT, left ventricular outflow tract; 
ROA,  regurgitant  orifice  area;  RV,  regurgitant  volume.  (From Otto 
CM:  Textbook  of  Clinical  Echocardiography, ed 4. Philadelphia, 
2009, Elsevier.)

AR color flow imaging

Vena contracta

Abdominal aorta

CWD
pressure
half-time

Severe
AR

Mild
AR

Pulsed-
Doppler
RV and

ROA

Appears to be
> mild AR

Holodiastolic
flow reversal

Non-
diagnostic

<0.3 cm>0.6 cm

Central jet
Jet width <25% of LVOT
CWD not intense

Figure 20-17  Aortic valve prolapse.  TEE  shows  the  presence  of 
aortic leaflet prolapse (left), which leads to significant aortic regurgita-
tion (right). Vena contracta (7 mm) of aortic regurgitant jet (arrows). Ao, 
Aorta. 

LV

LA

Ao

Qualitative and Quantitative Parameters Useful in Grading Aortic Regurgitation Severity

Structural Parameters Mild Moderate Severe

LV size Normal* Normal or dilated Usually dilated†

Aortic leaflets Normal or abnormal Normal or abnormal Abnormal/flail, or wide coaptation defect

Doppler Parameters
Jet width in LVOT—color flow Small in central jets Intermediate Large in central jets; variable in eccentric jets

Jet density—CW Incomplete or faint Dense Dense

Jet deceleration rate—CW (PHT, ms)‡ Slow >500 Medium 500-200 Steep <200

Diastolic flow reversal in descending aorta—PW Brief, early diastolic reversal Intermediate Prominent holodiastolic reversal

Quantitative Parameters§

VC width, cm¶ <0.3 0.3-0.6 >0.6

Mild to 
Moderate

Moderate to 
Severe

Jet width/LVOT width, %¶ <25 25-45 46-64 ≥65

Jet CSA/LVOT CSA, %¶ <5 5-20 21-59 ≥60

R Vol, mL/beat <30 30-44 45-59 ≥60

RF, % <30 30-39 40-49 ≥50

EROA, cm2 <0.10 0.10-0.19 0.20-0.29 ≥0.30

Table adapted from Table 4 in Zoghbi WA, Enriquez-Sarano M, Foster E, et al: Recommendations for evaluation of the severity of native valvular regurgitation with two-dimensional and 
Doppler echocardiography. J Am Soc Echocardiogr 16:777-802, 2003.

AR, Aortic regurgitation; CSA, cross-sectional area; EROA, effective regurgitant orifice area; LVOT, left ventricular outflow tract; PHT, pressure half-time; PW, pulsed-wave Doppler; R Vol, 
regurgitant volume; RF, regurgitant fraction; VC, vena contracta.

*Unless there are other reasons for LV dilation. Normal 2D measurements: LV minor axis end-diastolic diameter ≤ 2.8 cm/m2

†Exception: would be acute AR, in which chambers have not had time to dilate.
‡PHT is shortened with increasing LV diastolic pressure and vasodilator therapy and may be lengthened in chronic adaptation to severe AR.
§Quantitative parameters can subclassify the moderate regurgitation group into mild-to-moderate and moderate-to-severe regurgitation as shown.
¶At Nyquist limit of 50-60 cm/s.

TABLE 
20-1 

the level of the vena contracta, just below the aortic leaflets, in 
a plane that is exactly perpendicular to the AR jet.38,56 The image 
is tilted en face, and the cropped portion of the data set is added 
back to obtain the maximum area of vena contracta viewed in 
the short axis in systole. The vena contracta area can be multi-
plied by the VTI to accurately estimate the instantaneous regur-
gitant volume.

Magnetic Resonance Imaging
Current recommendations consider cardiac magnetic reso-
nance imaging (MRI) for the noninvasive evaluation of AR 
when echocardiography is not diagnostic (Fig. 20-19). Regurgi-
tant volume can be calculated from the difference in the ante-
grade and retrograde flow volume rates in ascending aorta by 
phase-contrast sequences.57-59 The good reproducibility of 
velocity cine MRI for the quantitative assessment of RV and RF 
indicates the potential of this technique for follow-up and mon-
itoring of response to therapy.52 Like echocardiography, MRI 
can also evaluate the presence of holodiastolic flow reversal in 
the descending aorta.
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Figure 20-18  3D  TTE  showing  the  regurgitant  orifice  (arrows)  in 
diastole. 

Figure 20-19  Cardiac magnetic resonance imaging in a patient with aortic regurgitation (AR). A, Balanced steady-state free precession image. 
Oblique axial LV inflow/outflow view, showing grade 2 AR. B, Oblique axial plane in the aortic root, just above the aortic valve at the level of the 
coronary artery change (opening for ostia)(arrows). C, Phase-contrast velocity mapping. The central jet of AR is seen in white (arrows). D, Flow versus 
time plot for the ascending aorta. Antegrade flow was 121 mL/beat, retrograde flow was 43 mL/beat, and aortic regurgitant fraction was 36%. 
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Left Ventricle Size and Systolic Function
DIMENSIONS AND VOLUMES

Echocardiography is the diagnostic tool most widely used  
to assess LV dimensions, volumes, and ejection fraction (EF) 
(see Chapter 9). End-diastolic and end-systolic dimensions are 
measured using the LV minor axis from the parasternal long-
axis view. 2D or 3D imaging is used to optimize alignment; 
however, the most accurate measurements with higher repro-
ducibility are still taken using guided M-mode owing to the 
clear identification of endocardial borders60 and excellent tem-
poral resolution. M-mode may complement 2D images in sepa-
rating structures such as trabeculae adjacent to the posterior 
wall, false tendons on the left side of the septum, and tricuspid 
apparatus or moderator band on the right side of the septum 
from the adjacent endocardium. However, even with 2D guid-
ance, it may not be possible to align the M-mode cursor per-
pendicular to the long axis of the LV, which is mandatory to 
obtain a true minor axis (Fig. 20-20). Alternatively, chamber 
dimension and wall thickness can be acquired from the para-
sternal short axis at the mitral chordae level using direct mea-
surements or targeted M-mode echocardiography, provided 
that the M-mode cursor can be positioned perpendicular to the 
septum and LV posterior wall. End-diastolic and end-systolic 
volumes are obtained according to Simpson’s biplane rule using 
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subclinical changes in deformation of the lateral wall, In another 
study,64 systolic radial strain rate derived from tissue Doppler 
was a good predictor of postoperative LV dysfunction, with the 
cutoff value being 1.82 per second.

In cases with suboptimal echocardiographic images or 
unclear results, MRI may be indicated. MRI has become the 
gold standard in EF quantification.26 Furthermore, measure-
ment of LV and RV volumes provides the opportunity to obtain 
the regurgitant volume by their subtraction.

In cases with discrepancies between AR severity and LV func-
tion, other imaging techniques such as computed tomography 
(CT) or MRI could be useful to diagnose coronary artery disease 
or dilated cardiomyopathy.66-69

CONTRACTILE RESERVE EVALUATION

Exercise testing may be useful when the relationship between 
symptoms and LV systolic function is uncertain. In this subset 
of patients, exercise testing may be very useful in eliciting symp-
toms or determining functional capacity.69 Assessment of con-
tractile reserve may be helpful in patients with severe AR and 
equivocal symptoms or borderline values in terms of LV EF 
(50% to 55%) or end-systolic diameter close to 50 mm or 
25 mm/m2. The absence of contractile reserve seems to be pre-
dictive of LV function after surgery.70 The main limitation is the 
measurement variability in EF at exercise by echocardiography. 
Radionuclide ventriculography overcomes these limitations71; 
however, further studies are required for these findings to be 
used in clinical practice. Nevertheless, a decrease in EF during 
exercise should not be used as the only indication for surgical 
treatment in asymptomatic patients with normal LV systolic 
function at rest, because exercise EF is multifactorial and the 
strength of the evidence is limited. On the other hand, the 
change in EF with exercise is a relatively nonspecific response 
related to both severity of volume load and exercise-induced 
changes in preload and peripheral resistance.

the apical biplane approach. If image quality is suboptimal, 
left-sided contrast can be infused to enhance endocardial defi-
nition. It is important to emphasize that 2D echocardiographic 
methods have limitations that militate against their routine  
use for quantitation in the clinical setting. Apical images may 
foreshorten true LV length. On serial studies, a review of previ-
ous images minimizes measurement variability resulting from 
changes in the echocardiographic image plane, measurement 
site, or foreshortening of the apical view. Slight changes in  
measurements may not be clinically significant. Decision 
making is based on consistent directional changes on serial 
studies.27 If measurements are approaching a value that would 
indicate surgical intervention, a repeat evaluation at a shorter 
time interval or confirmation by an alternative imaging tech-
nique is appropriate. LV wall stress may also be estimated from 
blood pressure and echocardiographic measurements. However, 
such wall stress measurements are difficult to reproduce, have 
methodologic and conceptual problems, and should not be 
used for diagnosis or management decision making in clinical 
practice.

Although LVEF is the fundamental parameter for evaluating 
LV contractility, new parameters obtained by tissue Doppler 
and strain rate imaging may be useful in borderline LVEF 
values; however, data remain scant. Two studies have shown 
peak systolic wave velocity less than 9 cm/s at the mitral annulus 
to be a predictor of complications and related to LV contractile 
reserve.61,62 These studies suggested that in patients with asymp-
tomatic chronic AR, estimation of LV long-axis contraction 
could unmask subnormal LV functional status at baseline that 
was prone to becoming more evident 12 months later. Recent 
studies suggested that the strain rate may be useful not only for 
estimating subclinical myocardial dysfunction but also for  
predicting postoperative LV systolic dysfunction.63-65 Indexed 
volume by deformation could predict increasing LV dilatation. 
A cutoff value of the ratio of strain rate to end-diastolic volume 
less than 0.006 had 90% sensitivity and specificity. for detecting 

A
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Figure 20-20  Measurement of LV diameters. A, Parasternal long-axis view by 2D echo-
cardiography used to guide M-mode evaluation. The cursor cannot be aligned perpendicular 
to the septum and posterior wall (dotted line); in this case it is better to measure ventricular 
diameters directly from 2D echocardiography (continuous line). B, Parasternal short-axis view 
acquired at the mitral chordae level is an alternative option to measure diameters, directly 
or by M-mode echocardiography, provided that LV has a circular shape. C, M-mode allows 
a clear identification of endocardial borders and excellent temporal resolution. However, it 
is crucial for correct measurement of diameters (lines) to align the M-mode cursor perpen-
dicular to the long axis of the LV. 
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The variable most strongly associated with functional AR 
severity is diastolic leaflet tenting, measured as coaptation 
height (Fig. 20-23). Sensitivity and specificity are over 95% 
using a cutoff value of 11 mm. In turn, tethering of the  
leaflets depends on the mismatch of sinotubular junction/

Aortic Root and Ascending  
Aorta Evaluation

Assessment of aortic root and ascending aorta dilatation is an 
important part of the evaluation of patients with AR. Echocar-
diography is accurate in the assessment and follow-up of aortic 
root size. MRI or CT scanning are recommended for ascending 
aorta evaluation in patients with an enlarged aorta detected by 
echocardiography, particularly when enlargement may indicate 
surgery.

AORTIC VALVE AND ROOT FUNCTION

The aortic root may be defined as the portion of the aorta that 
supports the leaflets of the aortic valve, delineated superiorly by 
the sinotubular junction and inferiorly by the aortoventricular 
junction.72 It is made up of the sinuses, leaflets, commissures, 
and interleaflet triangles. The sinotubular ridge is circular, com-
posed primarily of elastic tissue, and supports the peripheral 
attachments of the valve leaflets. The valve leaflets are inserted 
into the aortic wall in semilunar fashion, and their closure 
determines a complete central coaptation. The level of coapta-
tion is midway between the nadir of their insertion and the 
commissural areas.73 The aorta-ventricular junction or base of 
the aortic root is defined by the nadirs of attachments of these 
leaflets and the inter-leaflet triangles (Fig. 20-21). The term 
aortic annulus is frequently used to describe this area; however, 
this term is not strictly accurate because it implies a circular 
structure. Approximately 45% of the circumference of the 
aortic root is attached to the muscular interventricular septum 
and 55% to fibrous tissue. This fibrous tissue is the membra-
nous interventricular septum and the fibrous body that con-
nects the anterior leaflet of the mitral valve to the aortic root.74

The function of the aortic root has been well described, 
because it acts as an individual hemodynamic entity.72 The 
integrity of all components of this entity is essential for normal 
function. An aneurysm of the ascending aorta can cause dilata-
tion of the sinotubular junction with consequent AR due to lack 
of coaptation of the cusp, but the aortic annulus remains 
normal. The mechanism of AR in patients with aortic root 
aneurysm is more difficult to define. Dilatation of the aortic 
root often starts at the level of the sinuses of Valsalva. As wall 
tension increases, the sinotubular junction begins to dilate. The 
aortic annulus may also dilate in these patients and further 
complicate the mechanism of AR by widening the fibrous sub-
commissural triangles.75

Echocardiography can offer dynamic evaluation of the AR 
mechanism.13 Accurate aortic root measurement is important 
for understanding functional AR mechanisms and targeting the 
optimal time and strategy for aortic valve–sparing surgery. The 
following parameters should be measured:
• Aortic annulus: distance between insertion of the basal valve 

cusps into the aortic root
• Sinuses of valsalva: maximum diameter of the sinuses
• Sinotubular junction: dimension of the aortic root at the level 

of commissural cusp-tip insertion into the aortic wall
• Tubular tract: maximum diameter of the ascending aorta 

distal to the sinotubular junction (Fig. 20-22)
• Coaptation height: maximum distance between the first point 

of protodiastolic coaptation of the leaflet tips and the annulus 
plane corresponding to the basal insertion of the leaflets

• Tented area: the maximum area subtending the ventricular 
surface of the leaflets as far as the annular plane

Figure 20-21  Diagrammatic  representation  of  the  aortic  valve  and 
root that illustrates how the semilunar attachment of the valvar leaflets 
incorporates  aortic  wall  in  the  intersinusal  triangles,  and  the  base  of 
each of the coronary aortic sinuses. (From Otto CM, Bonow RO: Valvular 
Heart Disease, ed 3. Philadephia, 2009, Elsevier, Fig. 12-1D, p. 188.)
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Figure 20-22  TEE showing an ascending aorta aneurysm (50 mm) 
distal to the sinotubular junction. Note the normal size of the sinuses 
of Valsalva. 

V

Figure 20-23  Functional aortic regurgitation. Parasternal  long-axis 
view  showing  the  aortic  valve  and  the  ascending  thoracic  aorta  in  a 
patient with diastolic cusp tenting with a coaptation height of 14 mm. 
Ao, Aorta. 

LV

Ao
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Studies of the Natural History of Asymptomatic Patients with Aortic Regurgitation83-92

Study

Number 
of 

Patients

Mean 
Follow-Up

(yr)

Progression to 
Symptoms, Death, 
or LV Dysfunction

Rate/Year (%)

Progression to 
Asymptomatic LV 

Dysfunction
Rate/Year (%)

Mortality
(Number 

of 
Patients)

Bonowa,b 104 8.0 3.8 0.5 2

Scognamigliof 30 4.7 2.1 2.1 0

Siemienczukh 50 3.7 4.0 0.5 0

Scognamigliog 74 6.0 5.7 3.4 0

Tornosj 101 4.6 3.0 1.3 0

Ishiie 27 14.2 3.6 — 0

Borerc 104 7.3 6.2 0.9 4

Tarasoutchii 72 10 4.7 0.1 0

Evangelistad 31 7 3.6 — 1

Average 593 6.6 4.3 1.2 (0.18%/yr)
aBonow RO, Lakatos E, Maron BJ, et al: Serial long-term assessment of the natural history of asymptomatic patients with chronic aortic regurgitation and normal left ventricular systolic 

function. Circulation 84:1625-1635, 1991.
bBonow RO, Rosing DR, McIntosh CL, et al: The natural history of asymptomatic patients with aortic regurgitation and normal left ventricular function. Circulation 68:509-517, 1983.
cBorer JS, Hochreiter C, Herrold EM, et al: Prediction of indications for valve replacement among asymptomatic or minimally symptomatic patients with chronic aortic regurgitation and 

normal left ventricular performance. Circulation 97:525-534, 1998.
dEvangelista A, Tornos P, Sambola A, et al: Long-term vasodilator therapy in patients with severe aortic regurgitation. N Engl J Med 353:1342-1349, 2005.
eIshii K, Hirota Y, Suwa M, et al: Natural history and left ventricular response in chronic aortic regurgitation. Am J Cardiol 78:357-361, 1996.
fScognamiglio R, Fasoli G, Dalla VS: Progression of myocardial dysfunction in asymptomatic patients with severe aortic insufficiency. Clin Cardiol 9:151-156, 1986.
gScognamiglio R, Rahimtoola SH, Fasoli G, et al: Nifedipine in asymptomatic patients with severe aortic regurgitation and normal left ventricular function. N Engl J Med 331:689-694, 

1994.
hSiemienczuk D, Greenberg B, Morris C, et al: Chronic aortic insufficiency: factors associated with progression to aortic valve replacement. Ann Intern Med 110:587-592, 1989.
iTarasoutchi F, Grinberg M, Spina GS, et al: Ten-year clinical laboratory follow-up after application of a symptom-based therapeutic strategy to patients with severe chronic aortic 

regurgitation of predominant rheumatic etiology. J Am Coll Cardiol 41:1316-1324, 2003.
jTornos MP, Olona M, Permanyer-Miralda G, et al: Clinical outcome of severe asymptomatic chronic aortic regurgitation: a long-term prospective follow-up study. Am Heart J 130:333-339, 

1995.

TABLE 
20-2 

There are no large studies evaluating the natural history of 
asymptomatic patients in whom LV systolic function was 
normal. The current recommendations69,82 derive from nine 
published series involving 593 patients with a mean follow-up 
period of 6.6 years3,83-91 (Table 20-2). The rate of progression to 
symptoms and/or LV systolic dysfunction averaged 4.3% per 
year, development of asymptomatic LV dysfunction 1.2% per 
year, and sudden death 0.2% per year.69 It should be emphasized 
that more than one fourth of patients who died or developed 
systolic dysfunction did so before the onset of symptoms.84-86,90 
LV size measured by echocardiography had a major predictive 
value. Patients with initial end-systolic dimension greater than 
50 mm had a likelihood of death, symptoms, and/or LV dys-
function of 19% per year. In those with end-systolic dimension 
of 40 to 50 mm, this was 6% per year, and when the dimension 
was less than 40 mm, it was zero.84 Thus, serial evaluation of 
asymptomatic patients by echocardiography is mandatory. On 
the other hand, 25% of asymptomatic patients with depressed 
systolic function developed symptoms per year.83-94 In symp-
tomatic patients with medical treatment, mortality over 10% to 
20% per year has been reported.89,93,94

In asymptomatic patients with preserved systolic function, 
initial measurements of LV dimensions and function represent 
the baseline information with which future serial measure-
ments can be compared. Patients with mild-to-moderate AR 
can be seen on a yearly basis and echocardiography performed 
every 2 to 3 years. All patients with severe AR and normal LV 
function should be seen for follow-up at 6 months after their 
initial examination. If LV diameter and/or EF show significant 
changes or become close to the threshold for intervention, 
follow-up should be continued at 6-month intervals.69,82 Patients 
with stable parameters can be followed annually. In patients 
with dilated aorta, and especially in patients with Marfan syn-
drome or bicuspid valve, echocardiography should be per-
formed on a yearly basis. CT or MRI are advisable when the 

annulus diameters rather than the absolute dimension of the 
proximal aorta. A cutoff value greater than 1.6 strongly identi-
fies diastolic leaflet tenting and is significantly associated with 
AR severity.76,77

Natural History and Serial Testing  
in Chronic AR
Progression of AR involves a complicated interaction of several 
variables, including AR severity, aortic root disease, and the 
adaptive response of the LV. AR severity may worsen as a result 
of progressive leaflet deterioration and/or further dilatation of 
the aortic root.78 Reimold and co-workers79 showed that quan-
titative measurements of AR severity by echocardiography 
worsen over time. Padial and colleagues80 showed that patients 
with more rapidly progressive increases in aortic root size  
also tend to have significant worsening of AR severity and LV 
dilatation.

Patients with chronic AR typically have slow LV dilatation 
and a prolonged asymptomatic phase. The LV adapts to the 
volume overload of chronic AR with a series of compensatory 
mechanisms, including an increase in end-diastolic volume and 
compliance and eccentric hypertrophy that accommodates the 
increased volume and maintains cardiac output without raising 
filling pressures. This compensated phase may last for decades. 
However, in most patients, the balance among afterload excess, 
preload reserve, and hypertrophy cannot be maintained indefi-
nitely. Eventually, preload reserve is exhausted and/or hypertro-
phy becomes inadequate; thus, further increases in afterload 
result in a reduction in EF. This transition may be insidious, and 
some patients remain asymptomatic until severe LV dysfunc-
tion has developed. The decompensated stage is characterized 
by substantial and progressive LV enlargement, more spherical 
geometry, elevated LV diastolic pressures, increased systolic wall 
stress (i.e., afterload excess), and a decline in the EF.81
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INDICATIONS FOR SURGERY

There are no randomized controlled trials to guide surgical 
decision making for adults with chronic AR. However, reason-
able guidelines have been proposed on the basis of natural 
history, retrospective studies, and expert opinion.69,80 Indication 
for surgery is based on three aspects: symptoms, LV function 
and size, and aortic dilatation. Determining LV function and 
dimensions should be paramount for the correct management 
of AR. A curvilinear relationship exists between the preopera-
tive degree of LV dilation and postoperative EF106 (Fig. 20-25). 
End-systolic ventricular size is less load dependent and thus a 
more robust predictor of outcome compared to end-diastolic 
measurements. Indexing for body surface area (BSA) could be 
recommended, particularly in patients of small body size and 
women.94,107-109

Symptomatic Patients with LV Dysfunction
Surgery should not be denied in symptomatic patients with 
severe LV dysfunction (EF less than 30%) or marked LV dilata-
tion after careful ruling out of other possible causes. Postopera-
tive outcome is worse in these patients,110,111 and the likelihood 
of recovery of systolic function is lower than in patients oper-
ated on at an earlier stage. Patients with markedly low EF have 
higher long-term likelihood of postoperative heart failure; 
however, at 10 years only a minority of patients (25%) had this 
complication. Even in patients with NYHA functional class IV, 
improvement in LV function and clinical symptoms can be 
achieved, although mortality associated with aortic valve 
replacement approaches 10%.110-112

Symptomatic Patients with Normal LV  
Systolic Function
Surgical treatment is indicated in patients with normal LV sys-
tolic function, defined as EF greater than 50% at rest, who have 
NYHA functional class III or IV. In many cases of patients with 
NYHA functional class II dyspnea, the cause of symptoms is 
often unclear. Although a period of observation may be reason-
able, an exercise imaging test could be helpful in identifying the 
causes of symptoms. Evaluation of new parameters obtained by 
tissue Doppler and strain rate imaging may be useful in border-
line LVEF values.

Asymptomatic Patients with Reduced  
Ejection Fraction
Surgical treatment in asymptomatic patients is indicated in 
those with LV dysfunction (LVEF less than 50%). However, it 
is important to consider the variability of echocardiographic 
measurements, and exercise tests or other imaging techniques 
could be performed to confirm LV systolic dysfunction.

Asymptomatic Patients with Normal  
Ejection Fraction
Surgical treatment is also recommended in patients with normal 
EF and severe LV dilatation (end-diastolic dimension greater 
than 75 mm or end-systolic dimension greater than 55 mm).69 
Patients with severe AR in whom the degree of LV dilatation 
has not reached, but is approaching, these threshold values 
(end-diastolic dimension 70 to 75 mm or end-systolic dimen-
sion of 50 to 55 mm) should be followed with frequent echo-
cardiograms every 4 months. In the ESC Guidelines, end-diastolic 
diameter greater than 70 mm or end-systolic diameter greater 
than 50 mm (or greater than 25 mm/m2) are considered 

ascending aorta is not well visualized at the upper part of the 
sinotubular junction or when surgical indication may be based 
on aortic enlargement rather than LV size or function.9

Management and Timing of Surgery
MEDICAL TREATMENT

It has been hypothesized that reducing afterload by vasodila-
tors will reduce LV wall stress, reduce LV dilatation, and delay 
the need for surgical treatment.95-100 However, clinical and 
echocardiographic data supporting this approach have been 
inconclusive. Medical therapy is not able to significantly 
reduce regurgitant volume in chronic severe AR, because the 
regurgitant orifice area is relatively fixed and diastolic blood 
pressure is already low.97 Only two randomized, controlled 
studies demonstrated significant reductions on LV end-
diastolic diameters and an increase in EF with hydralazine or 
nifedipine.87,95 However, a more recent randomized trial 
showed no benefit of therapy with enalapril or nifedipine 
compared to placebo91 (Fig. 20-24). Thus, their use in not 
advised except in the presence of systemic hypertension (sys-
tolic blood pressure greater than 140 mm Hg) or overt heart 
failure en route to surgery.69,82

Beta blockers have been considered contraindicated in AR 
because cardiac output is maintained through an increase in 
heart rate, and lowering the heart rate may increase diastolic 
time and regurgitation volume.69 However, a recent retrospective 
observational study101 indicated that beta-blocker therapy was 
associated with better survival in patients with severe AR, mainly 
in the subgroup with higher heart rates. In patients with Marfan 
syndrome, beta-blockers can slow aortic root dilatation and 
reduce the risk of aortic complications. Preliminary findings 
suggest that ARA-II have an intrinsic effect on the aortic wall by 
preserving elastin fibers.102-103 However, their clinical benefit 
remains to be proven by ongoing trials.104,105

Figure 20-24  Effect of vasodilator therapy on time to aortic valve 
replacement in adults with chronic aortic regurgitation (AR).  The 
Kaplan  Meier  curves  show  the  percent  of  patients  undergoing  aortic 
valve replacement in a prospective, randomized, open label study of 95 
adults with asymptomatic severe AR randomized to nifedipine (20 mg 
every 12 hours), enalapril (20 mg daily), or no treatment. (From Evange-
lista A, Tornos P, Sambola A, Permanyer-Miralda G, Soler-Soler J: Long-
term vasodilator therapy in patients with severe aortic regurgitation. N 
Engl J Med 353(13):1342-1349, 2005.)
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The level of evidence for this aggressive approach is better 
defined in patients with Marfan syndrome than in patients with 
bicuspid valves.7,20,120-124 In patients with BAV, indication for 
surgery in aortic diameters between 50 and 55 mm should be 
adapted according to patient age, body size, comorbidities, type 
of surgery, and presence of additional risk factors, including 
coarctation of the aorta, systemic hypertension, aortic valve 
stenosis, or rapid increase in aortic diameter at least 5 mm  
per year.

When valve replacement is required on the basis of AR sever-
ity, replacement of the ascending aorta should be considered 
when aortic diameter is greater than 50 mm, or greater than 
45 mm depending on age, BSA, valvular disease etiology, pres-
ence of a BAV, and intraoperative shape and thickness of the 
ascending aorta.125 Lower thresholds may be used for root 
replacement if repair of the aortic valve is planned in surgical 
centers with established expertise in repair of the aortic root 
and ascending aorta.126

Selecting and Guiding Surgical 
Treatment
Treatment of isolated AR has traditionally consisted of valve 
replacement with a mechanical or biologic prosthesis. Replace-
ment with a pulmonary autograft has been an operation 
reserved for special instances, primarily in children or very 
young adults.127,128 Repair strategies for the regurgitant aortic 
valve have been developed in the past 20 years for different 
morphologies.129-130 Potential advantages of aortic valve repair 
over replacement include a lower incidence of subsequent 
thromboembolic events, avoidance of long-term anticoagula-
tion, and reduced risk of endocarditis. Aortic valve repair is 
increasingly favored over replacement with a prosthetic valve 
for a variety of lesions causing significant AR.131-133 Despite 
these potential benefits, the durability of aortic repair proce-
dures has been a matter of concern, with their success rate being 
varied and greatly dependent on the etiology and mechanisms 
of aortic valve dysfunction and experience of the surgeons.130,131 

indications for surgery (class IIa)82. Despite preserved EF, a 
higher LV end-systolic volume index (45 mL/m2 or higher) pre-
dicts more cardiac events within each AR grade.13 Most patients 
with this severe LV dilatation and preserved EF have a high risk 
of outcome complications and reduced exercise tolerance. Some 
patients develop LV systolic dysfunction without marked LV 
dilatation. Women tend to develop symptoms and/or LV dys-
function with less LV dilatation than men. Anthropometric 
normalization of the LV end-diastolic dimension should be 
considered.94,113 However, normalization for BSA may not 
be appropriate in patients with obesity. The use of height  
and a consideration of gender are likely to be more appropriate 
than BSA.114

Adherence to these guidelines for intervention in asymptom-
atic patients with evidence of LV dysfunction has been shown 
to improve long-term outcomes.111 When ventricular dimen-
sions of EF are used to recommend surgery, the variability in 
these measurements must be considered. Data are most con-
vincing when serial studies, with side-by-side comparison of 
measurements, show a consistent directional change.

Concomitant Aortic Root Disease
Dilatation of the ascending aorta is one of the most common 
causes of isolated AR. In these cases, AR is not severe, and surgi-
cal indications should be based more on aortic enlargement 
than on AR severity. Aortic root or ascending aorta dilatation 
greater than 55 mm should be a surgical indication, regardless 
of the degree of AR.69 In cases of Marfan syndrome or bicuspid 
valves, smaller aortic diameters (at least 50 mm) have been 
proposed.69,82 In Marfan patients with a family history of aortic 
dissection or with a rapid increase in aortic diameter (greater 
than 5 mm/year), aortic surgery is recommended when aortic 
root diameter is at least 45 mm.82 Formulas based on patient 
height and the cross-sectional area of the aorta have been devel-
oped to define the thresholds for surgery, although they are less 
frequently used.115,116 Indexing aortic diameters for BSA has 
been proposed for individuals with Turner syndrome.117 This 
appears reasonable for all aortic aneurysms.118,119

Figure 20-25  Probability of heart failure during follow-up (y-axis) plotted against (left) preoperative radionuclide ejection fraction (REF) and (right) 
preoperative end-systolic diameter of LV in patients undergoing aortic valve replacement for severe aortic regurgitation. (From Tornos MP, Olona 
M, Permanyer-Miralda G, et al: Heart failure after aortic valve replacement for aortic regurgitation: prospective 20-year study. Am Heart J 136(4):681-
687, 1998.)
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of AR is identified. Abnormalities in the type I group are 
further subdivided into type Ia, aneurysm of the ascending 
aorta (see Fig. 20-22); type Ib, aneurysm of the aortic root 
(see Fig. 20-23); type Ic, isolated dilatation of the annulus; 
and type Id, perforation of the leaflet due to either trauma 
or endocarditis.

2. Type II dysfunction: considered in the presence of an eccen-
tric AR jet and either a cusp prolapse or cusp fenestration. 
Cusp prolapse is considered whenever the free edges of one 
or more of the aortic cusps override the plane of the aortic 
annulus. As in surgery, three subtypes of cusp prolapse are 
identified on TEE: cusp flail, whole cusp prolapse, and partial 
cusp prolapse. Cusp flail is defined as the complete eversion 
of a cusp into the LVOT in long-axis views. Partial cusp 
prolapse is considered whenever the distal part of a cusp is 
prolapsing into the LVOT. This is usually associated with 
clear bending of the cusp body on long-axis views, and with 
the presence of a small circular or oval structure near the 
cusp free edge on short-axis views. Whole-cusp prolapse is 
considered when the free edge of the entire body of the same 
cusp is billowing into the LVOT. Billowing of the cusp body 
is best seen on short-axis views of the LVOT, immediately 
beneath the valve, where it appears as a large circular or oval 
structure (see Fig. 20-17). Fenestration of a cusp free edge is 
considered in the presence of an eccentric AR jet, but with 
no definite evidence of cusp prolapse. Careful inspection  
of long-axis gray-scale and color Doppler images usually 
permits the identification of small defects near the free edge 
of the affected cusp.

3. Type III dysfunction: considered whenever quality or quan-
tity of the cusp tissue are judged to be poor. Thickened and 
rigid valves with reduced motion, valves whose leaflet tissue 
has been destroyed by endocarditis, and severely calcified 
valves are included in this category.

Intraoperative TEE should be mandatory after repair to 
assess the functional result and identify patients at risk for 
early recurrence of AR.135 The primary interest is in the 

Aortic valve repair is possible in patients undergoing repair of 
aneurysms of the aorta or aortic root or in selected patients, 
such as those with bicuspid valves with prolapsing leaflets with 
minimal sclerosis. Dilatation of the aortic root, regardless of its 
etiology, has been treated by composite replacement of the valve 
and root/ascending aorta with a mechanical or biologic valve 
conduit.134 Valve-sparing aortic replacement is increasingly 
being employed as an alternative. Supracoronary replacement 
of the ascending aorta can be used to treat aortic aneurysm 
when the sinuses of Valsalva are preserved.

The type of surgical treatment should also take patient age 
into consideration.132 If valve repair or a valve-sparing interven-
tion is considered, TEE may be performed preoperatively to 
define the anatomy of the cusps and ascending aorta.13

FUNCTIONAL CLASSIFICATION OF AR

Analysis of the mechanism of AR influences patient manage-
ment, particularly when the ascending aorta is dilated or when 
conservative surgery is considered. Several functional classifica-
tions have been proposed. The adapted Carpentier classification 
for AR is the most widely used75: type I, aortic root dilatation 
or leaflet perforation; type II, prolapse of one or more cusps; 
and type III, restricted motion as the consequence of rheumatic 
disease or secondary significant calcification (Fig. 20-26).

ROLE OF ECHOCARDIOGRAPHY

The main roles of echocardiography are to evaluate regurgita-
tion mechanisms, describe valve anatomy, and determine the 
feasibility of valve repair.13 2D TTE does not always show 
the lesion responsible for leaflet malcoaptation. Evaluation of 
the mechanisms of AR by TEE13 follows the same principles:
1. Type I dysfunction: identified when the dimensions of a 

component of the aortic root, including the aortic annulus, 
sinuses of Valsalva, and sinotubular junction exceed the 
upper limits of published normal values and no other cause 

Figure 20-26  Repair-oriented functional classification of aortic regurgitation (AR) with description of disease mechanisms and repair techniques 
used. FAA,  functional aortic annulus; SCA,  subcomissural annuloplasty; STJ,  sinotubular  junction  (Redrawn from Boodhwani M, de Kaerchove L, 
Glineur D et al: J Thorac Cardiovasc Surg 137:286-294, 2009.)
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reimplantation procedures, a missed prolapse could be present 
and necessitate repair to avoid an immediate valve repair failure. 
Type Ib lesions with significant AR are best treated by reimplan-
tation techniques.74

Among patients undergoing AR repair, those with Marfan 
syndrome or type III dysfunction are more likely to exhibit 
recurrent moderate to severe AR. The primary cause of failure, 
in patients with recurrent significant AR, is the persistence or 
induction of some degree of cuspal prolapse at the time of the 
initial operation. Immediate postrepair intraoperative TEE 
permits identification of certain functional and morphologic 
features associated with late repair failure, including the persis-
tence of a residual AR jet, coaptation length less than 4 mm, 
coaptation level occurring below the level of the aortic annulus, 
and an enlarged aortic annulus. Pliability of each cusp is esti-
mated as an apparent change in its area from systole to diastole 
and is termed the tissue normality index (TNI): TNI = (diastolic 
area − systolic cusp area)/diastolic cusp area. Adequacy of cusp 
tissue for coaptation is estimated by measuring the curvilinear 
height of anterior and posterior cusps in a plane parallel to the 
aortic orifice. A coaptation deficiency index (CDI) is calculated 
using the formula CDI = (conjoint cusp height + reference cusp 
height)/diastolic aortic “annulus” diameter. Redundant or suf-
ficient cusp tissue offers greater potential for valve repair than 
restricted cusps with deficient tissue.137 3D echocardiography 
and gated high-resolution CT are promising technologies to 
improve aortic valve imaging.

number and location of jets and whether these are deflected. 
Jet deflection is a surrogate for cusp tissue redundancy and 
prolapse. A central nondeflected jet suggests restriction and 
cusp tissue deficiency relative to the root. The accuracy of 
TEE compared with surgical observation is high, even for 
identification of the various subtypes of aortic cusp pro-
lapses. This identification is of paramount importance for 
the success of valve-sparing surgery since failure to identify 
and correct a preexisting cusp prolapse is a frequent cause 
of failure in valve-sparing operations.136

SURGICAL IMPLICATIONS

In type I lesions, whenever the AR jet is central and perpendicu-
lar to the LVOT, absence of associated type II is supposed,  
and surgical correction is based on replacement of the ascend-
ing aorta and subcommissural annuloplasty (Fig. 20-27). If 
the AR jet is not perpendicular to the LVOT, a type II lesion 
must be suspected and treated. Direction of the jet toward the 
mitral valve or septum determines the responsible prolapsing 
cusp; in this case, concomitant surgical repair of type II is 
mandatory.75

In type Ib secondary to aortic root aneurysm, the indication 
for surgery is often diameter rather than AR severity. Even in 
patients with severe AR, one or more cusps remain nearly 
normal owing to the asymmetric nature of aortic root dilata-
tion. After sparing surgery is achieved, by either remodeling or 

Figure 20-27  Flow chart depicting management strategy for patients with chronic aortic regurgitation (AR). EDD, End-diastolic dimension; 
ESD, end-systolic dimension; FAA, functional aortic annulus; LVEF, left ventricular ejection fraction. 
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tachycardia, a sometimes difficult-to-hear diastolic murmur, 
and heart failure signs, but with normal pulse pressure and 
absence of peripheral signs of AR. The lack of physical signs of 
chronic severe AR renders acute AR difficult to identify, and the 
diagnosis is usually made by echocardiography.

Echocardiography is essential to confirm the presence and 
severity of AR, assess its cause, and determine the impact of 
acute AR on LV hemodynamics.

Echocardiographic findings of acute severe AR are shown in 
Box 20-3. In acute AR, premature mitral valve closure, before 
ventricular systole, results from the rapid rise in LV diastolic 
pressures from the aortic regurgitant volume and is indicative 
of acute severe AR. Premature mitral valve closure is best dem-
onstrated by M-mode, because its greater temporal resolution 
compared to 2D imaging permits delineation of the early 
closure of the valve.27 Quantitative measures of regurgitant 
severity that are useful in chronic AR are less useful in acute 
regurgitation. Hemodynamic data have demonstrated the vari-
ability in regurgitant orifice area and regurgitant volume 
depending on afterload and loading conditions.41,79 TEE is indi-
cated in most cases of acute AR to define the causes, mainly 
when acute dissection, endocarditis, or trauma are suspected or 
in other situations of uncertain etiology.

Patients with acute AR require emergent or urgent surgery to 
correct the underlying disease and relieve the acute volume 
overload of the LV. The type of surgery will depend on the 
underlying cause.

ACUTE TYPE A AORTIC DISSECTION

AR frequently complicates acute type A aortic dissection, occur-
ring in 41% to 76% of patients.45 Although the need for early 
aortic surgery is well established, the optimal management of 
associated AR is controversial (see Chapter 36). For many years, 
aortic valve replacement was preferred; however, several 

Results of Surgery and Follow-up
Operative mortality is low (1% to 4%) in isolated aortic valve 
surgery. In the presence of advanced age or impaired LV func-
tion, and in patients with concomitant coronary artery bypass 
grafting, operative mortality ranges from 3% to 7%.138,139 In 
patients with ascending aortic aneurysm, an ascending aortic 
graft with prosthesis is associated with 1% to 10% mortality 
depending on symptoms, LV size and function, and AR severity, 
with the most important determinants being the skill and expe-
rience of the surgical team.138-141 With the advent of conservative 
aortic valve surgery, including valve-sparing operations and 
aortic cusp repair, the management of severe AR has changed 
significantly. These operations have low operative mortality and 
good long-term durability. Data on reconstructive surgery from 
expert centers show hospital mortality of less than 2% for iso-
lated valve repair and valve-sparing aortic replacement.129-131,134 
Mortality after pulmonary autograft is approximately 2% and 
thus apparently not increased despite the complexity of the 
operation.140,141

The incidence of valve-related complications after aortic 
valve reconstruction and valve-sparing aortic replacement  
at experienced centers is lower than those published for con-
ventional valve replacement.130,131 A linearized risk of reopera-
tion of 1% per year has been published by experienced 
centers.142,143

After aortic valve replacement, close follow-up is recom-
mended during the early and long-term postoperative course to 
evaluate prosthetic valve and LV function. An echocardiogram 
should be performed soon after surgery to assess the results. In 
the first weeks postsurgery, there is little change in LV systolic 
function. A better predictor of subsequent LV systolic function 
is the reduction in LV end-diastolic dimension, which declines 
significantly in the first 2 weeks postsurgery. After initial post-
operative reevaluation, the patient should be seen and exam-
ined at 6 and 12 months and then on a yearly basis if the clinical 
course is uncomplicated.69 After isolated surgery for a BAV, 
patients should have serial CT or MRI evaluation every 2 years. 
Patients who have ascending aorta replacement with or without 
aortic valve surgery should be evaluated annually with echocar-
diography to assess the size of the retained aortic root and 
should also undergo CT scans or MRI of the remaining thoracic 
and abdominal aorta every 3 to 5 years.

Acute Aortic Regurgitation
In acute severe AR, the sudden large regurgitant volume is 
imposed on a normal-sized LV that has not had time to adapt 
to the volume overload. Thus, the acute increase in diastolic 
flow into a nondilated LV leads to a marked rise in end-diastolic 
pressure, and forward cardiac output is decreased. In severe 
cases, the increased ventricular filling pressures in conjunction 
with the decrease in aortic diastolic pressure lead to a rapid 
equalization of aortic and LV pressures at end-diastole.144 Com-
pensatory tachycardia tries to correct the decline in forward 
cardiac output; however, it is often insufficient, and patients 
may suffer cardiac shock. Pulmonary edema results from ele-
vated LV end-diastolic pressure. Furthermore, coronary flow 
reserve is impaired, and subendocardial myocardial ischemia 
may result. The causes of acute AR are shown in Box 20-2.

Many of the physical signs of chronic AR are absent in the 
acute setting. Therefore, the diagnosis of acute severe AR can 
be difficult or underestimated. Physical signs include 

Box 20-2 

CAUSES OF ACUTE AORTIC REGURGITATION

Aortic dissection
Native valve infective endocarditis
Prosthetic valve infective endocarditis
Trauma
Spontaneous rupture or prolapse of an aortic cusp with 

bioprosthetic valve degeneration
Leaflet perforation in the setting of connective tissue 

disorders
Rupture of a fenestrated cusp
Spontaneous dehiscence of valve commissures
After surgical or catheter valvuloplasty

Box 20-3 

ECHOCARDIOGRAPHIC FINDINGS IN ACUTE 
AORTIC REGURGITATION

Vena contracta greater than 6 mm
Pressure half-time less than 200 ms
Holodiastolic flow reversal in abdominal aorta
Premature mitral valve closure
Normal left ventricular size and function
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and 6-month mortality. Acute AR in the setting of infective 
endocarditis may occur as a result of leaflet rupture, leaflet 
perforation, or, more rarely, interference of the vegetation mass 
with leaflet closure. In patients with infective endocarditis on 
prosthetic valves, acute AR can occur as a result of large pros-
thetic dehiscence. In addition to the clinical signs of heart 
failure, TTE and TEE are of crucial importance for the diagnosis 
and evaluation of AR and for defining the presence of vegeta-
tions and perivalvular complications.

In acute severe AR due to infective endocarditis, patients 
need immediate antibiotics and aggressive medical manage-
ment. If the hemodynamic situation does not immediately 
improve, emergency aortic valve replacement may be lifesaving. 
If the clinical situation stabilizes, patients may benefit from 
several days of antibiotic treatment before surgery, under strict 
clinical and echocardiographic surveillance.148-150 The beneficial 
impact of surgery in patients with endocarditis and heart failure 
is clearly established.151

Intraoperative TEE and direct assessment of annular involve-
ment are crucial for planning the surgical procedure. Assess-
ment of the annulus is essential to ensure that it is intact and 
that there are no undrained abscesses.

OTHER INFREQUENT CAUSES OF ACUTE 
AORTIC REGURGITATION

Acute AR can result from traumatic disruption of the aortic 
valve,152,153 inflammation and perforation of leaflets in the 
setting of connective tissue diseases,154 after surgical or catheter 
valvuloplasty,155,156 or as a result of rupture of a fenestrated 
cusp157 or spontaneous dehiscence of valve commisures.158,159 
Disrupted leaflets due to trauma or a fenestration can be 
repaired, but valvular replacement is the norm. As with other 
causes of AR, surgery should be tailored according to the intra-
operative TEE and anatomic findings.

investigators have more recently reported favorable short- and 
long-term results with aortic valve preservation. TEE can define 
the mechanisms and severity of AR that complicate acute type 
A aortic dissection. These findings may help the surgeon to  
distinguish valve and geometry distortion amenable to repair 
from those with fixed abnormalities that require replacement. 
Five mechanisms of AR are identified by TEE, the first three of 
which are considered repairable without the need for valve 
replacement:
1. Incomplete closure of intrinsically normal leaflets due to 

leaflet tethering by a dilated sinotubular junction
2. Leaflet prolapse due to disruption of leaflet attachment by a 

dissection flap that extends below the sinotubular junction 
and into the aortic root

3. Prolapse of the dissection flap through intrinsically normal 
leaflets that disrupts leaflet coaptation (see Fig. 20-6)

4. BAV with associated leaflet prolapse unrelated to the dissec-
tion process

5. Degenerative leaflet thickening resulting in abnormal leaflet 
coaptation

Some patients have more than one mechanism of AR.
In the series of Movsowitz and co-workers,145 the aortic valve 

was spared in 77% of 43 patients undergoing aortic surgery 
with excellent results. Therefore, TEE should play an important 
role in determining the optimal management of patients with 
type A aortic dissection and significant AR.

INFECTIVE ENDOCARDITIS

Heart failure, caused by severe aortic or mitral regurgitation, is 
the most common complication of infective endocarditis and 
represents the most frequent indication for surgery (see Chapter 
22). Heart failure is more often present when infective endocar-
ditis affects the aortic rather than the mitral valve.146,147 Moder-
ate to severe heart failure is the leading predictor of in-hospital 

KEY POINTS

 AR may be caused by abnormalities of the aortic leaflets, 
aortic root, or ascending aorta. Isolated AR most often is 
due to alterations in aortic geometry.

 Color Doppler proximal jet width with measurement of 
the vena contracta is the most useful method to quantify 
AR in clinical practice.

 Intermediate vena contracta values need confirmation by 
a more quantitative method, when feasible, optimally with 
integration of several Doppler methods.

 Measurement of diastolic flow reversal in the descending 
aorta is the strongest additional parameter for quantifying 
AR severity.

 CW Doppler density relative to antegrade flow is also 
useful, but pressure half-time is influenced by chamber 
compliance and pressures.

 The flow convergence method (PISA method) is less 
sensitive to loading conditions but is more technically 
demanding.

 Cardiac MRI provides quantitative assessment of regurgi-
tant severity and LV function when echocardiography is 
nondiagnostic.

 Symptoms are the indication for surgical intervention in 
most patients with chronic AR, but some patients have 
impaired ventricular contractility in the absence of symp-
toms. LV diameters, volumes, and EF are the most useful 
parameters for clinical decision making. Indexed end-
systolic diameter is recommended when BSA is less than 
1.65 cm2.

 Exercise echocardiography may be useful in patients with 
severe AR and equivocal symptoms or in patients with 
borderline values for LVEF (50% to 55%) or end-systolic 
diameter (close to 50 mm or 25 mm/m2).

 Accurate aortic root measurements are important for 
understanding functional AR mechanisms and targeting 
the optimal time and strategy for aortic valve–sparing 
surgery.

 Conservative aortic valve surgery, including valve-sparing 
operations, and aortic cusp repair have improved the 
management of severe AR. Intraoperative TEE is manda-
tory after repair to assess the functional result and identify 
patients at risk for early AR recurrence.
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21  Echocardiography in the Patient 
Undergoing Catheter Balloon Mitral 
Valvotomy: Patient Selection, 
Hemodynamic Results, Complications, 
and Long-Term Outcomes
BERNARD IUNG, MD | ALEC VAHANIAN, MD

Echocardiography plays a key role in the assessment of mitral 
stenosis (MS). As in other heart valve diseases, it has superseded 
invasive investigations for assessing the severity and conse-
quences of MS. Echocardiography is also used to analyze valve 
anatomy, which contributes to the selection of the most appro-
priate intervention. This has been of particular interest with the 
development of balloon mitral valvotomy (BMV). Growing 
experience from large series reporting results of BMV in a 
variety of patient subsets enables the type and timing of inter-
ventions for MS to be clarified in guidelines.

Background
Unlike for other valve diseases, the main etiology of MS remains 
rheumatic heart disease, even in Western countries.1 Despite the 
sharp decrease in the incidence of rheumatic fever in Western 
countries, rheumatic heart disease has not disappeared, in par-
ticular because of the presence of immigrants from countries 
where rheumatic fever remains endemic. The prevalence of MS 
has been estimated at 0.1% in a population-based based study 
in the United States,1,2 and MS accounted for 9% of native valve 
diseases in Europe. The burden of rheumatic heart disease 
remains high in developing countries, where its prevalence is 
estimated at between 1 and 7 per 1000 in school-age children 
when using clinical screening, and between 20 and 30 per 1000 
when using systematic echocardiographic screening.3-5 In 
Western countries, MS affects older patients who have more 

severe impairment of valve anatomy than in countries where 
rheumatic fever remains endemic.6,7

In addition to epidemiologic changes, the management of 
MS has dramatically changed with the development of BMV 
since its first description in 1984.8 The possibility of treating MS 
using a low-risk procedure progressively led to the extension of 
indications for interventional treatment. At the same time,  
technical refinements in ultrasonographic examinations have 
improved the possibility of assessing the severity of valve disease 
and its consequences noninvasively and describing the ana-
tomic lesions.

Basic Principles and Echocardiographic 
Approach
The aims of echocardiographic examination in MS can be sum-
marized as follows: diagnosis, evaluation of the severity and 
consequences of valve lesions, and assessment of valve anatomy 
and of associated diseases.

DIAGNOSIS

Transthoracic echocardiography (TTE) is mandatory for any 
clinical suspicion of MS. Given the decreased awareness of MS 
in Western countries and the difficulties of auscultatory diag-
nosis, MS might only be diagnosed when TTE is performed to 
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improves its accuracy, enabling simultaneous measurement 
of flow and velocity.14

ASSESSMENT OF CONSEQUENCES

Mean mitral gradient, as assessed by pulsed- or continuous-
wave Doppler, gives information on the consequences of MS, 
because it is the main determinant of the increase of upstream 
pressures in left atrium (LA) and pulmonary circulation.

LA enlargement is due to chronic pressure overload. Time-
motion measurement may be inaccurate because enlargement 
does not follow a spherical pattern in most cases. The assess-
ment of LA volume using biplane area-length method should 
be preferred because it is more accurate and is strongly related 
to other markers of the thromboembolic risk.15

Systolic pulmonary artery pressure is estimated from the 
velocity of Doppler tricuspid flow. Diastolic and mean pulmo-
nary artery pressures can be derived from pulmonary flow.

ASSESSMENT OF VALVE ANATOMY

A detailed analysis of the different components of the mitral 
valve is necessary for diagnosis, but also contributes to the 
choice of the type of intervention (Fig. 21-1):
• Leaflet mobility is particularly well analyzed using the long-

axis parasternal view.
• Leaflet thickening is considered significant if thickness if 

5 mm or more.
• Leaflet calcification is suspected in the presence of increased 

echocardiographic brightness.
• The extent of commissural fusion is analyzed using the short-

axis parasternal view.
• The impairment of subvalvular apparatus is analyzed from 

long-axis parasternal and apical views, which show thicken-
ing, fusion, or shortening of chordae.
The echocardiographic report should accurately describe the 

extent and location of each abnormality, with particular regard 
to commissural areas.

The definition of calcification using ultrasonographic criteria 
may be debated. Only acoustic shadowing is specific to calcifica-
tion alone, whereas localized brightness can also be due to fibro-
sis. For this reason, certain teams require the confirmation of 
calcification using fluoroscopic examination.16

Different scoring systems combine the features of mitral 
valve anatomy. Their value and limitations in the prediction of 
the results of BMV and patient selection are addressed further.

MITRAL REGURGITATION

The detection and quantitation of associated MR have impor-
tant implications for the choice of intervention. Quantitative 
measurements should be combined and are preferred over 
methods using color flow mapping of the regurgitant jet in the 
LA.17,18 The presence of MR does not alter the validity of 
the quantitation of MS, except in regard to the continuity 
equation.

ASSOCIATED LESIONS

Dysfunction of the tricuspid valve is frequently associated with 
MS. It is most often functional tricuspid regurgitation, which is 
due to chronic increase in pulmonary artery pressure through 
right ventricular dilatation and lack of coaptation of tricuspid 

establish the cause of unexplained dyspnea or thromboembolic 
events.

The diagnosis of rheumatic MS relies mainly on two-
dimensional (2D) echocardiography that shows leaflet thicken-
ing and decreased mobility, commissural fusion, and involvement 
of the subvalvular apparatus, as assessed using parasternal and 
apical views. The parasternal short-axis view is of particular 
importance in assessing commissural fusion. The same views 
are used for the detailed anatomic evaluation of the leaflets and 
subvalvular apparatus (see Assessment of Valve Anatomy, later). 
Anatomic analysis also enables rheumatic MS to be distin-
guished from rare congenital or degenerative MS.

EVALUATION OF THE SEVERITY

The assessment of the severity of MS is based on the estimation 
of valve area (Table 21-1).9,10 Gradient is not a reliable marker 
of the severity of valve stenosis because it is highly dependent 
on heart rate and cardiac output. Various techniques can be 
used to assess mitral valve area.
• Planimetry of the mitral orifice, using the transthoracic para-

sternal short-axis view, is the reference measurement because 
it is the only direct measurement of valve area and correlates 
closely with anatomic findings.9,11 Planimetry does not involve 
hypotheses concerning loading conditions, compliance of 
cardiac chambers, or associated valve disease. However, pla-
nimetry requires particular expertise to ensure that the cross-
sectional area corresponds to the leaflet tips.9

• The pressure half-time method is frequently used because it 
is easy to perform, provided the Doppler signal of transmitral 
flow is of good quality with a well-defined linear slope of the 
Doppler E wave. However, the pressure half-time depends not 
only on valve area but also on chamber compliance and asso-
ciated aortic regurgitation.12

• The continuity equation is based on the ratio between stroke 
volume in the left or right ventricular outflow tract and 
velocity-time integral to the mitral flow.13 Its accuracy is 
limited by potential errors on the numerous measurements 
and hypotheses on the circularity of left ventricular (LV) 
outflow tract and mitral annulus.9 It is valid only in the 
absence of significant mitral regurgitation (MR), and it tends 
to give smaller estimations of valve area as compared with 
planimetry.10

• The proximal isovelocity surface area method is based on the 
hemispherical shape of the convergence of mitral flow as 
shown by color Doppler. This method can be used in the 
presence of significant MR. However, it is technically demand-
ing and requires multiple measurements. The use of M-mode 

Recommendations for Classification of Mitral Stenosis 
Severity

Significant

Mild Moderate Severe

Specific Findings
 Valve area (cm2) >1.5 1.0-1.5 <1.0

Supportive Findings
 Mean gradient (mm Hg)* <5 5-10 >10

 Systolic pulmonary artery pressure (mm Hg) <30 30-50 >50

Adapted from Baumgartner H, Hung J, Bermejo J, et al: Echocardiographic assessment of 
valve stenosis: EAE/ASE recommendations for clinical practice. J Am Soc Echocardiogr 
22:1-23; quiz 101-102, 2009.

*At heart rates between 60 and 80 bpm and in sinus rhythm.

TABLE 
21-1 
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Quantitation of tricuspid stenosis relies mainly on mean 
gradient.9

Associated rheumatic aortic valve disease is quantitated, if 
required, using standard techniques. Severe aortic stenosis may 
be associated with a low gradient because stroke volume is often 
decreased in MS. Thus, careful quantitation of the aortic valve 
area is needed, using the continuity equation and/or planimetry 
of the aortic valve with TTE or transesophageal echocardiogra-
phy (TEE).9

LV enlargement and systolic dysfunction are unusual in MS, 
and the first reaction should be to search for an associated val-
vular regurgitation or coronary artery disease.

THROMBOEMBOLIC COMPLICATIONS

The diagnosis of LA thrombosis relies on TEE, which has a 
much higher sensitivity than TTE, in particular for location in 
the left appendage. Echocardiography also plays an important 
role in risk stratification of thromboembolism. LA enlargement 
is a risk factor of thromboembolism. A LA volume greater than 
60 mL/m2 of body surface area is associated with the presence 
of surrogate markers of the thromboembolic risk.15 LA sponta-
neous contrast is a strong predictor of thromboembolic risk in 
patients with MS.21

USE OF THE DIFFERENT ECHOCARDIOGRAPHIC 
TECHNIQUES

A comprehensive evaluation of MS can be performed using TTE 
in most cases; TTE also plays an important role during the BMV 
procedure to monitor valve opening and to quantitate MR.

In the rare cases where TTE is of poor quality, TEE may be 
required. However, the main indication for TEE is the detection 
of LA thrombosis before BMV.

Other than for research purposes, the main indication for 
stress echocardiography is exercise echocardiography in asymp-
tomatic patients.

Technique, Quantitation,  
and Data Analysis
The respective parts of various features analyzed by echocar-
diography differ according to whether echocardiography is per-
formed as an initial evaluation or to assess the results of an 
interventional procedure, immediately or during later follow-up.

BEFORE BALLOON MITRAL VALVOTOMY

Valve Function
Moderate MS is defined by a valve area between 1.0 and 1.5 cm2 
and severe MS by a valve area less than 1.0 cm2.9 The threshold 
of 1.5 cm2 is the most relevant in practice, because this is the 
value above which hemodynamics are not affected at rest,22 and 
there is a consensus for considering intervention when mitral 
valve area is less than 1.5 cm2.23,24 It is advised to take the 
patient’s body size into account. Although no value indexed on 
body surface area can be firmly established from the literature, 
it is generally admitted that MS is significant when index valve 
area is below 0.9 to 1.0 cm2/m2 body surface area.

The main pitfall when using planimetry is the overestimation 
of valve area because of inappropriate positioning of the mea-
surement plane above the leaflet tips. The best way to avoid this 

leaflets, despite normal valve anatomy. Whatever the method 
used, quantitation of tricuspid regurgitation is highly depen-
dent on loading conditions.17,18 This explains the current trend 
to rely more on the measurement of the tricuspid annulus than 
on the quantitation of regurgitation, particularly in regard to 
decision making for combining the correction of functional 
tricuspid regurgitation with left heart valve surgery.19 However, 
the three-dimensional (3D) shape of the tricuspid annulus 
raises concerns regarding the reliability and reproducibility of 
the usual 2D measurements of the tricuspid annulus diameter.20 
Rheumatic tricuspid disease is far less frequent and is character-
ized by thickening and decreased mobility of tricuspid leaflets. 

Figure 21-1  Evaluation of valvular anatomy before balloon mitral 
valvotomy. Favorable anatomic conditions. TTE. Top: Parasternal long-
axis view showing pliable, noncalcified valve. Middle: Parasternal long-
axis  view  showing  moderate  impairment  of  subvalvular  apparatus. 
Bottom:  Parasternal  long-axis  view  showing  moderate  and  homoge-
neous thickening of the leaflet tips and fusion of both commissures. 
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groups according to the best surgical alternative: patients in 
group 1 are optimal candidates for closed-heart commissu-
rotomy, patients in group 2 are more likely to be candidates  
for open-heart commissurotomy, and patients in group 3 are 
usually treated using prosthetic valve replacement (Table 
21-4).16,30 These two scores were developed at the beginning of 
the development of BMV.

A common limitation of these two scoring systems is the 
lack of information on the location of leaflet thickening and 
calcification, in particular in relation to the commissures, 
which may influence the results of BMV.31-34 Another drawback 
of the current scoring systems is that the respective weights of 
each abnormality may be debated. In particular, the impor-
tance of subvalvular apparatus impairment is probably 
underestimated.35

At the present time, there are no large-scale comparative 
evaluations of the predictive value of different scoring systems, 
which could lead to recommending the use of a particular one. 
For the echocardiographer, the best solution is to use a method 
of analysis with which one is familiar and to include valve 
anatomy among other clinical and echocardiographic findings. 
The echocardiographic report should include a comprehensive 
description of mitral anatomy and not summarize it using a 
score alone.

Evaluation on Exercise
Semisupine exercise echocardiography enables mitral gradient 
and systolic pulmonary artery pressure to be recorded for 
increasing levels of exercise. This approach is now favored over 
postexercise echocardiography, which is hampered by rapid 
changes in loading conditions and heart rate.36,37

Stroke volume and valve area are more difficult to obtain 
during exercise, and they are analyzed only for research 
purposes.

DURING BALLOON MITRAL VALVOTOMY

Echocardiography also plays an important role in the catheter-
ization laboratory, in particular with the Inoue technique (Fig. 
21-3).38,39 The main advantages of the Inoue balloon are its ease 
of use, partly related to self-positioning, and the possibility of 
performing stepwise inflations with a progressive increase in 
balloon diameter. TTE enables valve area, the degree of com-
missural opening, mean gradient, and MR to be assessed after 
each balloon inflation, leading to continued balloon inflation 
or stopping the procedure (Fig. 21-4). Planimetry should be 
used to monitor BMV, because the pressure half-time method 
is not reliable in this context and mean gradient is influenced 
by changes in loading conditions or heart rate.

Echocardiography is also helpful in the catheterization labo-
ratory to promptly detect pericardial effusion, which is a rare 
but severe complication of transseptal catheterization.

In rare instances, TEE can be required during BMV, mainly 
to guide transseptal catheterization in difficult situations. Given 
the discomfort for the patient, the procedure is generally con-
ducted under general anesthesia when TEE is used.

EARLY AFTER BALLOON MITRAL VALVOTOMY

Even more than in other situations, planimetry using 2D echo-
cardiography is the reference measurement of mitral valve area 
immediately after BMV. It enables the commissural opening to 
be visualized; valvular area tracing should include opened  
commissures (Fig. 21-5). The pressure half-time method is 

is to scan slowly from the apex to the base and to select the 
narrowest orifice. Real-time 3D echocardiography is helpful to 
optimize the positioning of the measurement plan, which 
improves the accuracy of planimetry, in particular for less expe-
rienced echocardiographers.25-27

Technical difficulties inherent in planimetry justify the sys-
tematic use of the pressure half-time method, keeping in mind 
its limitations due to confounding factors. In our experience, 
its most important discrepancies with planimetry are observed 
in patients older than 60 and in those in atrial fibrillation, not 
only after but also before BMV.28

In current practice, 2D planimetry and the pressure half-time 
method are recommended in the standard evaluation of MS 
(Fig. 21-2). Other methods are used only if usual measurements 
are inconclusive or inconsistent with clinical data (Table 21-2).9 
The estimation of valve resistance is not considered as a relevant 
marker of stenosis severity.

Valve Anatomy
Different approaches have been developed to combine the ana-
tomic features of MS, aiming to predict the results of BMV and, 
therefore, to improve patient selection.

The most widely used scoring system is the Wilkins score, in 
which four components are graded from 1 to 4: leaflet mobility, 
thickness, calcification, and impairment of subvalvular appa-
ratus (Table 21-3).29 Another approach relies on a global assess-
ment of mitral valve anatomy, with a classification into three 

Figure 21-2  Evaluation of mitral valve area before balloon mitral 
valvotomy.  Consistency  between  estimations  using  planimetry  (valve 
area  =  1.02 cm2)  (Top:  TTE,  parasternal  short-axis  view)  and  pressure 
half-time (Bottom: continuous-wave Doppler of the diastolic mitral flow, 
valve area = 0.94 cm2). Mean gradient is 6.5 mm Hg. 
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Measurement Units Formula / Method Concept Advantages Disadvantages

Valve area
 Planimetry by 2D 

echocardiography
cm2 Tracing mitral orifice 

using 2D 
echocardiography

Direct measurement of 
anatomic MVA

Accuracy
Independence from 

other factors

Experience required
Not always feasible (poor acoustic 

window, severe valve calcification)
 Pressure half-time cm2 220/T1/2 Rate of decrease of 

transmitral flow is 
inversely proportional to 
MVA

Easy to obtain Dependence on other factors (AR, 
LA compliance, LV diastolic 
function…)

 Continuity equation cm2 MVA = CSALVOT . VTIAortic/
VTIMitral

Volume flows through 
mitral and aortic orifices 
are equal

Independence from 
flow conditions

Multiple measurements (sources of 
errors)

Not valid if significant AR or MR
 PISA cm2 MVA = πr2 × (Valiasing / 

peak VMitral) × (α/180°)
MVA assessed by dividing 

mitral volume flow by 
the maximum velocity of 
diastolic mitral flow

Independence from 
flow conditions

Technically difficult

Mean gradient mm Hg ΔPMitral = 4v2
Mitral Pressure gradient calculated 

from velocity using the 
Bernoulli equation

Easy to obtain Dependent on heart rate and flow 
conditions

Systolic pulmonary 
artery pressure

mm Hg sPAP = 4v2
TR

+ RA pressure
Addition of RA pressure 

and maximum gradient 
between RV and RA

Obtained in most 
patients with MS

Arbitrary estimation of RA pressure
No estimation of pulmonary 

vascular resistance

Mean gradient and 
systolic pulmonary 
artery pressure at 
exercise

mm Hg ΔPMitral = 4v2
Mitral

sPAP = 4v2
Tricuspid

+ RA pressure

Assessment of gradient and 
sPAP for increasing 
workload

Incremental value in 
assessment of 
tolerance

Experience required
Lack of validation for 

decision-making

Valve resistance dynes
s−1.cm−5

__ MVres =
ΔPMitral /
(CSALVOT . VTIAortic / DFT)

Resistance to flow caused 
by MS

Initially suggested to be 
less flow dependent, 
but not confirmed

No prognostic value
No clear threshold for severity
No additional value vs. valve area

Level of recommendations: 1, appropriate in all patients (light green); 2, reasonable when additional information is needed in selected patients (green); 3, not recommended (dark green).

AR, Aortic regurgitation; CSA, cross-sectional area; DFT, diastolic filling time; LVOT, left ventricular outflow tract; MR, mitral regurgitation; MS, mitral stenosis; MVA, mitral valve area; 
MVres, mitral valve resistance, ΔP, gradient; sPAP, systolic pulmonary artery pressure; r, radius of convergence hemisphere; RA, right atrium; RV, right ventricle; T1/2, pressure half-time; 
TR, tricuspid regurgitation peak velocity; v, velocity; VTI, velocity-time integral.

From Baumgartner H, Hung J, Bermejo J, et al: Echocardiographic assessment of valve stenosis: EAE/ASE recommendations for clinical practice. J Am Soc Echocardiogr 22:1-23; quiz 101-
102, 2009.

Approaches to Evaluation of Mitral Stenosis
TABLE 
21-2 

Figure 21-3  Catheter balloon mitral valvotomy using the Inoue balloon. The catheter is inserted through the atrial septum, and the balloon 
is inflated across the mitral valve. The waist of the balloon is positioned in the mitral orifice, and continuing inflation will ensure commissural opening. 
A, Right anterior oblique view. B, Left anterior oblique view. 

A B

Assessment of Mitral Valve Anatomy According to the Wilkins Score

Grade Mobility Thickening Calcification Subvalvular Thickening

1 Highly mobile valve with only 
leaflet tips restricted

Leaflets near normal in 
thickness (4-5 mm)

A single area of increased 
echocardiographic brightness

Minimal thickening just below the 
mitral leaflets

2 Leaflet mid and base portions 
have normal mobility

Midleaflets normal, 
considerable thickening of 
margins (5-8 mm)

Scattered areas of brightness 
confined to leaflet margins

Thickening of chordal structures 
extending to one of the chordal 
length

3 Valve continues to move 
forward in diastole, mainly 
from the base

Thickening extending 
through the entire leaflet 
(5-8 mm)

Brightness extending into the 
mid portions of the leaflets

Thickening extended to distal 
third of the chords

4 No or minimal forward 
movement of the leaflets in 
diastole

Considerable thickening of 
all leaflet tissue 
(>8-10 mm)

Extensive brightness throughout 
much of the leaflet tissue

Extensive thickening and 
shortening of all chordal 
structures extending down to 
the papillary muscles

The total score is the sum of the four items and ranges between 4 and 16.
From Wilkins GT, Weyman AE, Abascal VM, et al: Percutaneous balloon dilatation of the mitral valve: an analysis of echocardiographic variables related to outcome and the mechanism 

of dilatation. Br Heart J 60:299-308, 1988.

TABLE 
21-3 
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Figure 21-4  Decision making during the stepwise dilation technique using the Inoue balloon, according to echocardiographic findings 
after each balloon inflation. +, Incomplete split; ++, complete split; *, stop in cases of severely diseased valve or age greater than 65 years. (From 
Vahanian A, Cormier B, Iung B: Mitral valvuloplasty. In Topol EJ, editor: Textbook of interventional cardiology, ed 5. Philadelphia, 2008, Saunders 
Elsevier, pp 879-893.)
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Assessment of Mitral Valve Anatomy According to the 
Cormier Score

Echocardiographic Group Mitral Valve Anatomy

Group 1 Pliable noncalcified anterior mitral leaflet 
and mild subvalvular disease (i.e., thin 
chordae ≥10 mm long)

Group 2 Pliable noncalcified anterior mitral leaflet 
and severe subvalvular disease (i.e., 
thickened chordae <10 mm long)

Group 3 Calcification of mitral valve of any extent, as 
assessed by fluoroscopy, whatever the state 
of subvalvular apparatus

From Cormier B, Vahanian A, Michel PL, et al: [Evaluation by two-dimensional and 
Doppler echocardiography of the results of percutaneous mitral valvuloplasty]. Arch Mal 
Coeur Vaiss 82:185-191, 1989; Iung B, Cormier B, Ducimetiere P, et al: Immediate results 
of percutaneous mitral commissurotomy. A predictive model on a series of 1514 
patients. Circulation 94:2124-2130, 1996.

TABLE 
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Figure 21-5  Successful balloon mitral valvotomy (BMV) with bicom-
missural opening. TTE, parasternal short-axis view. Left: After BMV (2D 
echocardiography). Right: After BMV (3D echocardiography). 



  21  Echocardiography in the Patient Undergoing Catheter Balloon Mitral Valvotomy 395

inaccurate in this setting, the possible explanations being acute 
changes in cardiac chamber compliance or the presence of 
right-to-left shunt at the site of the transseptal puncture.40 
However, the pressure half-time method has a good specificity, 
although a low sensitivity, for identifying good valve opening, 
which may be helpful in technically difficult examinations.28

The echocardiographic assessment of the degree of opening 
of each commissure is strongly related to the quality of the 
immediate results of BMV and to late functional results.41 The 
degree of commissural opening is thus an additional marker of 
the immediate results of BMV (Fig. 21-6). It is also useful as a 
baseline evaluation for the interpretation of echocardiographic 

Figure 21-6  Opening of the internal commissure after balloon 
mitral valvotomy (BMV) for very tight mitral stenosis in a 12-year-old 
boy.  TTE,  parasternal  short-axis  view.  Top:  Planimetry  before  BMV 
(valve area 0.5 cm2). Middle: Planimetry after BMV (2D echocardiogra-
phy) (valve area 1.2 cm2). Bottom: After BMV (3D echocardiography). 

follow-up. The assessment of the degree of commissural 
opening is improved by real-time 3D echocardiography.26

Although gradient is not a reliable marker of the severity of 
MS, it should be assessed after BMV because of its prognostic 
value on late functional results. In patients who had initial 
pulmonary hypertension, there is a frequent early decrease in 
pulmonary artery pressure, although it is generally more pro-
nounced after several months.42

In most cases, there is little or no increase in MR after BMV. 
Moderate MR is often related to incomplete closure of free 
edges or commissures because of thickening and rigidity.43 In 
these cases, color Doppler shows central and/or commissural 
small jets, and 2D echocardiography does not suggest traumatic 
lesion. If MR is severe (Fig. 21-7), its mechanism should be 
carefully assessed, using TEE if needed, looking at traumatic 
lesions. Traumatic MR is mainly caused by a noncommissural 
leaflet tear and is frequently associated with an absence of com-
missural opening, as shown by surgical or echocardiographic 
findings.43,44 Lesions of the subvalvular apparatus are also fre-
quent in traumatic MR, being mainly rupture of chordae, 
whereas partial or total papillary muscle rupture is rare (Fig. 
21-8). These lesions cause particularly severe MR in patients 
with pliable leaflets.

Figure 21-7  TEE showing severe mitral regurgitation due to trau-
matic tear of the posterior leaflet. 

Figure 21-8  Partial papillary muscle rupture (white arrow) following 
balloon  mitral  valvotomy  on  a  calcified  mitral  stenosis  (calcification: 
black arrow). 
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perforation by the transseptal needle or metallic guidewires. 
The risk of thromboembolic events is generally below 2%. 
Embolism leaving sequelae are mainly caused by fibrinothrom-
botic clots. They may occur despite systematic screening of LA 
thrombosis using TEE. Procedural complications are highly 
dependent on the experience of the interventional cardiologist, 
as shown by their relationship with the number of cases per-
formed.52 Technical simplifications inherent to the Inoue tech-
nique contribute to low complication rates, in particular 
tamponade, and partly account for the wide use of this 
technique.22,60

Severe traumatic MR is the most frequent severe complica-
tion of BMV, occurring in between 1% and 10% of cases. 
Attempts to identify predictive factors have not led to consistent 
results, which may be related to the small number of cases 
analyzed and differences in the methods used to define severe 
MR.43,44,61-63 Severe MR is more frequent in patients with very 
tight MS and in those with severe impairment of leaflets and 
subvalvular apparatus, in particular when there is a heteroge-
neous distribution of leaflet abnormalities.61 However, severe 
MR remains largely unpredictable in any given patient. Severe 
acute MR frequently requires surgery within weeks or months, 
but seldom in emergency.

Immediate Results
After BMV, there is approximately a doubling of mitral valve 
area in patients who underwent the different techniques (Table 
21-6).47-51,54-59,64-68 Series including heart catheterization demon-
strated significant decreases in LA and pulmonary artery pres-
sures and an increase in cardiac output. However, invasive 
investigations are now unlikely to be performed in routine 
assessment.

To simplify the interpretation and comparison of series, 
immediate results are also expressed following a binary end-
point, which is most often the association of final valve area 
1.5 cm2 or greater without MR greater than grade 2/4.

Mitral valve anatomy, as assessed by echocardiography  
whatever the scoring system used, is a strong predictor of 
immediate results of BMV.30,49,54-58 The discriminant cutoff 
point of the Wilkins score has been set at 8 according to analyses 

Other findings from postprocedural echocardiography have 
less important consequences for patient management. Inter-
atrial shunts can be visualized at the transseptal puncture site, 
in particular when using TEE. These are generally small shunts, 
which progressively disappear in the majority of cases.45 The 
intensity of LA spontaneous contrast frequently decreases after 
successful BMV, and there is a further decrease until the sixth 
month.46

DURING FOLLOW-UP

Echocardiographic follow-up assesses the usual features of valve 
function and its consequences.

The most frequent event is the occurrence of restenosis, 
which is generally defined as a valve area less than 1.5 cm2 and 
greater than a 50% loss of the initial gain in valve area, although 
there is no standardized definition.38,39,47 In patients with reste-
nosis, the assessment of valve anatomy should pay particular 
attention to the degree of commissural fusion.

Clinical Utility
Single- or multicenter series have analyzed immediate and late 
results of BMV and enable predictive factors to be identified, 
thereby contributing to an improvement in patient selection.

RESULTS OF BALLOON MITRAL VALVOTOMY

Failure and Complications
The two main causes of failure are the impossibility of perform-
ing transseptal puncture or positioning the balloon across the 
mitral orifice. Failure rate is approximately 1% in series from 
experienced teams.47-51 Higher rates were reported during early 
experience, which illustrates the importance of the learning 
curve.30,52,53

Severe complications are rare and, thus, need to be assessed 
using large series (Table 21-5).47-52,54-59 In-hospital death occurs 
in less than 1% of patients, who are frequently in very poor 
clinical condition because of advanced age and/or severe  
hemodynamic impairment. Tamponade is a consequence of 

Severe Complications of Balloon Mitral Valvotomy

Study n
Age

(years)
In-Hospital 
Death (%)

Tamponade
(%)

Embolic 
Events (%)

Severe Mitral 
Regurgitation

(%)

Arora50 (1987-2000) 4850 27 0.2 0.2 0.1 1.4

Chen*48 (1985-1994) 4832 37 0.1 0.8 0.5 1.4

Iung51 (1986-2001) 2773 47 0.4 0.2 0.4 4.1

Neumayer57 (1989-2000) 1123 57 0.4 0.9 0.9 6.0

NHLBI Registry*52 (1987-1989) 738 54
 n < 25 2 6 4 4
 25 ≤ n <100 1 4 2 3
 n ≥ 100 0.3 2 1 3

Palacios56 (1986-2000) 879 55 0.6 1.0 1.8 9.4

Jneid59 (1986-2000) 876 55 0.6 0.8 1.7 9.1

Ben Farhat49 (1987-1998) 654 33 0.5 0.6 1.5 4.6

Hernandez47 (1989-1995) 620 53 0.5 0.6 — 4.0

Meneveau54 (1986-1996) 532 54 0.2 1.1 — 3.9

Fawzy58 (1989-2004) 520 31 0 0.7 0.5 1.6

Stefanadis*55 (1988-1996) 441 44 0.2 0 0 3.4

*Multicenter series.

TABLE 
21-5 
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Late Results
The assessment of late outcome following BMV is based on 
clinical endpoints in most series, because standardized echocar-
diographic follow-up raises obvious difficulties when a number 
of patients are followed over a long time period.

Late results should be interpreted according to the quality of 
immediate results. The majority of patients with residual ste-
nosis or severe MR after BMV require surgery, the timing of 
which depends largely on comorbidities and the policy of the 
medical team. Conversely, cardiovascular events seldom occur 
following successful BMV, and most patients experience sus-
tained functional improvement (Fig. 21-10). Mitral restenosis 
is the most frequent cause of late clinical deterioration, as it was 
after successful surgical commissurotomy.47,63,72-74

Figure 21-9  Influence of mitral valve echocardiographic score on 
change in mitral valve area (by cardiac catheterization, cm2) from 
before to immediately after balloon mitral valvotomy. R value for all 
points is −0.15. (From National Heart, Lung, and Blood Institute Balloon 
Valvuloplasty Registry Participants: Multicenter experience with balloon 
mitral commissurotomy. NHLBI Balloon Valvuloplasty Registry Report 
on immediate and 30-day follow-up results. Circulation 85:448-461, 
1992.)
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of immediate results of BMV. However, all scoring systems are 
of limited predictive value, as shown by the low correlation  
(r = −0.15) between the Wilkins score and final valve area 
(Fig. 21-9).69 Large series including patients with diverse char-
acteristics have shown that other factors strongly influence 
immediate results of BMV.30,69-71 Older age and smaller valve 
area not only are significant predictors of poor immediate 
results, but have similar or greater predictive strengths for valve 
calcification.30,71 There were less consistent associations between 
poor immediate results and previous commissurotomy or base-
line MR, which may be related to a differential effect according 
to other characteristics, as shown by significant interactions. In 
our experience, the interaction between age and previous com-
missurotomy means that previous commissurotomy is a factor 
in poor immediate results only in patients aged over 50 years.30

Consistently with the predictors identified, series including a 
majority of young patients with favorable anatomic conditions 
report particularly good immediate results.48-50,58

Immediate Results of Balloon Mitral Valvotomy (BMV): Increase in Mitral Valve Area

Study
Patients

n=
Age

(years)

Mitral Valve Area (cm2)

TechniqueBefore BMV After BMV

Arora50 4850 27 0.7 1.9 Inoue or double-balloon or metallic commissurotome

Chen48 4832 37 1.1 2.1 Inoue balloon

Iung51 2773 47 1.0 1.9 Inoue, single-, or double-balloon

Neumayer57 1123 57 1.1 1.8 Inoue balloon

Palacios56 879 55 0.9 1.9 Inoue or double-balloon

Jneid59 876 55 0.9 1.9 Inoue or double-balloon

Ben-Farhat49 654 33 1.0 2.1 Inoue or double-balloon

Hernandez47 561 53 1.0 1.8 Inoue balloon

Meneveau54 532 54 1.0 1.7 Inoue or double-balloon

Fawzy58 520 31 0.9 2.0 Inoue balloon

Eltchaninoff68 500 34 0.9 2.1 Metallic commissurotome

Stefanadis55 441 44 1.0 2.1 Modified single-, double-, or Inoue balloon (retrograde)

Kang66 152 42 0.9 1.8 Inoue balloon

(randomized comparison) 150 40 0.9 1.9 Double-balloon

TABLE 
21-6 

Figure 21-10  Clinical outcomes stratified by BMV functional 
results.  Good  functional  results  (survival  considering  cardiovascular-
related deaths with no need for mitral surgery or repeat dilatation and 
in NYHA functional class  I or  II) after balloon mitral valvotomy in 1024 
patients.  (From Iung B, Garbarz E, Michaud P, et al: Late results of 
percutaneous mitral commissurotomy in a series of 1024 patients. Cir-
culation 99:3272-3278, 1999.)
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Even in patients with good immediate results, the degree of 
valve opening has an impact on late outcome.47,75,79 Besides 
postprocedural valve area, gradient is also a strong predictor of 
late clinical results, suggesting that it provides additional infor-
mation.75 The degree of commissural opening is strongly linked 
with postprocedural valve area and gradient but does not have 
an incremental prognostic value in multivariate analysis.41 The 
persistence of a high gradient following BMV despite good 
valve opening can be related to limited valve reserve in relation-
ship with a loss of pliability, which is likely to influence late 
restenosis.

Series including serial echocardiographic examinations 
showed a progressive decrease in mean mitral valve area over 
time, following a linear pattern.47,72 The yearly decrease in valve 
area varies between series according to differences in patient 
characteristics, leading to inhomogeneous estimations of reste-
nosis rates.47,72 Conversely, there is generally no increase in 
mild-to-moderate MR.47

Particular Subgroups
Restenosis after Previous Commissurotomy
In patients with restenosis following prior closed- or open-
heart commissurotomy, BMV is feasible and has the attraction 
of avoiding iterative surgery, providing restenosis is related to 
bicommissural fusion (Fig. 21-12).80-82 Even if the results are less 
satisfying than in native valves, we reported a 48% rate of 8-year 
good functional results.81 The possibility of deferring surgery 
by at least 8 years in half of the patients enables prosthesis-
related complications to be postponed, because surgery consists 
of prosthetic valve replacement in most patients with restenosis. 
Young patients are likely to derive the greatest benefit from 
BMV for restenosis.81

Restenosis after previous BMV becomes more frequent. 
Repeat BMV can be performed in selected patients and gives 

Overall, late results of BMV are satisfying; however, there is a 
wide range in clinical outcome (Table 21-7).49,54-56,58,63,75-79 Appar-
ent discrepancies are related to differences in patient character-
istics. Series from developing countries include a majority of 
young patients with favorable anatomic conditions and report 
higher rates of event-free survival than series from Western 
countries which include older patients with less favorable ana-
tomic conditions. Series comprising a wide range of patient 
characteristics enable predictive factors of late results to be iden-
tified. As for the prediction of immediate results, valve anatomy 
is a strong predictive factor of late clinical outcome, but it is only 
one factor among others (Fig. 21-11).47,49,54-56,58,63,75-79 Besides 
impaired anatomy, baseline predictors of poor late outcome are 
higher age and the consequences of MS, such as a high func-
tional class and the presence of atrial fibrillation (Table 21-8). 
These predictors are consistent with previous experience with 
surgical commissurotomy.74

Figure 21-11  Event-free survival (alive and free of mitral valve 
replacement or redo percutaneous mitral valvotomy) according to 
echocardiographic score.  (From Palacios IF, Sanchez PL, Harrell LC, 
et al: Which patients benefit from percutaneous mitral balloon valvulo-
plasty? Prevalvuloplasty and postvalvuloplasty variables that predict 
long-term outcome. Circulation 105, 1465-1471, 2002.)
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Late Results after Balloon Mitral Valvotomy

Study n=
Age

(years)

Maximum 
Follow-up

(years)

Event-Free
Survival 

(%)

Iung75 1024 49 10 56†

Palacios56 879 55 12 33†

Dean77

(NHLBI registry)
736 54 4 60*

Ben-Farhat49 654 34 10 72†

Song79 402 44 9 90*

Hernandez47 561 53 7 69†

Meneveau54 532 54 7.5 52†

Fawzy‡58 520 31 17 31†

Stefanadis55 441 44 9 75†

Cohen76 146 59 5 51*

Orrange78 132 44 7 65*

*Survival without intervention.
†Survival without intervention and in New York Heart Association class I or II.
‡Patients with good immediate results.

TABLE 
21-7 Predictors of Poor Late Functional Results in 912  

Patients Who Had Good Immediate Results after  
Balloon Mitral Valvotomy (Valve Area ≥ 1.5 cm2 with No 
Regurgitation > Grade 2/4): Multivariate Analysis

Variable Subgroups

Hazard Ratio and
95% Confidence 

Interval p

Before Procedure
Age (years) <50 1 0.0008

50-70 1.5 [1.2-2.0]
≥70 2.4 [1.4-3.9]

Functional class 
(NYHA)

I-II 1 <0.0001
III-IV 2.7 [1.7-4.4]

Rhythm Sinus 1 <0.0001
Atrial fibrillation 2.0 [1.4-2.7]

Echocardiographic 
group

1 1 0.003
2 1.5 [1.1-1.9]
3 2.2 [1.3-3.7]

After Procedure
Valve area (cm2) ≥2.00 1 0.001

1.75-2.00 1.4 [1.1-1.7]
1.50-1.75 1.9 [1.3-2.8]

Mean gradient 
(mm Hg)

≤3 1 <0.0001
3-6 2.0 [1.6-2.5]
≥6 4.0 [2.5-6.2]

Mitral 
regurgitation

0-1 1 0.04
2 1.4 [1.0-2.0]

From Iung B, Garbarz E, Michaud P, et al: Late results of percutaneous mitral 
commissurotomy in a series of 1024 patients. Circulation 99:3272-3278, 1999.

NYHA, New York Heart Association.

TABLE 
21-8 
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good midterm clinical results, particularly in young patients 
with mild or no calcification,82,83 whereas its efficacy is less 
convincing in older patients with calcified valves.84-86

Echocardiographic analysis of valve anatomy should care-
fully look at the extent of commissural refusion. Results of 
repeat BMV are less satisfying in patients who have incomplete 
commissural fusion.85 Whatever the type of initial commissur-
otomy, BMV should not be considered in case of persistent 
opening of both commissures (Fig. 21-13).

The Elderly
Theoretically, elderly patients are not good candidates for BMV 
because they combine predictive factors of poor immediate and 
late outcome, in particular, besides old age, frequent valve 

Figure 21-12  Mitral restenosis after previous balloon mitral val-
votomy, related to refusion of both commissures. Top: TTE, para-
sternal  short-axis,  2D  echocardiography.  Middle:  TTE,  parasternal 
short-axis,  3D  echocardiography,  view  from  the  LV.  Bottom:  TEE,  3D 
echocardiography, view from the LA. 

Figure 21-13  Mitral restenosis after previous open-heart commis-
surotomy.  TTE,  parasternal  short-axis  view.  Both  commissures  are 
opened,  and  restenosis  is  due  to  rigidity  of  valvular  and  subvalvular 
apparatus. Top: 2D echocardiography. Bottom: 3D echocardiography, 
view from the LV. 

calcification, atrial fibrillation, and severe symptoms. Despite 
unfavorable anatomic conditions, good immediate results are 
frequently obtained, but subsequent deterioration occurs more 
rapidly than in younger patients.87-89 However, these results 
should be weighed against the alternative of surgery, which is a 
high-risk option in this population. Even with unfavorable 
mitral anatomy, BMV can be considered as a palliative proce-
dure in older patients with severely symptomatic MS.

Echocardiographic examination should pay particular atten-
tion to confirm the rheumatic etiology and distinguish it from 
degenerative MS. This disease is frequent in the elderly but 
seldom causes severe MS.90 Degenerative MS is characterized by 
an extensive calcification of the mitral annulus, a stiffened ante-
rior leaflet, and opened commissures (Fig. 21-14). Because there 
is no commissural fusion in these cases, degenerative MS is not 
amenable to BMV.

Young Patients
Severe rheumatic MS may be encountered in young patients in 
countries where rheumatic fever is endemic. Two series have 
reported consistent results of BMV in patients aged below 20, 
who were followed up for 12 years.91,92 Results tended to be 
better than in adults, and late functional results did not differ, 
with event-free survival rates ranging from 70% to 80% at  
10 years. BMV is also a valid treatment of MS in children less 
than 12 years of age.93
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More than mild MR, or MR with a grade above 2/4 when 
using a semiquantitative approach, is a contraindication to 
BMV.23,24 Although no study has validated thresholds based on 
quantitative echocardiography, this corresponds to an effective 
regurgitant orifice larger than 20 mm2 and/or a regurgitant 
volume greater than 30 mL/beat. In patients who have border-
line MR, BMV is more likely to be considered if valve anatomy 
is favorable.

Valve calcification contraindicates BMV in the rare cases 
where it is massive or localized in both commissures.23,24

Other contraindications are related to associated heart dis-
eases needing surgical correction. Particular care should be 
taken to avoid underestimating the degree of aortic stenosis. 
Conversely, associated moderate aortic regurgitation without 
consequences on the LV does not contraindicate BMV, because 
its progression is slow.99 Surgery is preferred if there is severe 
associated organic tricuspid disease or severe functional tricus-
pid regurgitation with major enlargement of the tricuspid 
annulus. In other cases, severe functional tricuspid regurgita-
tion can decrease after BMV.100

Choice of Procedure
There is now evidence supporting BMV as the procedure of 
choice in young patients. Young age is frequently associated 
with favorable valve anatomy, both features being strong predic-
tors of good immediate and late results.89 Randomized trials 
conducted in these homogeneous populations showed that 
mid- and long-term results of BMV were as good as those 
obtained with open-heart commissurotomy and similar to or 
better than those with closed-heart commissurotomy.101-104 
Moreover, the possibility of performing conservative treatment 
that can be repeated in selected patients is particularly attractive 
in young patients, including children and adolescents, to avoid 
iterative surgical interventions. However, a number of good 
candidates for BMV cannot benefit from the procedure for 
financial reasons in developing countries, which cannot always 
afford the cost of the balloon. This justifies attempts to lower 
the cost of the device, such as the Multi-Track system and the 
metallic commissurotome.64,65,67 The possibility of reusing the 
metallic part of the percutaneous commissurotome signifi-
cantly lowers the cost of the procedure.

The decision is more difficult in older patients, who have 
frequent impairment of the anatomy of the leaflets and subval-
vular apparatus, and who represent the majority of patients 
with MS in Western countries.1,51,88 They form a heterogeneous 
group for whom no randomized studies are available and com-
parative studies do not enable all potential confounding factors 
to be taken into account.105 Patients should not be denied BMV 

Pregnant Women
Hemodynamic changes during pregnancy worsen the clinical 
tolerance of MS, which may compromise the prognosis of both 
mother and fetus, in particular at delivery.94 Therefore, inter-
vention is required during pregnancy in women who remain 
symptomatic despite medical therapy. BMV can be safely per-
formed during pregnancy, and fetal tolerance is good.95,96 The 
increase of thromboembolic risk during pregnancy underscores 
the need for TEE, which is best performed under anesthesia just 
before the procedure to reduce the mother’s discomfort.

IMPLICATIONS FOR PATIENT SELECTION

Contraindications
Contraindications to BMV are summarized in Box 21-1. 
Although cases of BMV using the Inoue balloon have been 
reported in patients with thrombosis located in the left append-
age,97 the experience remains limited. The potential hazards 
related to thrombus migration should lead to the consideration 
of persistent thrombus of LA, even when localized to the LA 
appendage, as a contraindication in most cases.23,24 However, if 
the patient is in stable condition, the decision should be post-
poned until after repeat TEE following at least 2 months of 
optimal anticoagulant therapy. LA thrombosis has been shown 
to disappear in approximately 1 in 4 patients after 6 months of 
anticoagulant therapy, in particular when patients had a small 
thrombus and low grade LA spontaneous contrast.98

Figure 21-14  Degenerative mitral stenosis.  Severe  calcification  of 
the posterior part of the mitral annulus, calcification of the external part 
anterior leaflet and absence of commissural fusion. Top: TEE, paraster-
nal long-axis view. Bottom: Short-axis view. 

Box 21-1 

CONTRAINDICATIONS TO BALLOON MITRAL 
VALVOTOMY

Persistent LA thrombosis (including in the LA appendage)
More than mild mitral regurgitation
Massive or bicommissural calcification
Severe concomitant aortic valve disease
Severe organic tricuspid stenosis or severe functional 

regurgitation with enlarged annulus
Severe concomitant coronary artery disease requiring 

bypass surgery
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Timing of Procedure
There is a consensus to advise intervention, whether it is per-
cutaneous or surgical, in patients who have significant, that is, 
moderate or severe MS (valve area less than 1.5 cm2) and 
symptoms.23,24 Better insights into the prognosis of MS, with 
particular regard to the risk of thromboembolic complications 
or hemodynamic decompensation, and the availability of 
intervention at low risk have led to consideration of the indica-
tions for BMV at an earlier stage in selected patients. Interven-
tion is generally not considered in mild MS because the 
variability of the progression does not support prophylactic 
BMV.23,24,111 However, BMV can be considered in patients with 
borderline valve area in the presence of symptoms or pulmo-
nary hypertension.24

The efficacy of BMV has been demonstrated on various 
markers of the thromboembolic risk in MS: LA spontaneous 
contrast, LA size and contractility, LA appendage flow velocity, 
and activation of coagulation in the LA.46,112-114 Although the 
efficacy of BMV on the thromboembolic risk has not been 
demonstrated by randomized studies, a retrospective and pro-
spective series showed that the performance of BMV was 
strongly associated with a decreased thromboembolic risk in 
patients with MS and atrial fibrillation.115,116

It is more difficult to evaluate the risk of acute hemodynamic 
complications in MS, apart from particular cases such as preg-
nancy. Exercise echocardiography is of potential interest because 
it provides additional information as compared with baseline 
evaluation. ACC/AHA guidelines recommend BMV, when ana-
tomic conditions are favorable and systolic pulmonary artery 
pressure is greater than 60 mm Hg at peak exercise.24 However, 
such thresholds are debatable because they can be reached in 
patients without heart disease, and their prognostic value in MS 
has not been validated in large series.117,118 In addition, this is 
the reason why no particular recommendation is given in the 
ESC guidelines regarding the evolution of systolic pulmonary 
pressure at exercise.23

on the sole basis of unfavorable valve anatomy, given the low 
predictive value of valve anatomy alone. Good immediate and 
midterm results can be obtained in patients with unfavorable 
mitral anatomy, even with calcified valves.89,106-109 Patient selec-
tion should rely on a global assessment, which can be aided by 
the use of predictive analyses and derived multivariate models 
enabling the results of BMV to be estimated according to indi-
vidual patient characteristics.23,71,110

In patients with impaired valve anatomy, BMV can be con-
sidered in particular when their other characteristics are favor-
able, in particular age below 70 years, mitral valve area between 
1.0 and 1.5 cm2, moderate symptoms (NYHA class II), and 
sinus rhythm. Predictive models show a high likelihood of good 
immediate and late results in these patients.30,75,81 This enables 
surgery to be postponed for several years, thereby affecting 
prosthesis-related complications, because the surgical alterna-
tive in these patients is valve replacement in most cases. This is 
illustrated by the simulation of midterm results of BMV in 
patients with calcified mitral valves according to the extent of 
calcification and other characteristics (Fig. 21-15).109 Con-
versely, there is a much lower likelihood of sustained long-term 
improvement in old patients who have unfavorable mitral 
anatomy, tight stenosis, severe symptoms, and atrial fibrilla-
tion.56,75 Moreover, the relevance of deferring surgery may be 
debatable in this age group. Thus, mitral surgery, often com-
bined with tricuspid repair, can be considered as the first-line 
treatment provided the operative risk is acceptable. The choice 
between BMV and surgery in these difficult situations should 
also take into account the local expertise of interventional car-
diologists and surgeons as well as the wishes of the patient.

In Western countries, there is a trend for BMV to be per-
formed in older patients with more severe impairment of valve 
anatomy.51 In the Euro Heart Survey, surgical commissurotomy 
accounted for only 4% of the interventions performed for MS 
in 2001, whereas BMV was used in 34% of patients and pros-
thetic valve replacement in 62%.1

Figure 21-15  Long-term predicted outcome based on 
baseline clinical factors and procedural success.  Pre-
dicted probability of good immediate results (valve area ≥ 
1.5 cm2 without  regurgitation > grade 2/4) and good  late 
functional  results  (survival  with  no  intervention  and  in 
NYHA functional class I or II) after balloon mitral valvotomy 
in calcified mitral stenosis, according to patient character-
istics.  The  extent  of  calcification  is  graded  from  1  (small 
nodule) to 4 (extensive calcification). (From Iung B, Garbarz 
E, Doutrelant L, et al: Late results of percutaneous mitral 
commissurotomy for calcific mitral stenosis. Am J Cardiol 
85:1308-1314, 2000.)
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in systolic pulmonary artery pressure on exercise seems to be 
related to the type of limiting symptoms, whether they are 
dyspnea or fatigue.120

Most previous studies used treadmills and were based on 
postexercise data. Semisupine bicycle ergometry now enables 
hemodynamic changes to be assessed for each workload. Our 
experience suggests that the type of limiting symptom (dyspnea 
or fatigue) is more related to the pattern of increase of mitral 
gradient than to the level of mean gradient or systolic pulmo-
nary artery pressure at peak exercise.123

Dobutamine stress echocardiography (DSE) is a less physi-
ologic approach than exercise echocardiography in MS, but it 
is also associated with significant increases in mean gradient 
and systolic pulmonary artery pressure, as compared with 
resting values.124 The only study thus far that has analyzed the 
relationship between findings from stress echocardiography 
and clinical outcome was based on DSE.125 This study showed 
that mean mitral gradient during DSE was an independent 
predictor of clinical events during a 5-year follow-up, the cutoff 
value being 18 mm Hg. The incremental prognostic was par-
ticularly marked in patients who had a valve area between 1.0 
and 1.5 cm2.125 Another study126 using DSE showed a more 
important valve reserve, that is, a more important increase in 
valve area, in patients who had had previous commissurotomy 
as compared with those who had native MS.

Stress echocardiography is useful to refine the knowledge of 
the hemodynamic consequences of MS. However, at the present 
time, its implications for decision making need to be assessed 
by further prospective studies. This is particularly needed to 
validate thresholds of gradient and pulmonary artery pressure 
leading to the consideration of intervention in asymptomatic 
patients with MS in guidelines.

Recommendations on BMV according to current guidelines 
are summarized in Table 21-9.

Research Applications
STRESS ECHOCARDIOGRAPHY

Changes in the severity of MS and its consequences can be 
observed according to changes in hemodynamic conditions, as 
shown by exercise or pharmacologic stress combined with inva-
sive measurements. They have been replaced by stress echocar-
diography, which has the advantage of allowing for repeated 
noninvasive measurements.

Exercise echocardiography is the most physiologic approach. 
Different series consistently showed an increase in mean gradi-
ent and systolic pulmonary artery pressure at submaximal 
effort or peak effort.119-121 However, there is an important het-
erogeneity in the progression of mitral gradient and systolic 
pulmonary artery pressure on exercise, as well as stroke volume, 
which does not relate to baseline severity of MS.119-121 A possible 
explanation comes from differences in the evolution of mitral 
valve area, as assessed by the continuity equation, and stroke 
volume. The increase in valve area on exercise is associated with 
an increase in stroke volume. Conversely, stroke volume does 
not increase when there is no significant change in valve area 
during exercise.121,122 These two different patterns are not related 
to differences in baseline severity of MS, but to the impairment 
of valve anatomy.122 A study121 using exercise echocardiography 
to evaluate atrioventricular compliance demonstrated that sys-
tolic pulmonary artery pressure at rest, and even more so on 
exercise, was strongly correlated with atrioventricular compli-
ance, but not with mitral valve area. Finally, the level of increase 

Recommendations for Balloon Mitral Valvotomy in Patients with Mitral Stenosis

ACC / AHA Guidelines ESC Guidelines

Symptomatic Patients
Symptomatic patients (NYHA functional class II, III, or IV), with moderate or severe MS* 

and valve morphology favorable for percutaneous balloon valvotomy in the absence of LA 
thrombus or moderate to severe MR (IA)

Patients with moderate or severe MS* who have a nonpliable calcified valve, are in NYHA 
functional class III-IV, and are either not candidates for surgery or are at high risk for 
surgery (IIaC)

Symptomatic patients (NYHA functional class II, III, or IV), with mitral valve area > 1.5 cm2 
if there is evidence of hemodynamically significant MS based on pulmonary artery 
systolic pressure > 60 mm Hg, pulmonary artery wedge pressure ≥ 25 mm Hg, or mean 
mitral valve gradient > 15 mm Hg during exercise (IIbC)

As an alternative to surgery for patients with moderate or severe MS* who have a nonpliable 
calcified valve and are in NYHA functional class III-IV (IIbC)

Patients with MS and valve area < 1.5 cm2:
Symptomatic patients with favorable characteristics† for 

percutaneous mitral commissurotomy (IB)
Symptomatic patients with contraindications or high risk for surgery 

(IC)
As initial treatment in symptomatic patients with unfavorable 

anatomy but otherwise favorable clinical characteristics† (IIaC)

Asymptomatic Patients
Asymptomatic patients with moderate or severe MS* and valve morphology favorable for 

percutaneous balloon valvotomy who have pulmonary hypertension (pulmonary artery 
systolic pressure > 50 mm Hg at rest or > 60 mm Hg with exercise) in the absence of LA 
thrombus or moderate to severe MR (IC)

Asymptomatic patients with moderate or severe MS* and valve morphology favorable for 
percutaneous balloon valvotomy who have new onset of atrial fibrillation in the absence 
of LA thrombus or moderate to severe MR (IIbC)

Asymptomatic patients with MS with valve area < 1.5 cm2, favorable 
characteristics for percutaneous mitral commissurotomy and high 
thromboembolic risk or high risk of hemodynamic decompensation:
Previous history of embolism (IIaC)
Dense spontaneous contrast in the LA (IIaC)
Recent or paroxysmal atrial fibrillation (IIaC)
Systolic pulmonary pressure > 50 mm Hg at rest (IIaC)
Need for major noncardiac surgery (IIaC)
Desire for pregnancy (IIaC)

From Vahanian A, Baumgartner H, Bax J, et al: Guidelines on the management of valvular heart disease: The Task Force on the Management of Valvular Heart Disease of the European 
Society of Cardiology. Eur Heart J 28:230-268, 2007; Bonow RO, Carabello BA, Chatterjee K, et al: 2008 focused update incorporated into the ACC/AHA 2006 guidelines for the 
management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines (Writing Committee 
to Revise the 1998 Guidelines for the Management of Patients with Valvular Heart Disease): endorsed by the Society of Cardiovascular Anesthesiologists, Society for Cardiovascular 
Angiography and Interventions, and Society of Thoracic Surgeons. Circulation 118:e523-661, 2008.

ACC, American College of Cardiology; AHA, American Heart Association; ESC, European Society of Cardiology; NYHA, New York Heart Association.
*See Table 21-1.
†Favorable characteristics for percutaneous mitral commissurotomy can be defined by the absence of several of the following: clinical characteristics—old age, history of commissurotomy, 

NYHA class IV, atrial fibrillation, severe pulmonary hypertension; anatomic characteristics—echocardiographic score ≥8, Cormier score 3 (calcification of mitral valve of any extent, as 
assessed by fluoroscopy), very small mitral valve area, severe tricuspid regurgitation.

TABLE 
21-9 
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Doppler enables pulmonary artery pressure to be assessed in 
most patients. However, it is not possible to reliably assess capil-
lary wedge pressure, and thus pulmonary vascular resistance, 
using ultrasonographic techniques. Pulmonary hypertension is 
passive in most patients, due to an increase in LA pressure with 
normal pulmonary vascular resistance. However, in certain 
patients, who frequently have long-standing disease, pulmonary 
vascular resistance is increased because of pulmonary vascular 
disease. The risk of surgery is higher in these patients, and BMV 
should be favored when feasible, because it provides functional 
improvement and progressive improvement in hemodynam-
ics.42,130 Estimation of pulmonary vascular resistance, using 
cardiac catheterization, is useful in patients who present with 
severe pulmonary hypertension seeming out of proportion with 
the degree of MS or pulmonary congestion as assessed by chest 
radiograph.

The limitations of anatomic scoring systems for the predic-
tion of immediate and late results of BMV were reviewed earlier. 
Given the multiple determinants of the results of BMV, there is 
a low likelihood that any echocardiographic scoring system will 
ensure an optimal prediction of the results of BMV. A combined 
assessment using multislice computed tomography to quanti-
tate valve calcification might be an interesting approach.

Future improvements in patient selection will probably come 
from the incorporation of improved anatomic evaluation using 
echocardiography and other imaging techniques, as well as 
other variables, such as stress hemodynamics indices, in multi-
variate models, rather than the optimization of a single scoring 
system.

Alternative Approaches
Right and left heart cardiac catheterization enables valve area 
to be evaluated using the Gorlin formula. The Gorlin formula 
is sometimes considered as the reference method; however, this 
is mainly for historical reasons. Experimental as well as clinical 
data raise concerns regarding the validity of the Gorlin formula 
in cases of low output and immediately after BMV.131,132 This 
explains why guidelines advise limiting invasive evaluation of 
the severity of MS to the rare situations where echocardiogra-
phy is inconclusive or when there are discrepancies between 
different measurements and clinical evaluation.23,24 Right heart 
catheterization is indicated in cases of suspected vascular pul-
monary hypertension. In current practice, the main indication 

EVALUATION OF VALVE ANATOMY

Given the limitations of commonly used scoring systems for the 
prediction of the results of BMV, alternative approaches have 
been developed, in particular taking into account the location 
of valve abnormalities in relation to the commissures. Series 
have shown that commissural location of valve thickening and 
calcification influences immediate results of BMV.31-33 However, 
no scoring system including these findings has been validated 
on large series in comparison with commonly used scoring 
systems. Another scoring system has been developed to predict 
the occurrence of severe MR, which is the most frequent com-
plication following BMV.61,62 It has the advantage of taking into 
account the heterogeneity of leaflet impairment and the pres-
ence of commissural fibrosis or calcification (Table 21-10). 
Nevertheless, its predictive value for immediate valve opening 
and late functional results has not been studied, and its useful-
ness in the prediction of severe MR has not been confirmed in 
large series.

Besides the location of valvular abnormalities, mechanical 
properties of valvular tissue probably influence immediate and 
late results of BMV. Resting atrioventricular compliance is 
closely related to upstream pressures; however, its impact on 
late outcome is not known.127,128

Thus, there are various approaches to refining the assessment 
of valve anatomy, combining more detailed scoring systems and 
evaluations of valvular mechanical properties. However, more 
complex analyses raise concerns regarding their applicability in 
current practice and their reproducibility. Moreover, it will be 
necessary to demonstrate their incremental predictive value on 
outcome, as compared with current validated multifactorial 
approaches.

Potential Limitations, Future Directions
Despite technical refinements, there remain limitations in the 
feasibility or the relevance of certain echocardiographic analy-
ses in MS.

Although planimetry is the reference measurement, it may 
not be feasible in patients with poor echocardiographic windows 
and/or in case of severe valve deformity, even with experienced 
operators. Other methods of measurement should be used, and 
their interpretation should take their own limitations into 
account.129

Echocardiographic Score Proposed by Padial and Colleagues for the Prediction of Severe Mitral Regurgitation

Grade Anterior Leaflet Posterior Leaflet Commissural Calcification Subvalvular Disease

1 Leaflet near normal (4-5 mm) or with 
only a thick segment

Leaflet near normal (4-5 mm) or with 
only a thick segment

Fibrosis and/or calcium in 
only one commissure

Minimal thickening of chordal 
structures just below the valve

2 Leaflet fibrotic and/or calcified evenly; 
no thin area

Leaflet fibrotic and/or calcified evenly; 
no thin area

Both commissures mildly 
affected

Thickening of chordae extending up 
to one third of chordal length

3 Leaflet fibrotic and/or calcified with 
uneven distribution; thinner 
segments are mildly thickened 
(5-8 mm)

Leaflet fibrotic and/or calcified with 
uneven distribution; thinner 
segments are mildly thickened 
(5-8 mm)

Calcium in both 
commissures, one 
markedly affected

Thickening to the distal third of the 
chordae

4 Leaflet fibrotic and/or calcified with 
uneven distribution; thinner 
segments are near normal (4-5 mm)

Leaflet fibrotic and/or calcified with 
uneven distribution; thinner 
segments are near normal (4-5 mm)

Calcium in both 
commissures, both 
markedly affected

Extensive thickening and shortening 
of all chordae extending down 
the papillary muscle.

The total score is the sum of the four items and ranges between 4 and 16.
From Padial LR, Freitas N, Sagie A, et al: Echocardiography can predict which patients will develop severe mitral regurgitation after percutaneous mitral valvulotomy. J Am Coll Cardiol 

27:1225-1231, 1996.

TABLE 
21-10 
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for invasive investigations is the assessment of associated coro-
nary disease using coronary angiography.23,24 However, cardiac 
catheterization is still frequently performed, in particular as a 
systematic evaluation associated with coronary angiography, 
although this is not supported by guidelines.1

Magnetic resonance imaging and computed tomography are 
valid alternative noninvasive methods used to perform planim-
etry of the mitral valve. These methods could be useful when 
planimetry using 2D echocardiography is not feasible or not 
reliable.133,134 Mitral gradient may also be assessed using velocity-
encoded phase-contrast cine magnetic resonance imaging, but 
the reliability of this estimation is not certain.135

Experience with intracardiac echocardiography is limited 
(see Chapter 6). It is helpful to rule out LA thrombosis or to 
monitor transseptal puncture in difficult cases, thereby avoiding 
the use of TEE under general anaesthesia.136,137 However, the 
high cost of the single-use device limits its use.

In conclusion, experience acquired with BMV for more than 
20 years has confirmed its efficacy not only in young patients 
with favorable valve anatomy, but also in less optimal candi-
dates. The prediction of the results of BMV is intrinsically mul-
tifactorial, which underscores the need for a complete assessment 
combining clinical and echocardiographic findings. Continuing 
evaluation of the results of BMV in large series or in selected 
subgroups is needed to improve decision making for the choice 
of the most appropriate procedure as well as its timing at dif-
ferent stages of the disease.

KEY POINTS

 Planimetry using 2D echocardiography is the reference 
measurement for valve area and can be guided by 3D 
echocardiography.

 The use of cardiac catheterization should be limited to 
situations where noninvasive measurements are incon-
sistent or discordant with clinical findings.

 Patient selection should not overstress the assessment of 
valve anatomy, but it should take into account a number 
of clinical and echocardiographic variables, the predic-
tive value of which has been validated in large series.

 BMV should be considered in patients who have MS 
with unfavorable anatomy, provided their other charac-
teristics, in particular age, are favorable.

 Severe MR is the most frequent complication of BMV. It 
is difficult to predict in a given patient.

 The most frequent cause of late functional deterioration 
after BMV is mitral restenosis, the occurrence of which 
follows an approximately linear pattern.

 Exercise echocardiography is a promising method to 
refine indications for intervention in asymptomatic 
patients. However, there is still a need for validation 
through prognostic studies.

 BMV and surgery should not be considered as concur-
rent, but complementary techniques, which should be 
used at different times of the evolution of MS.
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Background
Infective endocarditis (IE), a noncontagious infection of the 
endocardium and heart valves, has an incidence ranging from 
2.6 to 11.6 per million1,2 and a high in-hospital mortality rate 
of approximately 20% despite medical and surgical advances. 
The contemporary epidemiology of IE has changed signifi-
cantly compared to earlier eras, and these changes have an 
important influence on the evaluation and outcome of this 
condition. In the large, prospective, multinational International 
Collaboration on Endocarditis (ICE) registry, the mean age of 
diagnosis of definite IE is the sixth decade, with approximately 
2 : 1 male predominance and frequently occurring in the pres-
ence of comorbid conditions such as kidney disease and diabe-
tes mellitus.3 The major predisposition to IE is underlying 
degenerative valvular disease (particularly mitral valve disease), 
present in approximately 30% of cases, but a very low preva-
lence of underlying rheumatic heart disease.3 The microbiology 
of the condition has shifted toward more virulent organisms, 
particularly Staphylococcus aureus as the most common cause, 
reflecting the growing influence of health care–associated infec-
tion as a cause of bacteremia.

The diagnosis and management of this condition has greatly 
improved with the advent of echocardiography. The first use of 
echocardiography in the diagnosis of IE was described in 1973 
by Dillon and colleagues,4 who applied M-mode echo to visual-
ize evidence of vegetations. The high-frequency oscillations of 
vegetative lesions and/or destruction of aortic or mitral leaflet 
integrity could be documented using this technique (Fig. 22-1). 
M-mode, however, did not allow estimation of lesion size, mor-
phology, and localization of specific leaflet involvement, which 
was provided by real-time, two-dimensional (2D) echocardiog-
raphy first described by Gilbert and colleagues.5 Over time, with 
the widespread use of 2D echocardiography and the improved 
spatial resolution offered by transesophageal echocardiographic 
(TEE) approaches,6 echocardiography has become the diagnos-
tic modality of choice in all cases of suspected IE. Echocardiog-
raphy not only provides noninvasive evidence of endocardial 
infection but also offers important hemodynamic information 

regarding the presence and severity of valvular regurgitation 
and other structural complications, findings key to the manage-
ment decision-making process in these patients. For these 
reasons, echocardiography is considered essential in all cases 
suspected of IE.7

Basic Principles and Echocardiographic 
Approach
Clinical characteristics may identify the host at risk for IE and 
guide the use of echocardiography for diagnostic confirmation. 
IE is associated with fever in more than 90% of cases, and a 
similar percentage will have positive blood cultures for a micro-
organism associated with this condition.3 Most patients present 
with symptom duration of less than 1 month.3 Approximately 
half of patients will have evidence of a new or changing heart 
murmur reflecting valvular regurgitation or other endocardial 
damage, but a very small percentage will have peripheral mani-
festations of classical, subacute IE (Osler nodes, Janeway lesions, 
splinter hemorrhages, Roth spots).3

Historically, the association between infective lesions on the 
endocardium and the clinical manifestations of IE has been 
recognized for over a century. However, the clinical manifesta-
tions of the disease remained nonspecific and challenged accu-
rate clinical diagnosis of the disease antemortem.8 In 1977, 
Pelletier and Petersdorf   9 proposed case definitions for IE that 
relied mainly on clinical characteristics and, specifically, on the 
demonstration of continuous bacteremia. Although a first step 
in standardization of the diagnosis of IE, these criteria were 
highly specific but lacked sensitivity. In 1981, Von Reyn and 
colleagues10 expanded on these clinical criteria and offered 
levels of diagnostic certainty (rejected, possible, probable, and 
definite) for suspected IE. These modifications improved sensi-
tivity and specificity, but did not incorporate evidence of endo-
cardial involvement by the relatively novel application of 
echocardiography at the time. Subsequently, in 1994, the Duke 
Criteria proposed by Durack and colleagues11 incorporated 
visualization of endocardial involvement by echocardiography 
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with microbiologic and clinical criteria for the first time. Indeed, 
evidence of endocardial involvement, including new valvular 
regurgitation, intracardiac vegetation, paraannular abscess, or 
new dehiscence of prosthetic valve, became one of the two 
major diagnostic criteria for IE by the Duke case definition, 
along with microbiologic criteria.

Several comparative studies of the Von Reyn and Duke Cri-
teria in various cohorts have subsequently established the supe-
rior sensitivity of the Duke criteria compared to earlier case 
definitions.12-19 The negative predictive value of these criteria 
was more than 92% with a high sensitivity (100%) and specific-
ity (88%).20,21 Recent modifications of the Duke criteria (Box 
22-1) have added greater specificity to the schema.22

Technical Details, Quantitation,  
Data Analysis
Echocardiographic features of IE include vegetations, abscess, 
aneurysm, fistula, leaflet perforation, and valvular dehiscence 
(Table 22-1).23 Vegetations occur at a region of endocardial 
denudation, often resulting from preexisting valvular disease 
(Figs. 22-2, 22-3, and 22-4). Disruption of the endocardial 

Figure 22-1  M-mode echocardiogram recorded in a patient with 
aortic valve endocarditis. Note mass of shaggy echoes (vegetation) in 
diastole. 

Adapted from Li JS, Sexton DJ, Mick N, et al: Proposed modifications to the Duke criteria for the diagnosis of infective endocarditis. Clin Infect Dis 30:633-638, 
2000.

Box 22-1 

THE MODIFIED DUKE CRITERIA AND CASE DEFINITIONS OF INFECTIVE ENDOCARDITIS

Modified Duke Criteria

Major Criteria
Blood Culture Positive for Infective Endocarditis (IE)
Typical microbes consistent with IE from 2 separate blood 

cultures: viridans streptococci, Streptococcus bovis, 
HACEK group, Staphylococcus aureus; community-
acquired enterococci in absence of another focus; or

Microorganisms consistent with IE from persistently positive 
blood cultures defined as follows: at least 2 blood 
cultures drawn >12 hr apart or all of 3 or majority of >4 
separate blood cultures

Single positive blood culture for Coxiella burnetii or 
antiphase IgG antibody titer >1 : 800

Evidence of Endocardial Involvement
Echocardiography positive for IE defined as follows:
Oscillating intracardiac mass on valve or supporting 

structure
Abscess
New partial dehiscence of prosthetic valve
New valvular regurgitation

Minor Criteria
Predisposition; predisposing heart condition or injection 

drug use
Fever, temperature >38°C
Vascular phenomena, major arterial emboli, septic 

pulmonary infarcts, mycotic aneurysm, intracranial 
hemorrhage, conjunctival hemorrhage, and Janeway 
lesions

Immunologic phenomena: glomerulonephritis, Osler’s 
nodes, Roth’s spots, rheumatoid factor

Microbiologic evidence: positive blood cultures but does 
not meet a major criterion as noted above, or serologic 
evidence of active infection with organism consistent with 
causing IE

Case Definitions

Definitive Infective Endocarditis
Pathologic Criteria
1. Microorganisms demonstrated by culture or histologic 

examination of a vegetation, a vegetation that has 
embolized or an intracardiac abscess specimen; or

2. Pathologic lesions; vegetation or intracardiac abscess 
confirmed by histologic examination showing active 
endocarditis

Clinical Criteria
1. 2 major criteria; or
2. 1 major and 3 minor criteria; or
3. 5 minor criteria

Possible Infective Endocarditis
1. 1 major criterion and 1 minor criterion; or
2. 3 minor criteria

Rejected
1. Firm alternate diagnosis explaining evidence of infective 

endocarditis; or
2. Resolution of infective endocarditis syndrome with 

antibiotic therapy for ≤4 days; or
3. No pathologic evidence of infective endocarditis at 

surgery or autopsy, with antibiotic therapy for <4 days; or
4. Does not meet criteria for possible infective endocarditis, 

as above
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Pathologic Features of Infective Endocarditis: Echocardiographic Appearance and Clinical Significance

Echocardiographic 
Finding Pathology

Echocardiographic Appearance and 
Measurements Pitfalls Clinical Significance

Vegetation Collection of microorganisms 
embedded with platelets, 
fibrin and other 
inflammatory cellular 
material adherent to an 
endothelial surface within 
the heart

Irregularly shaped, discrete echogenic 
mass

Adherent to, yet distinct from cardiac 
surface

Oscillation of mass supportive, not 
mandatory

Measure maximum size

False (−):
Small size; sessile, not oscillating; 

degenerated valve; inappropriate 
gain setting

False (+):
Post-surgical changes; valve 

calcification; Libman-Sacks; Lambl’s 
excrescence; thrombus; tumor

Size and location 
associated with 
embolic risk

Large size may suggest 
lower likelihood of 
cure with antibiotics 
alone

Abscess A cavity with purulent 
exudates formed by 
liquefactive necrosis

Thickened area or mass within the 
myocardium or annular region

Appearance is nonhomogeneous with 
both echogenic and echolucent 
characteristics

False (−):
Absence of flow; early in abscess 

formation; gain settings; posterior 
mitral valve annulus when 
calcification present

False (+):
Postsurgical change after valve 

replacement, including paravalvular 
regurgitation; gain settings

May be associated with 
new conduction 
abnormality

Indication for surgery

Fistula Abnormal connection between 
two distinct cardiac blood 
spaces through a 
nonanatomic channel

Left-to-right shunt visible on color 
Doppler imaging

Recorded loops should contain sweeps 
of the region of interest

Continuous-wave Doppler to show 
high-velocity jet across defect

False (−):
Small defect; masking by valvular 

regurgitation or flow turbulence
False (+):

Valvular regurgitation or other 
turbulent flow; no confirmation by 
high Doppler jet velocity across 
defect

Heart failure due to 
left-to-right shunting

Indication for surgery

Leaflet perforation Defect in body of a valve leaflet 
with evidence of flow 
through defect

Color Doppler to document regurgitant 
flow through perforation

Multiple views to differentiate 
perforation from leaflet regurgitation

3DE may help locate precise location 
preoperatively

Quantify regurgitation

False (−):
High gain setting; small defect; 

regurgitant jet masks flow through 
perforation

False (+):
Echo dropout; commissure or cleft

Increases severity of 
regurgitation and 
possibility of heart 
failure

Prosthetic valve 
dehiscence

Rocking motion of prosthetic 
valve with excursion >15° in 
at least one direction

Regurgitant jets visible by color Doppler 
imaging

Quantify regurgitation

False (−):
No paravalvular regurgitation 

visualized
False (+):

Normal annulus motion during 
cardiac cycle

Paravalvular 
regurgitation may 
result in heart 
failure, hemolysis

Urgent indication for 
surgery

Cardiac 
implantable 
electronic 
device infection

Mobile mass seen on 
intracardiac device (lead) in 
setting of fever, bacteremia, 
and/or embolic events

Vegetation seen adherent to device lead
Careful search for vegetations 

throughout intracardiac course of 
device

Evaluate for concomitant valve infection

False (−):
Vegetation on extracardiac region of 

device
False (+):

Thrombus

Generally treated with 
device extraction 
and antibiotic 
therapy

TABLE 
22-1 

Figure 22-2  2D TTE parasternal long-axis view recorded in a 
patient with aortic valve endocarditis. Arrow points  to a heteroge-
neous irregularly shaped mass attached to aortic valve leaflet prolaps-
ing into the LV outflow tract. Ao, Aorta. 

Ao

LV

LA

surface results in platelet adhesion and fibrin deposition, to 
which microorganisms adhere during transient bacteremia to 
form infected vegetation. Vegetations are visualized in nearly 
90% of patients with definite IE.3 By echocardiography, vegeta-
tions appear as irregularly shaped, discrete, oscillating, echo-
genic masses that are adherent to valves, chordate, or other 
endocardial surfaces in the path of turbulent jets passing 
through regurgitant valves or septal defects. They are typically 
located on the low-pressure side of high-velocity jets; hence,  
in cases of regurgitation, they are located on the atrial aspect of 
the mitral and tricuspid valves and on the ventricular aspect of 
the aortic and pulmonic valves. They often display the same 
echogenicity as midmyocardial structures and may be heterog-
enous with echodense or echolucent areas. Vegetations may also 
be found on noncardiac structures such as intracardiac devices. 
In the presence of vegetation, perforation of a valve leaflet may 
be visualized as a defect in the body of a valve leaflet with evi-
dence of flow through the defect (Fig. 22-5).

Machine settings such as frame rate, sector arc size, gray scale, 
and focal zones must be optimized, and a careful examination 
including nonstandard views should be conducted to exclude 
the presence of vegetations. Increased gain settings and improper 
focal zones can make vegetations appear larger than actual size. 
On the other hand, color flow imaging may change pulse 
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Figure 22-3  TEE views of an aortic valve vegetation. The 2D images show a heterogeneous mass, in the long-axis (left) and short-axis (right) 
views. Attachment of vegetation to the right coronary cusp is evident (arrows). Ao, Aorta. 

Ao

LV

LA

Figure 22-4  3D TEE full-volume data set cropped to reveal aortic valve vegetation. Anatomic relationships are displayed precisely. 
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reports6 but were found in 14% of patients with definite IE in 
a larger, contemporary study3 (Fig. 22-6). An abscess is a result 
of invasive infection that spreads generally along contiguous 
tissue planes, particularly with aortic valve infection. Develop-
ment of a new atrioventricular conduction abnormality, wors-
ening clinical picture, persistent bacteremia/fever in the setting 
of aortic valve endocarditis, injection drug use, infection with 
an invasive pathogen (staphylococcal), or prosthetic valves 
should prompt a search for an aortic root abscess.24

TEE is the diagnostic test of choice when an abscess is sus-
pected clinically. An abscess is diagnosed by TEE as the visual-
ization of a “thickened area” or “mass with a heterogeneous 
echogenic or echolucent appearance” within the myocardium 
or annular region.6 On color Doppler imaging, flow within the 
area is supportive of the diagnosis. Abscesses complicating 
native valve IE most commonly involve the aortic valve annulus 
at the junction of aortic root and anterior mitral valve leaflet. 
Hence, they may extend into the adjacent interventricular 
septum, the right ventricular outflow tract, the interatrial 
septum, and the anterior mitral valve leaflet. Location of the 
abscess, particularly in the posterior annulus of the mitral valve 
when calcification is present, may limit its visualization by 
echocardiography.25 In the ICE cohort, 22% of cases of definite 
aortic valve IE were complicated by a paravalvular abscess.24 

repetition frequency and impair visualization of the vegetation. 
The size of the vegetations should be measured within the reso-
lution characteristics of the transducer so that machine settings 
can be duplicated for future comparative studies, if clinically 
indicated.

Vegetations may be present in patients with negative blood 
cultures, which is termed culture-negative endocarditis and rep-
resents approximately 10% of definite IE. Culture-negative 
endocarditis results from prior antibiotic therapy, fastidious 
organisms such as HACEK species, or unusual organisms such 
as Coxiella burnetii (Q fever) or Bartonella quintana. Vegeta-
tions also need to be differentiated from other masses with 
similar appearance on echocardiography such as Libman-Sacks 
(noninfective) endocarditis, degenerative change, Lambl’s 
excrescences, thrombus, or tumors. Because there are no echo-
cardiographic features that can reliably differentiate infective 
from noninfective endocardial lesions, the key to a proper diag-
nosis lies in integrating imaging data and clinical information. 
Visualization of distinct vegetation may be impaired by severe, 
underlying valvular degeneration, particularly prominent calci-
fication of valve leaflets.

Tissue destruction in IE may result in other structural com-
plications that can be identified on echocardiography. Paraval-
vular abscess complicated 30% to 40% of cases of IE in earlier 

Figure 22-5  Leaflet perforation and aortic regurgitation owing to endocarditis. A, 2D TEE long-axis view of the aortic valve demonstrate loss 
of structural integrity and leaflet perforation. B, 2D TEE long-axis view of aortic valve with color Doppler demonstrating severe aortic regurgitation. 
Ao, Aorta. 

A B

LV Ao

Figure 22-6  Aortic root abscess owing to endocarditis. 2D TEE orthogonal views of the aortic valve demonstrating thickening and heteroge-
neous echodensity of the aortic annulus (arrows). This is most prominent at the junction of the anterior mitral valve leaflet and aortic valve. 
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Figure 22-7  Aortic to right ventricular fistula owing to endocarditis. A, 2D and color Doppler TEE short-axis views of the aortic valve demon-
strating a left-to-right shunt between the aorta and right ventricle. Also note large vegetations on the tricuspid valve and the bright echoes of an 
intracardiac device seen in the right atrium. Ao, Aorta. B, Continuous-wave Doppler recordings showing the difference in flow characteristics between 
an aorta-to-right-ventricle fistula showing continuous, low-velocity flow (left) and a perimembranous ventricular septal defect showing systolic, high-
velocity flow (right). 
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These patients were more likely to have prosthetic valves and 
coagulase-negative staphylococcal infection. Surgical experi-
ence suggests an even higher prevalence of abscess formation 
not visualized by TEE.25 New paravalvular regurgitation around 
a prosthetic valve may also suggest the presence of an abscess 
or infected sewing ring of the prosthesis.

If an abscess is identified, a careful examination is required 
to rule out extension into these areas, because this additional 
information has considerable implications for the type of repar-
ative surgery to be undertaken. Loss of structural integrity of 
the valve, presence of valvular regurgitation and vegetations, 
and thickening of adjacent tissues help differentiate a native 
aortic valve abscess from fluid in the transverse pericardial 
sinus. These associated findings are also helpful in evaluating 
the presence of an abscess in patients with prosthetic valves in 
the aortic position. Postsurgical changes, including an echolu-
cent space between a prosthetic valve sewing ring and the aortic 
root with or without paravalvular regurgitation, may pose a 
diagnostic dilemma in a patient with prosthetic valve and fever. 
In such cases, comparison with an intraoperative TEE, if avail-
able, may be very helpful to document the chronicity of the 
abnormality.

In rare cases, exposure of abscesses to high intravascular pres-
sures and progressive burrowing infection may lead to pseudo-
aneurysm formation (color flow imaging demonstrating flow in 
echolucent space that is contiguous with the bloodstream). 
Because of further tissue invasion, these paravalvular cavities or 
pseudoaneurysms can form fistulous connections (aortoatrial 
or aortoventricular), leaflet perforation and even myocardial 
perforation. Fistula formation complicated 1.6% of cases of 
native valve IE and 3.5% of cases of prosthetic valve endocar-
ditis in a cohort of 4681 cases of definite IE26 (Fig. 22-7). These 
occurred with similar frequency in the three sinuses of Valsalva. 
Fistulas from the right or noncoronary sinus generally track or 
exit into the right ventricle, whereas fistulas from the left sinus 
exit to the left atrium.27 TEE is the modality of choice to inves-
tigate these structural complications. Color flow Doppler 
imaging demonstrates flow turbulence, abnormal flow in echo-
lucent spaces, and shunting of blood flow in cases of fistulous 
connections between cardiac chambers.

Progressive tissue destruction due to infection can also result 
in mitral chordal rupture in native valve IE and valvular dehis-
cence in prosthetic valve endocarditis. Valvular dehiscence is an 
uncommon, serious complication and portends poor outcome 
for the patient. On echocardiography, valvular dehiscence is 
defined as rocking motion of the valve with excursion of at least 
15° in at least one direction (Fig. 22-8, A). This structural dete-
rioration is often accompanied by severe, paravalvular regurgi-
tation (Fig. 22-8, B).

In addition to these complications of IE, it is important to 
recognize that new valvular regurgitation may represent endo-
cardial infection and is a major diagnostic Duke criterion for 
IE. Determining the mechanism of regurgitation as well as 
quantifying its severity is important: Severe regurgitation is 
poorly tolerated clinically because of acute onset without time 
for ventricular compensation and is an indication for surgical 
intervention.

In patients with mechanical prosthetic valves, a complete 
examination requires using a combination of transthoracic and 
transesophageal approaches. Transthoracic echocardiography 
(TTE) allows visualization of the ventricular aspect of the valve 
but is limited for examining the atrial aspect because of beam 
attenuation and shadowing. For the same reason, assessment of 
valvular regurgitation in case of mitral and triscuspid valve 
prosthesis is problematic with a transthoracic approach. Doppler 
echocardiography may be used to interrogate prosthetic valves 
for the presence of regurgitation using the velocity-time inte-
gral. TEE allows for much better assessment of valvular regur-
gitation and evaluation for vegetations on the atrial aspect of 
valve prostheses.

In patients with cardiac implantable electronic devices, 
there is substantial artifact generation, and TEE is superior to 
TTE in suspected infection in such devices.28-30 Visualization 
of the lead in the proximal superior vena cava from TEE views 
may identify vegetations attached to cardiac implantable elec-
tronic device leads that are difficult to visualize by other 
modalities. During the examination, it is important to visual-
ize the entire course of the prosthetic device throughout the 
vasculature and cardiac structures. A careful evaluation of the 
cardiac valves is also important because of the high rate of 
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Figure 22-8  Mechanical aortic valve prosthesis with paravalvular abcess and valve dehiscence. A, 2D TEE  long-axis view of a mechanical 
aortic valve  recorded  in systole. Note  large, echolucent space  (arrow) posterior  to  the valve. B, 2D color Doppler TEE  image of  the mechanical 
aortic valve demonstrating severe paravalvular regurgitation (arrow) due to valve dehiscence. Ao, Aorta. 
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vegetations at the same rate as TEE; however, TEE was more 
effective at characterizing the vegetations. The diagnostic utility 
of TTE for suspected IE is highest in patients with intermediate 
to high likelihood of this disease33 (e.g., a patient with a new or 
changed heart murmur and bacteremia). The limited sensitivity 
of TTE for the visualization of an intracardiac vegetation or 
abscess precludes “ruling out” the diagnosis of IE based on a 
negative study. Despite its poor sensitivity, TTE is often per-
formed as the initial diagnostic study to assess for the presence 
and severity of valvular lesions and determine ventricular func-
tion. In a patient with a low pretest probability for IE and  
a normal TTE examination, a diagnosis other than IE should 
be pursued rather than proceeding to TEE examination (Fig. 
22-11). TTE is also recommended for the reassessment of high-
risk patients with definite IE (those with virulent organisms, 
clinical deterioration, persistent or recurrent fever, new murmur, 
or persistent bacteremia).

Although TTE and TEE have concordant results in app-
roximately half of patients with suspected IE, TEE results in 
additional diagnostic information in a high percentage of 
patients.34 TEE has several major advantages over TTE for the 
assessment of IE. These include better spatial resolution due to 

concomitant valve infection, particularly tricuspid valve (Figs. 
22-9 and 22-10).

Clinical Utility and Outcome Data
UTILITY IN DIAGNOSIS

General Considerations

The diagnostic yield of echocardiography is dependent on 
several variables including echocardiographic modality, vegeta-
tion size, vegetation location, native or prosthetic valve, pres-
ence of valve calcification (increases the sensitivity, but reduces 
the specificity of identifying vegetations), and preexisting val-
vular degeneration. With TTE, in approximately 15% of cases, 
variable sound transmission due to patient-related factors such 
as obesity, presence of lung disease, and chest wall deformities 
may limit diagnostic capability. Although vegetations as small 
as 2 to 5 mm can be detected, the sensitivity of TTE is low 
(approximately 40%) with such small lesions.31 The sensitivity 
of TTE is highest for tricuspid valve infection because of the 
proximity to the chest wall. In a study of injection drug users 
with suspected right-sided IE,32 TTE detected the presence of 

Figure 22-9  2D TTE image of an infected cardiac implanted elec-
tronic device. Note the presence of heterogeneous, echodense masses 
(arrow) on the anterior and septal tricuspid valve leaflets. 

RV

RA

Figure 22-10  2D TEE transgastric view of an infected cardiac 
implanted electronic device. A heterogeneous, irregular mass (arrow) 
is seen attached to the intracardiac lead. Note the absence of involve-
ment of the tricuspid valve. 

RA

RV
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60%) with a modestly reduced cost compared with the use of 
TTE as initial study.

It is important to note that the utility of a diagnostic tool 
such as echocardiography is optimal in the appropriate clinical 
context or pretest probability of disease (greater than 2% to 
3%). Although there are few empiric data to quantify the pretest 
probability of disease, there is general consensus that certain 
characteristics increase the likelihood of disease (Table 22-2). 
Recent literature suggests that imaging technologies such as 
echocardiography can be overused in certain clinical scenarios, 
such as the evaluation of suspected IE. Kurupuu and col-
leagues38a have shown that 53% of echocardiograms could be 
avoided without loss of diagnostic accuracy by using a simple 
algorithm in patients with a low pretest probability of disease. 
Similarly, Greaves and associates39 have shown that the absence 
of five simple clinical criteria was associated with a zero prob-
ability of a TTE demonstrating evidence of IE: (1) vasculitic/
embolic phenomena, (2) central venous access, (3) a recent 
history of injection drug use, (4) prosthetic heart valve, and (5) 
positive blood cultures. Collectively, these studies have shown 
that in patients with very low pretest probability of disease, 
echocardiography may be avoided without the loss of diagnos-
tic accuracy. Recommendations for the appropriate use of TTE 
and TEE in cases of suspected or known IE are provided in 
Tables 22-3 and 22-4. The evaluation of possible IE in specific 
clinical scenarios is discussed next.

Evaluation of the Patient with Bacteremia
Because the clinical presentation of endocarditis is highly vari-
able, early suspicion of IE is critical for an early diagnosis. A 
history of predisposing factors, including prosthetic valves, pre-
vious episode of endocarditis, congenital heart disease, and 
heart failure, or other stigmata of endocarditis with fever for 
more than 72 hours should prompt a search for the diagnosis 
with blood cultures and imaging.

Bacteremia with typical organisms including viridans strep-
tococci, Streptococcus bovis, HACEK group, S. aureus, or 

a higher-frequency transducer, lack of acoustic interference 
from adjacent structures such as the lungs and chest wall, and 
proximity to posterior structures such as the mitral valve and 
left atrium. TEE can detect vegetations as small as 1 to 2 mm 
and can detect vegetations 2 to 5 mm with a sensitivity of nearly 
100%.31 TEE should be performed in patients with a high clini-
cal probability of IE and a negative TTE.35

Specific subsets of patients in whom TEE should be per-
formed, even as the primary imaging modality (without pre-
ceding TTE) for diagnosis of IE, include (1) patients with 
prosthetic heart valves and suspected IE; (2) patients with per-
sistent staphylococcal bacteremia without known source, or 
nosocomial staphylococcal bacteremia; and (3) patients with 
suspected infection in a cardiac implantable electronic device. 
Evidence suggests that TEE is also better than TTE for diagnos-
ing native pulmonic valve IE,36 although this is the least com-
monly infected valve and typically is associated with congenital 
heart disease as a predisposing condition. In patients with sus-
pected culture-negative IE (approximately 10% of all cases of 
definite IE), TEE has higher sensitivity than TTE for visualizing 
diagnostic findings of endocardial involvement.37

Cost-effective analyses also support a diagnostic approach 
using echocardiography, particularly TEE. Heidenreich and co-
workers38 have shown that in suspected IE, a diagnostic strategy 
that focuses on TEE as the initial imaging modality is more cost 
effective than a staged procedure with TTE and is a superior 
strategy compared with empiric antibiotic therapy alone. In this 
study, TEE was optimal for patients who had a prior probability 
of IE that is observed commonly in clinical practice (4% to 

Figure 22-11  Clinical applications of echocardiography in the evalu-
ation  and  management  of  infective  endocarditis  (IE ).  CIED,  Cardiac 
implantable electronic device. 
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Pretest Probability Estimates for Infective Endocarditis 
According to Patient Characteristics

Clinical Feature
Estimate of Pretest 

Probability

Viridans group streptococcal bacteremia 14% (95% CI: 
6-22%)

Unexplained bacteremia 5-40%

Bacteremia and recent injection drug use 31% (95% CI: 
19-44%)

Admission with fever and recent injection drug use 13% (95% CI: 
7-19%)

Persistently positive blood cultures and predisposing 
heart disease

>50%

Persistently positive blood cultures and a new 
regurgitant murmur

>90%

Collective absence of vasculitic/embolic phenomena, 
central venous access, recent history of injection drug 
use, a prosthetic valve, and positive blood cultures

0%

Firm alternate diagnosis or resolution of endocarditis 
syndrome within 4 days

<2%

Gram-negative bacteremia with clear noncardiac source 
of infection

<2%

Adapted from Heidenreich PA, Masoudi FA, Maini B, et al: Echocardiography in patients 
with suspected endocarditis: a cost-effectiveness analysis. Am J Med 107:198-208, 1999; 
and Greaves K, Mou D, Patel A, Celermajer DS: Clinical criteria and the appropriate use 
of transthoracic echocardiography for the exclusion of infective endocarditis. Heart 
89:273-275, 2003.

TABLE 
22-2 
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organisms such as S. aureus, which is capable of causing IE on 
apparently normal cardiac valves, the incidence of IE is high 
(approximately 30%).40,41 Among 59 prospectively identified 
patients with S. aureus IE, the presumed source of the bactere-
mia was an intravascular catheter in 39%. Similarly, in a pro-
spectively identified cohort of 922 patients with definite IE from 
39 sites in 16 countries, S. aureus was the most common cause 
of IE, accounting for 35.7% of all cases, and it was associated 

community-acquired enterococci in the absence of a primary 
focus constitute a major criterion for IE. Thus, bacteremia with 
typical organisms should be investigated for endocardial 
involvement with TTE. If the TTE is technically inadequate, 
nondiagnostic, or negative, TEE should be obtained.

S. aureus bacteremia of any origin or setting is a risk factor 
for IE, and thus the diagnosis should be ruled out by careful 
clinical evaluation and diagnostic testing. With virulent 

ACC/AHA Practice Guidelines and the Appropriateness Criteria for the Use of TTE in Suspected or Known IE

Indications Level of Evidence

Class I
1. TTE to detect valvular vegetations with or without positive blood cultures is recommended for the diagnosis of infective endocarditis B

2. TTE is recommended to characterize the hemodynamic severity of valvular lesions in known infective endocarditis B

3. TTE is recommended for assessment of complications of infective endocarditis (e.g., abscesses, perforation, and shunts). B

4. TTE is recommended for reassessment of high-risk patients (e.g., those with virulent organisms, clinical deterioration, persistent or 
recurrent fever, new murmur, or persistent bacteremia)

C

Class IIa
TTE is reasonable to diagnose infective endocarditis of a prosthetic valve in the presence of persistent fever without bacteremia or a new 

murmur
C

Class IIb
TTE may be considered for the reevaluation of prosthetic valve endocarditis during antibiotic therapy in the absence of clinical 

deterioration
C

Class III
TTE is not indicated to reevaluate uncomplicated (including no regurgitation on baseline echocardiogram) native valve endocarditis 

during antibiotic treatment in the absence of clinical deterioration, new physical findings, or persistent fever
C

Appropriateness Criteria Appropriateness Score (1-9)
1. Initial evaluation of suspected infective endocarditis with positive blood cultures or a new murmur A (9)

2. Transient fever without evidence of bacteremia or a new murmur I (2)

3. Transient bacteremia with a pathogen not typically associated with infective endocarditis and/or a documented nonendovascular 
source of infection

I (3)

4. Re-evaluation of infective endocarditis at high risk for progression or complication or with a change in clinical status or cardiac exam A (9)

5. Routine surveillance of uncomplicated infective endocarditis when no change in management is contemplated I (2)

Adapted from Bonow RO, Carabello BA, Kanu C, et al: ACC/AHA 2006 guidelines for the management of patients with valvular heart disease. Circulation 114:e84-e231, 2006; and Douglas 
PS, Khandheria B, Stainback RF, et al: ACCF/ASE/ACEP/ASNC/SCAI/SCCT/SCMR 2007 appropriateness criteria for transthoracic and transesophageal echocardiography. J Am Soc 
Echocardiogr 20:787-805, 2007.

TABLE 
22-3 

ACC/AHA Practice Guidelines and the Appropriateness Criteria for the Use of TEE in Suspected or Known IE

Indications Level of Evidence

Class I
1. TEE is recommended to assess the severity of valvular lesions in symptomatic patients with infective endocarditis C

2. TEE is recommended to diagnose IE in patients with valvular heart disease and positive blood cultures if TTE is nondiagnostic C

3. TEE is recommended to diagnose complications of IE with potential impact on prognosis and management (e.g., abscess, perforation, 
and shunts)

C

4. TEE is recommended as first-line diagnostic study to diagnose prosthetic valve endocarditis and assess for complications C

5. TEE is recommended for preoperative evaluation in patients with known IE unless the need for surgery is evident on TTE and unless 
preoperative imaging will delay surgery in urgent cases

C

6. Intraoperative TEE is recommended for patients undergoing valve surgery for infective endocarditis C

Class IIa
TEE is reasonable to diagnose possible infective endocarditis in patients with persistent staphylococcal bacteremia without known source C

Class IIb
TEE might be considered to detect IE in patients with nosocomial staphylococcal bacteremia C

Appropriateness Criteria Appropriateness Score (1-9)
1. Evaluation of valvular structure and function to assess suitability for, and assist in planning of, an intervention A (9)

2. To diagnose infective endocarditis with a low pretest probability (e.g., transient fever, known alternative source of infection, or  
negative blood cultures/atypical pathogen for endocarditis)

I (3)

3. To diagnose infective endocarditis with a moderate or high pretest probability (e.g., staphylococcal bacteremia, fungemia, prosthetic 
heart valve, or intracardiac device)

A (9)

Adapted from Bonow RO, Carabello BA, Kanu C, et al: ACC/AHA 2006 guidelines for the management of patients with valvular heart disease. Circulation 114:e84-e231, 2006; and Douglas 
PS, Khandheria B, Stainback RF, et al: ACCF/ASE/ACEP/ASNC/SCAI/SCCT/SCMR 2007 appropriateness criteria for transthoracic and transesophageal echocardiography. J Am Soc 
Echocardiogr 20:787-805, 2007.

Levels of evidence are defined as:
A, Data derived from multiple randomized clinical trials or metaanalysis.
B, Data derived from a single randomized study or from nonrandomized studies.
C, Consensus opinion of experts, cases studies or standards of care.
For the appropriateness score, A indicates the test is considered appropriate and I indicates it is inappropriate.

TABLE 
22-4 
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bacteremia and presence of such a device, because the rate of 
underlying IE is significant.40

Importantly, failure to visualize a mass adherent to a lead 
with TEE does not exclude lead infection.29 Conversely, visual-
ization of a mass adherent to a cardiac lead by echocardiogra-
phy may indicate either a thrombus or infected vegetation. 
Because it is impossible to distinguish between these two enti-
ties by echocardiography alone, and recognizing that 5% of 
adherent masses were deemed thrombus in one retrospective 
survey,52 careful clinical judgment must be employed for the 
diagnosis of infection of a cardiac implantable electronic device. 
Masses that are detected in patients without positive blood cul-
tures or other suggestive features for infection are likely to rep-
resent thrombus and, in isolation, do not indicate the need for 
lead extraction or antibiotic treatment without clinical suspi-
cion for infection. Because of its poor sensitivity, TTE is less 
useful to rule out the diagnosis of infection of a cardiac implant-
able electronic device, particularly in adults. However, several 
prognostic features may be better defined on TTE than on TEE, 
such as pericardial effusion, ventricular dysfunction, pulmo-
nary vascular pressure estimations, and quantitation of valvular 
regurgitation. Figure 22-12 depicts a suggested approach for the 
diagnosis and management of infection of a cardiac implant-
able electronic device using TEE. Importantly, complete CIED 
removal is recommended in cases of definite device or valve 
infection; pocket abscess, erosion, or draining sinus; and occult 
staphylococcal bacteremia.29

UTILITY IN MANAGEMENT

Prompt diagnosis, initiation of appropriate antibiotics, and 
consideration of surgical intervention along with a cohesive, 
multidisciplinary approach forms the basis of management. 
From determining the duration of antibiotic therapy to identi-
fication of complications needing prompt surgery, echocar-
diography has an important role in the management of this 
complex disease, particularly with regard to prognostic factors 
that may require surgical intervention rather than medical 
therapy alone.

The Duke criteria were developed to provide a more sensitive 
case definition of IE, but their possible prognostic influence was 
evaluated in a single-center study53 from our institution. In 267 
patients with definite or possible IE by Duke criteria, early 
echocardiographic findings of IE, such as presence of vegetation 
and new valvular regurgitation as categorical variables, were not 
associated with in-hospital mortality.

Diagnostic imaging for evidence of IE typically occurs 
within the first few days after hospital admission with sus-
pected IE, and approximately 90% of patients with definite IE 
have vegetations visualized. In this setting, vegetation charac-
teristics such as size, mobility, attachment site, and shape and 
have been extensively studied as tools for risk stratification of 
patients with IE, particularly risk of embolic events. Vegetation 
size greater than 10 mm and increased mobility have been 
shown in several series to predict embolic events.54,55 Embolic 
events in IE have been found to a strong, independent predic-
tor of in-hospital mortality.53 In one multicenter prospective 
study56 of 384 patients with definite IE, vegetation length 
greater than 15 mm was independently associated with 1-year 
mortality (Fig. 22-13). In another recent observational study57 
of 132 patients with left-sided IE and approximately 40%  
with vegetation length of at least 15 mm, early surgery within 
7 days of diagnosis was associated with a significantly lower 

with a presumed intravascular catheter source in 39%.42,43 These 
studies also underscore the association between catheter-
associated bacteremia and IE. In cases where there is low clinical 
suspicion and blood culture data suggest skin contaminants 
(coagulase-negative Staphylococcus), a technically adequate TTE 
should be sufficient to exclude IE, and other diagnoses should 
be considered.

Evaluation of the Patient with Prosthetic Valves
Prosthetic valves are a predisposing factor for IE and inevitably 
place the patient in a high risk group. Such valves were previously 
thought to account for only 1% to 5% of all IE cases. However, 
a recent prospective, multinational, observational cohort study44 
showed that of 2670 patients with IE, approximately 20% had 
definite prosthetic valve endocarditis. As compared to native 
valve IE, in-hospital mortality was high (23%) in this group of 
patients despite similar rates of complications and surgical inter-
vention. These data emphasize the aggressive nature of pros-
thetic valve endocarditis and reiterate the need for an early 
diagnosis and intervention. S. aureus is the most the most 
common causative organism in prosthetic valve endocarditis.  
S. aureus infection and health care–associated infection were 
strong predictors of mortality in a large cohort.44 In another 
study,45 among patients with a prosthetic valve and S. aureus 
bacteremia, 50% were found to have endocarditis regardless of 
time since prosthetic valve implantation. Fever in a patient with 
prosthetic valves that is not otherwise explained along with risk 
factors such as bacteremia and indwelling catheters should 
heighten clinical suspicion and prompt an aggressive search for 
IE.

Prosthetic valve endocarditis also poses an imaging diagnos-
tic challenge, because identification of the pathology that chiefly 
involves the paravalvular tissue and the usual complications 
such as paraprosthetic leaks, dehiscence, ring abscesses, and 
fistula formation can be masked by acoustic shadowing and 
reverberation artifacts caused by the prosthetic material. Vege-
tations on prosthetic valves cannot be reliably detected by TTE. 
TEE is preferred for the evaluation of suspected prosthetic valve 
IE and has been shown to have greater sensitivity for detecting 
vegetations than TTE.46,47 Because of the greatly improved accu-
racy with TEE, it is recommended as a first-line diagnostic study 
to diagnose prosthetic valve endocarditis and assess for its 
complications.48

It should be noted that echocardiographic differentiation 
between tissue degeneration and small vegetations is sometimes 
not possible, even with TEE. In addition, paraprosthetic strands, 
which can be observed in early postoperative months, can cause 
false-positive interpretations.49,50

Evaluation of the Patient with a Cardiac 
Implantable Electronic Device
An increase in the rate of cardiac device infections (permanent 
pacemakers, implantable cardioverter-defibrillators, prosthetic 
heart valves or material, and ventricular assist devices) has been 
observed in recent years. Cabell and colleagues51 reported an 
increase from 0.94 to 2.11 per 1000 Medicare beneficiaries 
between 1990 and 1999. The rate of native valve IE, however, 
remained stable over that period (0.26 to 0.36 per 1000 
beneficiaries).

Imaging with echocardiography, particularly TEE, is integral 
in evaluating patients with suspected infection of a cardiac 
implantable electronic device.28-30 TEE examination is par-
ticularly useful among patients with Staphylococcus aureus 
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Figure 22-12  A, Approach to management of adults with cardiac implantable electronic device (CIED) infection. B, Approach to implantation of 
a new device in patients after removal of an infected CIED. (From Baddour LM, Epstein AE, Erickson CC, et al: Update on cardiovascular implant-
able electronic device infections and their management: a scientific statement from the American Heart Association. Circulation 121:458-477, 2010.) 
*A  history,  physical  examination,  chest  radiograph,  electrocardiogram,  and  device  interrogation  are  standard  baseline  procedures  before  CIED 
removal. †Duration of antibiotics should be counted from the day of device explantation. Treatment can be extended to 4 or more weeks if there 
are metastatic septic complications (i.e., osteomyelitis, organ or deep abscess, etc.) or sustained bloodstream infection despite CIED removal.
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Figure 22-13  Survival in infective endocarditis stratified by vegeta-
tion size. (From Thuny F, Di Salvo G, Belliard O, et al: Risk of embolism 
and death in infective endocarditis: prognostic value of echocardiogra-
phy: a prospective multicenter study. Circulation 112:69-75, 2005.) L, 
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Figure 22-14  Impact of early surgery on event-free survival in IE. 
Patients  treated  with  early  surgery  (OP  )  had  lower  rate  of  embolic 
events  but  similar  mortality  as  patients  treated  with  conventional 
(CONV   ) strategy of expectant surgery. (From Kim D-HK, Lee M-Z, Yun 
S-C, et al: Impact of early surgery on embolic events in patients with 
infective endocarditis. Circulation 122:S17-S22, 2010.)
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Figure 22-15  Decrease in strokes in infective endocarditis as a function of duration of antibiotic therapy. (From Dickerman SA, Abrutyn E, 
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risk of embolic events compared to conventional treatment, 
with surgery deferred until complications occurred (Fig. 
22-14). Therefore, current ACC/AHA guidelines recognize 
that surgery for native valve IE may be considered in patients 
who present with mobile vegetations more than 10 mm in size 
with or without emboli (class IIb recommendation, level of 
evidence C).

Although vegetation characteristics are clearly important in 
risk stratification, basing clinical decisions regarding surgery 

solely on this parameter is problematic, because of the consider-
able interobserver variability on echocardiographic features of 
vegetations. In a study by Heinle and colleagues,58 complete 
observer agreement was achieved on vegetation size in only 
73%, mobility in 57%, shape in 37%, and attachment in 40% 
of cases. These data also emphasize the need for careful stan-
dardization of exams. In addition, the risk of embolism has 
been found to decrease rapidly within the first week of antibi-
otic therapy (Fig. 22-15),59 a beneficial effect of medical therapy 
that should be considered when considering surgery for the 
prevention of embolic events in IE.

After an embolic event has occurred, the residual presence of 
a vegetation poses a risk for recurrent embolism. However, 
routine surveillance for embolism in IE has demonstrated that 
approximately 50% of cases are associated with an embolic 
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nitroglycerine) may reduce the regurgitant volume and stabilize 
hemodynamic status. If severe heart failure or cardiogenic 
shock ensues, use of inotropic agents may be needed, and an 
intraaortic balloon pump can be used in severe mitral regurgi-
tation as a bridge to cardiac surgery. Finally, new-onset atrial 
fibrillation is poorly tolerated in patients with acute, severe, 
valvular regurgitation; restoration of sinus rhythm with antiar-
rhythmic therapy and/or direct-current cardioversion may sig-
nificantly improve hemodynamic stability.

In IE cases complicated by mechanical complications such 
as abscess, fistula, severe valvular regurgitation, or valve dehis-
cence, intraoperative TEE is indicated to assess complete repair 
of these defects. Indeed, an intraoperative TEE is now consid-
ered routine in most centers. Shapira and coworkers64,65 ana-
lyzed the impact of TEE in 59 patients diagnosed with IE. In 
their experience, intraoperative TEE before cardiopulmonary 
bypass led to the modification of the surgical plan in 11.5% of 
cases. Intraoperatively, echocardiographic goals include assess-
ment of not only the obviously dysfunctional valve but also the 
other valves and contiguous structures. Post–cardiopulmonary 
bypass images should confirm the adequacy of the repair or 
replacement and document the successful closure of fistulous 
tracts. Paravalvular leaks related to technical factors should be 
recognized and documented to avoid future uncertainty as to 
whether the leaks are the result of recurrent infection. During 
imaging after cardiopulmonary bypass, it is often necessary to 
augment afterload to reach representative ambulatory levels to 
avoid underestimation of regurgitant jet size and significance 
and to ensure that abnormal communications have been 
closed. It should be noted, however, that afterload augmenta-
tion may not always mimic actual awake physiology and may 
still lead to an inaccurate evaluation of the conscious postop-
erative state.7,66

Echocardiography has been used to analyze cost effectiveness 
in establishing the duration of treatment in the setting of acute 
IE as well as determining the need for a surgical intervention. 
Rosen and colleagues66a evaluated the cost effectiveness of TEE 
in establishing the duration of therapy for catheter-associated 
bacteremia. In this study, three management strategies were 
compared: (1) empirical treatment with 4 weeks of antibiotics 
(long course); (2) empirical treatment with 2 weeks of antibi-
otic therapy; and (3) TEE-guided therapy. In the TEE-guided 
strategy, a positive TEE dictated a long course of antibiotic 
therapy, and a negative TEE dictated a short course of therapy. 
The effectiveness of an empiric long-course strategy and a TEE-
guided strategy were both superior to empiric short-course 
therapy. When costs were taken into account, the TEE-guided 
strategy was superior to the empiric long-course strategy, which 
cost more than $1.5 million per quality-adjusted life year saved. 
In a similar study, using a decision tree and Markov analysis, 
Liao and associates67 showed that echocardiographically guided 
risk stratification to assess for complications that might benefit 
from early surgical intervention was a cost-effective treatment 
strategy, improving outcome for an incremental cost less than 
$50,000 per quality-adjusted life year saved.

Approximately 50% of patients with IE undergo cardiac valve 
surgery during the index hospitalization. Once the decision to 
proceed to surgery is made, it is important to provide the 
surgeon with an accurate assessment of valve anatomy for the 
purpose of operative planning. This preoperative assessment 
may be especially valuable when repair, rather than replace-
ment, of a diseased mitral valve is considered. In addition, for 
patients with an aortic abscess, consideration of a homograft 

event (typically to brain, spleen, kidney, or lungs), and that most 
of these embolic events are clinically silent or asymptomatic. In 
this situation, the decision as to whether to proceed with cardiac 
surgery is again challenged by the subclinical nature of these 
events and the progressively lower risk of embolic events with 
antibiotic therapy. Conversely, asymptomatic brain infarcts 
have been associated with a poorer prognosis in IE and gener-
ally do not increase the risk of cardiac surgery in the absence of 
cerebral hemorrhage, abscess, or major neurologic impair-
ment.60 In comparison to TTE, TEE has improved ability to 
detect complications of IE such as paravalvular abscesses6 or 
regurgitation, valvular perforation,61 intracardiac shunt, and 
secondary involvement of the mitral-aortic intervalvular 
fibrosa.62 The diagnosis of an abscess has significant prognostic 
and management implications. Rarely, antibiotic therapy may 
be used to treat an intracardiac abscess, though this treatment 
alone is generally reserved for patients who are poor surgical 
candidates. The vast majority of patients with an intracardiac 
abscess require cardiac surgery for débridement (class I recom-
mendation, level of evidence C), and failure to diagnose an 
abscess by echocardiography is associated with delayed time to 
surgery.25 In a recent study,62a the impact of early surgery on 
survival of patients with native valve IE was evaluated using 
propensity score and instrumental variable methods to adjust 
for treatment selection bias. In this prospective, multinational 
cohort, the investigators found a significant in-hospital mortal-
ity benefit associated with early surgery compared to medical 
therapy alone (12.1% versus 20.7%) and for those with  
paravalvular complications (intracardiac abscess or fistula 
formation—determined by echocardiography) (absolute risk 
reduction 17.3%, P < 0.001). In addition, surgery represents the 
gold standard for the confirmation of abscess visualized by 
echocardiography.

In IE complicated by fistula formation, the left-to-right 
shunting of blood flow generally augments the risk and/or 
severity of heart failure complicating IE. As a result, in-hospital 
mortality rate is very high (41%) despite the use of surgical 
therapy in the overwhelming majority of cases.24 The develop-
ment of cavitary fistulas thus heralds a poor outcome and 
should prompt urgent surgical intervention.

Finally, quantification of regurgitation severity and deter-
mining its impact on heart failure as a complication of IE are 
important prognostic factors. Acute regurgitation of IE that 
develops without the compensatory eccentric hypertrophy in 
chronic regurgitation is poorly tolerated clinically, potentially 
resulting in life-threatening pulmonary edema and cardiogenic 
shock. Acute aortic valve regurgitation is particularly ominous 
in its poor outcome and is an accepted criterion for surgical 
intervention. In patients with advanced heart failure symptoms 
(NYHA 3 or 4) complicating left-sided, native-valve IE, surgical 
therapy has clearly been shown to improve survival compared 
to medical therapy, whereas surgery for patients with no or mild 
heart failure appears to have little benefit for overall survival.63 
Even in patients without overt evidence of heart failure, severe 
regurgitation of either left-sided heart valve is a poor prognostic 
finding and an indication for surgical intervention. If severe 
mitral or aortic valve regurgitation is evident by echocardiog-
raphy, close observation of the patient’s hemodynamic status 
should be performed, often in an intensive care unit setting. In 
this situation, blood pressure that is lower than baseline or sinus 
tachycardia may herald acute decompensation even in the 
absence of more classic signs of heart failure. For these patients, 
use of intravenous afterload reduction agents (nitroprusside or 
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3D TEE appears to be a promising technique in examining 
prosthetic valves and patients with intracardiac devices. Initial 
experience using 3D TEE in patients with prosthetic valve  
endocarditis suggests that 3D TEE may provide additional 
information not readily appreciated on standard 2D TEE 
imaging.70 Liu and associates70a performed 2D and real-time 3D 
TTE in 46 patients with definite IE. The sensitivity for both 
modalities was 91.6%, but specificity using real-time 3D echo-
cardiography was higher (100% versus 88.2%, respectively). 
Although these data are encouraging, further research is needed 
to define the role of 3D echocardiography in the diagnosis as 
well as management of IE. In addition, from a clinical-outcome 
perspective, additional studies are needed to better define the 
prognostic influence of echocardiographic findings in IE and 
their severity over time after treatment.

Potential Limitations and  
Future Directions
Echocardiography is an important tool for diagnosis of endo-
carditis when used in the correct clinical scenario with an 
appropriate pretest probability of disease. However, its overuse 
is associated with avoidable costs. False-positive results can  
lead to unnecessary treatment, potential complications, and 
increased medical costs. In addition, with an invasive procedure 
such as TEE, there is a small but definable risk to the patient of 
complications related to sedation and probe insertion, includ-
ing aspiration, esophageal perforation, induction of cardiac 
arrhythmia, respiratory compromise, and patient discomfort. 
Approximately 10% of patients with IE will not have evidence 
of vegetation or other endocardial involvement at the time of 
diagnosis, perhaps because of the limitations of imaging. Treat-
ment of these patients should be guided by the clinical suspi-
cion for IE, particularly for patients with prosthetic heart valves 
and those who meet criteria for definite IE by other major and 
minor criteria.

Alternative Approaches
Other imaging modalities such as cardiac magnetic resonance 
imaging with contrast appear promising for the detection of 
paravalvular abscesses, thrombus associated with vegetations, 
valvular complications, and aortocameral fistulas, although 
temporal resolution may limit their use for detection of vegeta-
tion (level of evidence C). The role of cardiac magnetic reso-
nance imaging with contrast is also limited in the evaluation of 
patients with cardiac implantable electronic devices, and the 
procedure is often not feasible in critically ill patients. Cardiac 
computed tomography has also been used to detect aortic root 
abscesses, but radiation risk as well as temporal resolution are 
again limiting factors in its widespread use.

Clinical experience with these techniques in IE patients is 
limited, and their operating characteristics (sensitivity and 
specificity) in comparison to echocardiography are not well 
defined.71-73 As a result, no other imaging modality for the visu-
alization of endocardial involvement or complications of IE  
is an acceptable alternative to echocardiography in clinical 
practice.

replacement may be facilitated by accurate measurement of the 
annulus diameter. After valve surgery for IE, outpatient TTE is 
indicated early after surgery. The results of this study serve as a 
useful baseline hemodynamic assessment of the replaced or 
repaired valve’s function as well as ventricular function for 
future comparisons, as clinically indicated.

UTILITY IN FOLLOW-UP

There are no conclusive data to support serial echocardio-
graphic examinations for surveillance in uncomplicated IE. The 
diagnostic value of TEE in monitoring the clinical course was 
evaluated in 83 patients with echocardiographic evidence of  
IE by Rohmann and colleagues.68 Each patient in this cohort 
received at least two consecutive TEE studies. The study found 
that patients with an increase or no change in vegetation size 
had a higher incidence of complications after diagnosis and 
initiation of therapy, including valve replacement, embolic 
events, paravalvular abscess formation, and mortality, as com-
pared to the cohort that demonstrated a decrease in vegetation 
size. Although these data suggest that multiple echocardio-
graphic evaluations may be useful in determining the prognosis 
of patients with IE, there is great potential for inappropriate 
overuse of the test. Vieira and co-workers69 evaluated the diag-
nostic contribution of repeated TTE and TEE examinations 
among patients with suspected IE. Over a 3-year period, they 
evaluated 262 patients with 266 episodes of suspected IE 
referred for echocardiography. They found that repeat echocar-
diography was frequent: TTEs were repeated at least once in 192 
(72.2%) patients, whereas TEEs were repeated in 49 (18.4%) of 
patients. A mean of 2.4 TTE and 1.2 TEE examinations were 
performed for each episode of suspected IE. The second and 
third TTEs added diagnostic information in 34 (26.7%) and the 
second and third TEEs added diagnostic information in 25 
(19.7%) of 127 episodes with definite IE. After the third TTE 
or TEE, no additional diagnostic information was obtained.

Therefore, a TTE or TEE as routine surveillance of uncom-
plicated IE when no change in management is contemplated is 
deemed inappropriate by the recently published appropriate-
ness criteria for echocardiography. In patients with an estab-
lished diagnosis of IE who develop worrisome clinical features 
such as a new atrioventricular block, persistent fever or bacte-
remia, progression of heart failure symptoms, or a change in 
cardiac murmur during or after the course of therapy, repeat 
echocardiography (TTE or TEE) to evaluate for structural 
complications is warranted (class I recommendation, level of 
evidence A). Because all patients with a history of IE remain  
at high risk for recurrent infection indefinitely, a TTE exami-
nation should be conducted to establish a new baseline for 
valve morphology and cardiac function, after completion of 
antimicrobial therapy (class IIb recommendation, level of evi-
dence C).

Research Applications
With the advent of real-time, three-dimensional (3D) TEE, 
which allows acquisition of full volume data, it is possible to 
precisely define anatomic structures, as well as vegetation char-
acteristics and location. Cropping through the images may 
reveal structures and flows not visualized with TEE or TTE.  
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KEY POINTS

 Echocardiography is essential for the diagnosis and man-
agement of infective endocarditis.

 Echocardiographic findings that are major diagnostic cri-
teria for endocarditis include vegetations, abscess, new 
partial dehiscence of prosthetic valve, and new valvular 
regurgitation.

 Echocardiography should be considered for patients 
with an intermediate or high pretest probability for  
endocarditis, including clinical features of fever, positive 
blood cultures, or new or changing regurgitant heart 
murmur.

 Approximately 90% of patients with definite endocarditis 
have evidence of vegetation by echocardiography.

 The sensitivity of TEE (greater than 95%) is superior to 
the sensitivity of TTE (40% to 60%) for the diagnosis of 
endocarditis.

 TEE is appropriate as the primary diagnostic test (with-
out preceding transthoracic study) for patients with  
prosthetic heart valves, patients with staphylococcal 

bacteremia without known source or that is nosocomial 
in origin, and patients with possible infection of a cardiac 
implanted electronic device (permanent pacemaker or 
implantable cardioverter-defibrillator).

 Findings on echocardiography that suggest a poor prog-
nosis for the patient with endocarditis include large  
vegetations (greater than 10 mm), severe valvular regur-
gitation (particularly aortic valve), abscess or fistula for-
mation, or prosthetic valve dehiscence. Any of these 
findings should trigger prompt surgical evaluation for 
urgent valve surgery.

 TEE is an important tool for preoperative planning in 
patients undergoing valve surgery for endocarditis.

 In the absence of clinical findings suggesting relapse of 
endocarditis or worsening cardiac involvement (e.g., 
atrioventricular conduction block, changing heart 
murmur, or evidence of heart failure), routine, repeat 
echocardiography during or after the course of antibiotic 
therapy has little clinical utility.
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Aortic stenosis (AS) is the most frequent heart valve disease in 
developed countries, with an incidence of about 2% to 9% in 
elderly patients. Aortic sclerosis, which is the precursor of AS, 
is present in 29% of patients older than 65 years. With an ageing 
population, the widespread use of echocardiography and per-
cutaneous treatment options, referrals of patients with AS are 
increasing.

Clinically, AS is suspected when a systolic murmur is detected 
or when compatible symptoms such as angina pectoris, exer-
tional dyspnea, or syncope occur.

AS is coincidentally diagnosed in patients referred to echo-
cardiography for other reasons. Echocardiography is the stan-
dard exam for diagnosis and quantification of AS, of associated 
valve lesions, and of implications for the left ventricle (LV). For 
an adequate interpretation, the limitations and pitfalls of the 
technique must be considered and are therefore treated in this 
chapter. The prognostic value of these echocardiographic find-
ings is discussed, together with the natural history and progres-
sion of the disease, so as to be comprehensively included in an 
optimized management strategy. Echocar diography is essential 
in the screening of patients for transcatheter aortic valve 
implantation and the monitoring of the procedure.

Imaging Aortic Stenosis
Calcific AS is the most common etiology of AS that is diag-
nosed, followed by rheumatic stenosis (which is in decline in 
Western societies) and congenital stenosis.1 Roberts and Ko2 
report an incidence of bicuspid aortic valves of 53% in a large 
series of surgically excised stenotic aortic valves. These data 
suggest that in morphologically calcified aortic valves, an 
underlying congenital abnormality is not uncommon. At more 
advanced disease stages, also congenitally stenotic valves calcify, 
and mechanisms of calcification resemble those observed in 
calcific AS, making morphologic characterization of the aortic 
valve challenging.

CALCIFIC AORTIC STENOSIS

AS is an active and progressive disease, showing parallels with 
atherosclerotic disease, such as inflammation, lipid infiltration, 
dystrophic calcification, and even ossification.3 Thus, the 
historical concept that degenerative AS results from mechanical 
stress due to wear and tear of the aortic valve is outdated,  
and the term calcific AS is more appropriate. The stenotic valve 
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DIFFERENTIAL DIAGNOSIS

Although valvular AS accounts for most cases of LV outflow-
tract obstruction, potential differential diagnoses include  
subvalvular or supravalvular stenosis and hypertrophic cardio-
myopathy. Coexisting subvalvular obstruction, which may be 
present in addition to valvular AS should be ruled out.9

Quantification of Aortic  
Stenosis Severity
A normally opening aortic valve is not obstructive to blood 
flow. It has an opening area of 3 to 4 cm2 and the transvalvular 
flow is laminar with a peak velocity below 2 m/s. When the valve 
becomes stenotic, and thus obstructive to blood flow, a pressure 
drop occurs across the valve (Fig. 23-5). Aortic jet velocities 
increase with decreasing aortic valve area. When the aortic valve 
area becomes smaller than 1 cm2, the increase of aortic jet veloc-
ity is most significant, indicative of the hemodynamic relevance 
of the obstruction. Several parameters have been proposed for 
the quantification of AS.10 For an appropriate interpretation, 
understanding the theoretical background and the limitations 
of the respective measures is required. Some parameters, such 
as aortic jet velocity and aortic valve area have been extensively 
validated in clinical studies, whereas others are experimental. 
The integration of additional measures of severity can be 
helpful in selected cases.

CLASSICAL ECHOCARDIOGRAPHIC MEASURES 
OF STENOSIS SEVERITY

Doppler Measurements
Transaortic Velocities and Gradients
Transaortic jet velocities are directly recorded by using a 
continuous-wave (CW) Doppler probe. Transvalvular gradients 
are derived from velocities using the Bernoulli equation, which 
is based on the conservation of energy principle in a closed 
system. In practice, accurate gradient calculations are per-
formed using the simplified Bernoulli equation that ignores 
viscous losses and the effects of flow acceleration, both of which 
can generally be neglected in the clinical setting:

∆P v= 4 2

These Doppler-derived gradients have been shown to cor-
relate well with invasively measured pressure gradients, both in 
the experimental and in the clinical setting.11-16 Furthermore, 
the Doppler gradients also accurately reflect pressure gradient 
changes appearing with a change in flow rate.11,12,17

The simplified Bernoulli equation ignores the flow velocity 
proximal to the stenosis, which is an acceptable assumption 
when the transvalvular velocity is significantly greater than the 
proximal flow velocity. However, if this difference is less accen-
tuated (i.e., in the presence of accelerated flow or less significant 
stenosis), the use of a more complete form of the Bernoulli 
equation is more appropriate, where v2 and v1 represent the 
transvalvular and the proximal flow velocities, respectively:

∆P v v= −4 2
2

1
2( )

The peak transaortic pressure gradient corresponds to the 
maximal pressure difference between the aorta and the LV. With 
increasing stenosis severity, the peak of the gradient occurs later 
during systole.18

is indeed characterized by thickened and calcified cusps  
with reduced systolic opening and reduced leaflet motion  
(Fig. 23-1).

CONGENITAL AORTIC STENOSIS

Congenitally stenotic aortic valves present as unicuspid, bicus-
pid, tricuspid, and quadricuspid valves.4 Bicuspid valves, which 
account for the majority of these cases, are characterized by two 
cusps that are typically of different size, the larger cusp often 
containing a raphe (left over along the fusion line of two leaf-
lets) (Fig. 23-2). A prominent raphe may make the differentia-
tion from a tricuspid aortic valve difficult, and therefore the 
aortic valve opening should be displayed. Transesophageal 
echocardiography (TEE) may be required for an exact morpho-
logic description.

Typically the leaflets in bicuspid aortic valves are oriented in 
an anterior-posterior or right-left manner.5 Other malforma-
tions that are associated with a bicuspid aortic valve and that 
should be systematically ruled out are presence of an aortic 
coarctation, a persistent ductus arteriosus, or a ventricular 
septal defect. Unicuspid valves may present without an identi-
fiable commissure (acommissural) or as unicommissural 
valves.

RHEUMATIC AORTIC STENOSIS

Rheumatic AS is characterized by commissural fusion and 
thickening of the leaflet edges and sometimes leaflet retraction 
(Fig. 23-3). Not all the commissures are necessarily fused. Asso-
ciated aortic regurgitation and mitral valve involvement are 
common in rheumatic disease.

ASSESSMENT OF AORTIC  
VALVE CALCIFICATION

Aortic valve calcification is best assessed in a parasternal short-
axis view. The degree of calcification can be classified into mild 
(isolated, small spots), moderate (multiple bigger spots), and 
severe calcification (extensive thickening/calcification of all 
cusps)6 (Fig. 23-4). Because of its prognostic importance, the 
degree of aortic valve calcification should be routinely described. 
In the presence of severe calcification, an exact etiologic char-
acterization of stenosis may be difficult.

AORTIC ROOT

Echocardiography allows the assessment of the aortic annulus, 
aortic root, and ascending aorta. Aortic root dilation is present 
in about 50% of cases of bicuspid7 but also unicuspid aortic 
valves.8 Although the concept of a poststenotic dilatation due 
to hemodynamic factors is accepted, primary tissue abnormali-
ties of the aortic media that are present in patients with con-
genitally malformed aortic valves contribute to further aortic 
dilation.7

INDIRECT ECHOCARDIOGRAPHIC FINDINGS 
SUGGESTIVE OF AORTIC STENOSIS

Several indirect echocardiographic findings are suggestive of 
the presence of AS. Among them, an aliasing in the left ven-
tricular (LV) outflow tract, LV hypertrophy, and, importantly, 
an increased aortic velocity should be noted.
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The mean gradient is obtained by integrating the peak gradi-
ent over the duration of the entire systole. The relationship 
between peak and mean transaortic gradients is linear and can 
be expressed by the following equations (they apply to native 
aortic valve stenosis with its typical shape of the velocity curve 
over time only)14,15,19:

Mean P Max P/ and∆ ∆= −( . ) .1 45 2 2

Figure 23-1  Calcific  aortic  stenosis  with  thick-
ened  and  calcified  cusps  in  TEE  short-axis  view 
orientation. LCC, Left coronary cusp; NCC, non-
coronary cusp; RCC, right coronary cusp. 

NCC

LCC

RCC Calcium nodules

Figure 23-2  Bicuspid  aortic  stenosis  with 
anteroposterior  orientation  and  raphe  in  TEE 
short-axis  view  orientation.  LCC,  Left  coronary 
cusp; NCC, noncoronary cusp; RCC, right coro-
nary cusp. 

NCC

LCC

RCC

NCC

LCC

Fusion rapheRCC Figure 23-3  Rheumatic  aortic  stenosis  with 
commissural fusion, thickening of leaflet edges, 
and leaflet retraction in TEE short-axis view ori-
entation.  LCC,  Left  coronary  cusp;  NCC,  non-
coronary cusp; RCC, right coronary cusp. 
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Figure 23-4  A, Parasternal short-axis view of mildly calcified stenotic aortic valve showing isolated spots of calcification. B, Parasternal short-axis 
view of moderately calcified stenotic aortic valve showing multiple spots of calcification.  C, Parasternal short-axis view of severely calcified stenotic 
aortic valve showing extensive calcification of all cusps. 
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Mean P V∆ = ×2 4. max

This close relationship between mean and peak transaortic gra-
dients on the one hand and peak aortic jet velocity on the other 
emphasizes the value of peak aortic jet velocity as a flow-
dependent expression of stenosis severity in clinical decision 
making.
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Even with an experienced operator and attention to technical 
details, there is some degree of measurement variability, so that 
a change in jet velocity of more than 0.2 m/s indicates actual 
progression of the disease in the absence of interval physiologic 
changes.21

Other Signals. While recording the Doppler signal, care has to 
be applied not to confound the signal with that of another form 
of obstruction or another flow signal such as that of mitral or 
tricuspid regurgitation. If the patient has atrial fibrillation, 
several consecutive beats need to be averaged to obtain a repre-
sentative result.
Pressure Recovery. Pressure recovery may explain discrepan-
cies between catheter and Doppler pressure gradients in patients 
with AS.22-25 In valvular AS, a laminar high-velocity jet is present 
across the narrowed orifice.26 The minimal cross-sectional area 
of the jet is called vena contracta: it has a smaller diameter and 
occurs distal to the anatomic valve orifice. Pressure is lowest and 
velocity is greatest at that level.

Distal to the vena contracta, the jet expands and decelerates. 
Because total energy remains constant according to Bernoulli’s 
law, the velocity reduction is paralleled by an increase in aortic 
pressure. The Doppler gradient corresponds to the peak gradi-
ent at the site of the vena contracta and overestimates the cath-
eter gradient that is measured farther downstream. In most 
cases the observed magnitude of pressure recovery is in the 
range of 10 mm Hg and does not affect clinical decision 
making.22 However, pressure recovery may be significant in the 
presence of less severe AS and a small ascending aorta.27 The 
phenomenon can be predicted from Doppler velocity, aortic 
valve area, and the size of the ascending aorta.24 Thus, patients 
with severe AS and poststenotic aortic root dilation may show 
less pressure recovery than patients with mild-to-moderate ste-
nosis and a small or normal aortic root dimension.
Flow Dependence of Measurements. Doppler measurements 
of AS severity are limited by their flow dependence. The pres-
ence of a high flow rate such as in hyperdynamic states or in 
the presence of significant aortic regurgitation may lead to an 
overestimation of AS severity. On the other hand, a low flow 
rate that can be observed in the presence of a depressed LV 
function or coexisting mitral regurgitation may lead to an 
underestimation of AS severity. Furthermore, there are intra-
individual variations of aortic jet velocity due to changes in 
transaortic flow volume such as those occurring during exer-
cise. If the patient is not in sinus rhythm—atrial fibrillation 
being common—there is a beat-to-beat variability in flow 

Figure 23-6  CW Doppler tracings of aortic stenosis velocity obtained from apical (A) and right parasternal recording using dedicated CW probe 
(B)  in the same patient. This example emphasizes importance of alignment of Doppler probe with aortic jet direction in order to record maximal 
signal and not to underestimate severity of stenosis. 

A B

Figure 23-5  Relationship of pressures to Doppler velocities in 
normal and aortic stenosis.  Note  that  maximum  pressure  gradient 
(double-headed arrow)  corresponds  to  maximum  Doppler  velocity  in 
both situations, but  timing of  the LV-to-Ao pressure gradient  is quite 
different when valve obstruction is present. Ao, Aorta. 
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Pitfalls
Technical Considerations. Care is required to record the 
maximal AS jet velocity, which requires aligning the Doppler 
probe with the jet direction. Any alignment error leads to an 
angle-dependent underestimation of the Doppler gradient. 
Multiple transducer positions (i.e., right parasternal, supraster-
nal, apical, and even subcostal) have to be used to obtain the 
peak signal, because the exact orientation of the aortic jet 
cannot be predicted from the two-dimensional (2D) image. The 
use of a small, dedicated CW Doppler transducer (so-called 
“pencil” probe) is mandatory to avoid a misclassification of AS 
severity, which may otherwise occur in about 20% of cases20 
(Fig. 23-6). The image window used to record peak transaortic 
velocity should be mentioned in the report. When determining 
rates of hemodynamic progression, measurements recorded 
from the same window must be used.



  23  Aortic Stenosis 429

where VLVOT and VAS represent the velocities in LV outflow tract 
and at the level of the stenotic aortic valve, respectively.

The LV outflow tract flow velocity profile is measured from 
an apical approach using pulsed-wave (PW) Doppler ultra-
sound. The AS jet velocity profile is measured with CW 
Doppler from the echocardiographic window that yields the 
highest velocity signal (Fig. 23-8). Theoretically, volume flow 
rate can be measured at several intracardiac sites (pulmonary 
artery, mitral annulus, and LV outflow tract). Flow measure-
ments just proximal to the stenotic aortic valve are technically 
feasible in nearly all adult patients, whereas volume flow-rate 
calculations at other intracardiac sites often are limited by 
image quality. Furthermore, when coexisting aortic regurgita-
tion is present (encountered to some degree in more than 80% 
of adults with AS), volume flow measured across other valves 
may not equal the volume flow rate across the aortic valve.21 
Thus, in practice, the LV outflow tract is used for measure-
ment of transaortic volume flow rate in nearly all cases. 
Volume flow measurement proximal to the stenotic aortic 
valve assumes that (1) the cross-sectional area of flow is circu-
lar in systole and flow fills the anatomic cross-sectional area, 
(2) the pattern of blood flow is laminar with uniform parallel 
stream lines of flow, (3) cross-sectional area and flow velocity 
are measured at the same site, and (4) the spatial flow velocity 
profile is relatively “flat” (same flow velocities in the center 
and at the edges of the flow stream) during ventricular ejec-
tion. The assumptions of a circular cross-sectional area with 
flow filling the anatomic area have been corroborated by 
short-axis 2D and color flow imaging in animal models and in 
patients with valvular obstruction.15 Laminar flow is con-
firmed by recording a narrow band of velocities throughout 
ejection on the PW Doppler spectral tracing.

For the determination of CSALVOT, the LV outflow tract diam-
eter is measured in midsystole from a 2D parasternal long-axis 
view, parallel and adjacent to the aortic valve plane. In this view 
the outflow tract is perpendicular to the ultrasound beam, and 
axial resolution provides a more accurate diameter measure-
ment than the use of apical views. In practice, zooming in on 
the area of interest and confirmation of the diameter from an 
apical five-chamber view is recommended.

Continuity equation valve area calculations assume accurate 
recording of the maximum aortic jet velocity, as discussed 
earlier for pressure gradients. The area is then calculated assum-
ing a circular outflow tract, although it is oval in most patients.

measurements, and several consecutive beats need to be 
averaged.

It is therefore important to rely not only on a flow-dependent 
but also on a relatively flow-independent measure of AS sever-
ity: the calculated aortic valve area.

Comparison with Catheter-Measured Gradients
Doppler and invasively measured mean gradients both repre-
sent the average pressure difference between the aorta and the 
LV over the systolic ejection period and should ideally be identi-
cal when simultaneously recorded in practice.

The peak Doppler echocardiographic gradient corresponds 
to the maximal instantaneous difference between the aortic and 
the LV pressure.

The catheter-derived “peak-to-peak” gradient, which cannot 
be determined by Doppler echocardiography, does not exist 
physiologically and corresponds to the difference between peak 
aortic pressure and peak LV pressure (Fig. 23-7).

Valve Area Calculation
Calcific AS is characterized by stiff leaflets that open to a vari-
able degree depending on the force applied on the valve. This 
limits attempts at direct measurement of aortic valve area and 
even applies to the situation where the surgeon applies direct 
force, inspecting the valve with the finger.

Continuity Equation
The continuity equation method for the calculation of valve 
area11,15,28-31 is based on the consideration that the same stroke 
volume crosses the LV outflow tract and the aortic valve.

Aortic valve area (AVA) is calculated as

AVA CSA VTI /VTILVOT LVOT AS= ×( )

where VTILVOT and VTIAS represent velocity time integrals at the 
levels of the LV outflow tract and the stenotic aortic valve, 
respectively, and CSALVOT represents the cross-sectional area in 
the outflow tract.

A simplified form of the continuity equation in which veloci-
ties are measured instead of velocity-time integrals can be used 
in clinical routine where velocities in the LV outflow tract and 
across the aortic valve are measured:

AVA V CSA /VLVOT LVOT AS= ×( )

Figure 23-7  Peak Doppler echocardiographic gradient corresponds to maximal difference between aortic pressure (AoP) and instantaneous LV 
pressure (LVP)  (left). Mean gradients represent average pressure difference between aorta and LV over systolic ejection (middle). “Peak-to-peak” 
gradient corresponds to difference between peak aortic pressure and peak LV pressure (right). 
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outflow tract toward the septum33 (Fig. 23-9). Patients with 
predominant AS were found to have relatively flat flow pro-
files, whereas normal subjects and patients with aortic regurgi-
tation had skewed velocity profiles with the highest velocities 
occurring anteroseptally.34 For clinical practice, even when the 
flow profile is skewed to some extent, a reasonably accurate 
volume flow rate can be calculated if the recorded flow veloc-
ity reasonably approximates the spatial and temporal flow 
velocity in the outflow tract.

Ideally, the accuracy of Doppler transaortic volume flow 
measurements should be validated by comparison to an estab-
lished standard of reference. This is difficult in clinical studies, 
because most patients with AS have coexisting aortic and/or 
mitral regurgitation. Even a hemodynamically “insignificant” 
regurgitation will lead to an inaccurate assessment of forward 
(Fick or thermodilution) and of total (angiographic) cardiac 
output, thereby inadequately representing the volume flow  
rate across the aortic valve. In the research setting, transaortic 
volume flow rate can be measured directly, using an electromag-
netic or a transit time flow meter. In both acute and chronic 
models of valvular AS, Doppler transaortic volume flow rates 
have been shown to be accurate (Table 23-1)15,17 with a standard 
error of the estimate of 2 to 4 mL for stroke volume and of 0.25 
to 0.5 L/min for cardiac output over a wide range of flow rates 
(Fig. 23-10).

In addition, the mean inter- and intraobserver variabilities  
of the outflow tract diameter measurement are in the range of 
5% to 8%, resulting in a variability of about 0.15 cm2 for a 
calculated valve area of 1.0 cm2. In an individual patient, the 
outflow tract diameter remains relatively constant over time, 
such that a change of more than 0.1 cm2 most likely represents 
an actual change in valve area over time.

For the calculation of the circular cross-sectional outflow 
tract area, the LV outflow tract diameter is measured in the 
parasternal long-axis view, immediately adjacent and parallel 
to the aortic valve plane in midsystole. To ensure that diameter 
and flow measurements are recorded from the same anatomic 
site, both measurements should be made as close to the aortic 
valve as possible. In theory, the tapering of the outflow tract 
and the acceleration of blood during systole, both of which 
result in blunt flow profiles at the entrance to large vessels, 
allow the assumption of a relatively “flat” spatial flow profile 
in the outflow tract. A direct examination of the spatial flow 
profile in the LV outflow tract proximal to the stenotic aortic 
valve was initially performed with conventional PW Doppler 
by recording flow at sequential sites across the outflow tract.21,32 
Another study, using color flow mapping in patients with AS 
both before and after aortic valve replacement, showed vari-
able skewing in the spatial flow profile, with highest velocities 
most often encountered in the region from the center of the 
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Figure 23-8  Calculation of aortic valve area using continuity equation.  Continuity 
equation valve area is calculated based on parasternal LV outflow tract diameter  (2.0 cm) 
for calculation of circular cross-sectional area (A) and placement of sample volume imme-
diately proximal to aortic valve in anteriorly angulated apical four-chamber view (B) with PW 
Doppler recording of laminar flow proximal to aortic valve with maximum velocity of 0.7 m/s. 
Highest  velocity  aortic  signal  (5.2 m/s)  was  obtained  from  apical  approach  using  CW 
Doppler (C) in this patient. In this example, continuity equation valve area is 0.4 cm2. 
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Comparison of Valve Areas Calculated by the 
Continuity Equation and by the Gorlin Formula
Aortic valve areas calculated from invasive hemodynamic data 
using the formula of Gorlin and Gorlin,35 which was published 
in 1951, have been used as the standard of reference for valida-
tion of continuity equation valve areas.21,31,36

Understanding the different underlying principles of these 
equations is important (Fig. 23-11). According to the formula 
by Gorlin and Gorlin, aortic valve area is calculated as

AVA cardiac output HR SEP Pmean= × × ×( )( ) .44 3 ∆

where ΔPmean represents the manometrically measured mean 
pressure gradient, SEP is the systolic ejection period, and HR is 
the heart rate.

Accurate pressure gradient measurements depend on careful 
attention to frequency response, damping, and catheter posi-
tioning. The use of a double-lumen catheter as opposed to 
measurement of the femoral artery pressure as a surrogate for 
the aortic pressure provides more accurate results. Cardiac 

Figure 23-9  3D plot of velocity distribution in LV outflow tract 
close to level of aortic annulus. Velocity is plotted against position in 
LV outflow tract diameter and against  time. There are 20-ms  intervals 
along  time  axis  and  approximately  2 mm  between  each  observation 
along diameter axis. (From Wiseth R, Samstad S, Rossvoll O, et al: Cross-
sectional left ventricular outflow tract velocities before and after aortic 
valve replacement: a comparative study with two-dimensional Doppler 
ultrasound. J Am Soc Echocardiogr 6:279-285, 1993.)

Position

Septal

Time

Velocity

In Vivo Studies of Simultaneous Invasive and Doppler Volume Flow Measurements from LV Outflow Tract at Aortic Annulus in 
Subjects with AS and Subjects without AS

Model n
Standard of 

Reference

Cardiac Output Stroke Volume

Studyr Range, L/min SEE, L/min r Range, mL SEE, mL

Chronic valvular AS (closed- and 
open-chest dogs) altered volume 
flow rate

75 Transit time-flow 0.86 0.9-6.2 0.50 0.86 9-45 3.6 Burwash17

Acute valvular AS (open-chest 
dogs) altered volume flow rate

52 Electromagnetic 
flow

0.90 0.9-3.2 0.25 0.88 5-26 2.4 Otto15

Normal (open-chest dogs) altered 
volume flow rate

33 Roller pump 0.98 0.5-5.0 0.30 NA NA NA Stewart

Patients (no AS) 35 Thermodilution 0.91 2.1-9.5 0.63 0.95 24-87 6.4 Lewis

Patients (no AS) 31 Thermodilution 0.90 1.6-8.4 0.95 NA NA NA Labovitz

TABLE 
23-1 

AS, Aortic stenosis; SEE, standard error of the estimate.
References 
Stewart WJ, Jiang L, Mich R, et al: Variable effects of changes in flow rate through the aortic, pulmonary and mitral valves on valve area and flow velocity: impact on quantitative Doppler 

flow calculations. J Am Coll Cardiol 6:653-662, 1985. 
Lewis JF, Kuo LC, Nelson JG, et al: Pulsed Doppler echocardiographic determination of stroke volume and cardiac output: clinical validation of two new methods using the apical window. 

Circulation 70:425-431, 1984. 
Labovitz AJ, Buckingham TA, Habermehl K, et al: The effects of sampling site on the two-dimensional echo-Doppler determination of cardiac output. Am Heart J 109:327-332, 1985.

Figure 23-10  Correlation of simultaneous echo-Doppler and ascend-
ing  aortic  transit  time  stroke  volume  (SV )  and  cardiac  output  (CO) 
during 75 separate interventions. (From Burwash IG, Forbes AD, Sada-
hiro M, et al: Echocardiographic volume flow and stenosis severity 
measures with changing flow rate in aortic stenosis.  Am  J  Physiol 
265:H1734-H1743, 1993.)
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output should reflect transaortic volume flow rate. Although 
the Fick or thermodilution methods can be used to calculate 
cardiac output in isolated AS, an angiographically assessed 
cardiac output is more appropriate in the presence of aortic 
regurgitation. In the presence of both mitral and aortic regur-
gitation, an accurate invasive determination of the transaortic 
volume flow rate is not possible in the clinical setting.
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Figure 23-11  Comparison  of  Gorlin  and 
continuity-equation valve areas. Ao, Aorta; ASJet, 
aortic  stenosis  jet;  AVA,  aortic  valve  area;  CC, 
coefficient  of  orifice  contraction;  CSA,  cross-
sectional  area;  CV,  coefficient  of  velocity;  ΔP, 
pressure gradient; LVOT, left ventricular outflow 
tract; SV, stroke volume; V, velocity of flow; VTI, 
velocity-time integral. 

SVLVOT = SVASJet
Flow = AVA × V × CC

V2 = (CV)2 × 2g × ∆P

V =  CV × √2g ∆P
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The Gorlin formula contains an empirically derived constant 
(C) incorporating the coefficient of contraction, reflecting the 
difference between the anatomic valve area and the area of the 
vena contracta; the coefficient of velocity, relating to the conver-
sion of potential to kinetic energy; measurement of pressure in 
mm Hg; and an empiric “correction” factor. Both in vitro and 
in vivo studies suggest that the Gorlin constant may vary with 
changes in volume flow rate, orifice shape, and stenosis 
severity.37,38

When comparing Gorlin and continuity-equation valve 
areas, it is fundamental to bear in mind that they measure dif-
ferent parameters: The Gorlin formula examines the hydraulic 
load and calculates an anatomic orifice area, whereas the con-
tinuity equation describes the physiologic flow area of the vena 
contracta.39,40 Thus, one cannot expect these two measurements 
to yield identical results. Pressure recovery is contributing to 
this discrepancy.41 In terms of clinical decision making, their 
precision, reproducibility, and ability to predict patient outcome 
are more important than agreement or disagreement. As Gorlin 
and Gorlin42 note:

We need not be frustrated when valve areas derived by two 
different methods are not the same. Rather, we should, like the 
princes of Serendip, seize upon the difference for what it reveals 
about the anatomy of the valve orifice as opposed to the physiol-
ogy of the total obstructing valve tract under active pressure 
and flow conditions.

Definition of the Degree of Severity

Quantification of AS severity is fundamental in the clinical 
context. Conceptually AS severity can be considered as a con-
tinuum ranging from aortic sclerosis to hemodynamically sig-
nificant disease. Thus, the actual measure of severity should be 
integrated in the decision-making process. The categorical dif-
ferentiation between severe and nonsevere stenosis is of par-
ticular importance because of direct implications for patient 
management. Information from aortic jet velocity, mean gradi-
ent, and valve area should be integrated and is ideally concor-
dant. In the past, “severe” or “critical” AS has been defined  
in terms of a specific valve area. Recent clinical studies have  

used a peak aortic jet velocity of 4 m/s or more to define  
severe AS.6,43,44

Cutoff values for the effective aortic valve area in the range 
of 0.8 to 1 cm2 to define severe AS are encountered in the litera-
ture, but more recent guidelines recommend an area of  
1 cm2.45,46 However, a marked overlap in hemodynamic severity 
between symptomatic and asymptomatic patients indicates that 
the “critical” degree of valve narrowing varies from patient to 
patient (Fig. 23-12). This observation has been confirmed in 
prospective studies showing that symptom onset occurs with a 
jet velocity lower than 4.0 m/s or may be delayed until the jet 
velocity is over 5.0 m/s. The variability of valve areas for a given 
aortic jet velocity is large.47 In addition, even among patients 
with very advanced disease, defined by an aortic jet velocity of 
5 m/s, valve areas ranged between 0.3 and 0.9 cm2, further 
emphasizing the limited accuracy of calculated valve area in 
clinical routine use.48 Nevertheless, a valve area below 1.0 cm2 
has a high sensitivity to identify patients with severe AS. In the 
presence of a preserved transaortic flow, peak aortic jet velocity 
is probably the most robust and predictive measure of severity. 
Because of the increasing likelihood of symptom development 
with increasing aortic jet velocities, the entity of very severe AS 
might be defined. In this context, using a threshold for the peak 
aortic jet velocity of 5 m/s or more has been suggested. The 
transaortic gradient almost doubles with an increase of peak 
aortic velocity from 4.0 to 5.5 m/s: Because of the quadratic 
relationship, the gradients corresponding to velocities of 4.0, 
5.0, and 5.5 m/s are 64, 100, and 121 mm Hg, respectively. 
Although all of these velocities correspond to “severe” AS, it is 
obvious that the hemodynamic repercussions are different, 
further supporting the concept of a delineation of “very  
severe” AS.

It has been suggested that an aortic valve area indexed to 
body surface area of less than 0.6 cm2/m2 defines severe AS.49 
However, because of a distortion of indexed valve areas at the 
extremes of the spectrum of body surface area, such as in slim 
and small or in obese persons, the value is inherently limited. 
From a pragmatic approach, it is recommended to consider 
patient stature and build when quantifying AS severity. The 
quantification of AS needs to be individualized, particularly 
when the measured values are in the borderline zone between 
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data).52 This observation is supported by the mathematical deri-
vation of the valve area and resistance concepts. In fact, the 
concepts of valve area and valve resistance are to some extent 
mutually exclusive. Valve area calculations with the Gorlin 
formula assume a quadratic relationship between pressure gra-
dient and flow rate. Conversely, the valve resistance concept 
assumes a linear relationship between these two variables. Most 
clinical and experimental data support the concept of a qua-
dratic, rather than linear, relationship between pressure gradi-
ent and flow rate across a stenotic valve53 (Fig. 23-13). More 
complete modeling of the interaction among the LV, the valve, 
and the peripheral vasculature may enhance our understanding 
of the hemodynamics of valvular AS.54 From several studies, it 
appears that valve resistance is flow dependent and thus does 
not offer a direct advantage over valve area calculations.55,56 
Because of a lack of consensus among studies as to whether it 
adds information to conventional measures of severity, valve 
resistance has not gained widespread clinical acceptance.52,57

moderate and severe stenosis. In this regard, consideration of 
the symptomatic status of the patient is essential.

The differentiation between different degrees of nonsevere 
stenosis (i.e., aortic sclerosis, mild and moderate stenosis) is less 
critical with regard to immediate therapeutic choices but is 
relevant to determine prognosis and schedule follow-up 
exams.43,50,51 Mild AS is defined by a valve area of more than 
1.5 cm2, a mean gradient of less than 25 mm Hg, and an aortic 
jet velocity of less than 3.0 m/s.

OTHER MEASURES OF SEVERITY

Velocity Ratio
The velocity ratio is defined as the ratio of velocities in the LV 
outflow tract and across the aortic valve:

Velocity ratio V /V

or

Velocity time integral ratio VTI

LVOT AS=

= LLVOT AS/VTI

Severe stenosis is defined by a velocity (or VTI) ratio of less  
than 0.25.

This measure has the theoretical advantages of being flow 
independent and of not requiring LV outflow tract measure-
ments (in contrast to the continuity equation). However, its 
prognostic value has not been validated in large clinical series.

Aortic Valve Resistance
Valve resistance (expressed in dynes-s-cm-5) is calculated from 
invasive or Doppler data as52,56,57

Resistance P /Qmean mean= ×( )∆ 1333

where ΔPmean (in mm Hg) and Qmean (in mL/s) represent the 
mean transaortic pressure gradient and the mean volume flow 
rate, respectively, and 1333 is a conversion factor. The concept 
of valve resistance offers the advantage that no empirical con-
stant is involved as compared to the Gorlin formula. Several 
investigators have observed a curvilinear relationship between 
valve resistance and valve area (with invasive and Doppler 

Figure 23-12  Hemodynamically severe aortic stenosis: mean aortic pressure gradient, valve orifice area, cardiac index, and LV end-diastolic pres-
sure  in  severely  symptomatic  (open circles)  and  asymptomatic  or  mildly  symptomatic  (closed circles)  patients.  Mean  value  (horizontal line)  and 
statistical difference between both groups are indicated. n.s., Not significant. (From Turina J, Hess O, Sepulcri F, et al: Spontaneous course of aortic 
valve disease. Eur Heart J 8:471-483, 1987.)
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Physiologic Variability in Measures  
of Stenosis Severity
EXERCISE HEMODYNAMICS IN VALVULAR 
AORTIC STENOSIS

Exercise testing is contraindicated in symptomatic patients  
with valvular AS, because of the high risk of complications.65 
However, it can be safely performed in asymptomatic patients, 
where a number of studies have provided an insight into the 
relationship between hemodynamic severity and clinical symp-
toms66,67 (Table 23-2). In asymptomatic patients with AS, exer-
cise results in an appropriate rise in heart rate and cardiac 
output. The increase in cardiac output with upright exercise is 
mediated almost entirely by heart rate, with little change in 
stroke volume. However, even though stroke volume remains 
constant, transaortic volume flow rate is increased because of 
the shortening of the systolic ejection period. Thus, exercise 
results in an increase in peak aortic jet velocity, with a corre-
sponding increase in the mean transaortic gradient as predicted 
by the Bernoulli equation.

The continuity equation predicts a linear relationship 
between maximum volume flow rate (Qmax) and maximum jet 
velocity (Vmax) for any given valve area.66 In clinical studies—
where normally only two data points can be acquired—the 
slope of the change in Vmax relative to Qmax parallels the slope 
predicted by the continuity equation in patients when the valve 
area remains constant with exercise. If the valve area increases 
with exercise, the observed slope is greater than that predicted 
for a fixed valve area.

CHANGES IN AORTIC VALVE AREA WITH 
CHANGES IN VOLUME FLOW RATE

The effect of changes in volume flow rate on valve areas calcu-
lated using the Gorlin and the continuity equations has been 
examined in in vitro and animal models68 and in patients with 
valvular AS (Fig. 23-14). These studies consistently show an 
increase in valve area with an increase in transaortic volume 
flow rate.56,58,69-75 Although these apparent increases could be 
due to some extent to errors inherent to the valve area formulas, 
the concept that valve area itself, both anatomic and physio-
logic, varies with transaortic volume flow rate is supported by 
in vitro pulsatile flow model data53 and video imaging of flow-
dependent changes in valve opening.76 The effects of flow-rate 
changes on valve area are not due to artifacts but can be 
explained by an actual increase in leaflet opening with increas-
ing flow rates and to unsteady effects at low flow rates.77 
This finding is in agreement with the observation that  
even normal aortic valve leaflets open less when volume flow 
rate is decreased—for example, in patients with a dilated 
cardiomyopathy.

CHANGE IN OTHER MEASURES OF  
STENOSIS SEVERITY WITH CHANGE IN  
VOLUME FLOW RATE

Some investigators have suggested that valve resistance is inde-
pendent of flow rate,78 whereas others have shown changes in 
valve resistance with changes in volume flow rate in in vitro 
models,53 in animal models, and in patients with asymptomatic 
AS.17,71 In part, the relative stability of valve resistance with 
changes in flow rate observed in some studies52 may relate to 
the range of stenosis severity evaluated. Because of the 

Stroke Work Loss
Based on the energy-loss concept, the amount of work expended 
by the LV to keep the aortic valve open during systole compared 
to the amount of work resulting in effective forward blood flow 
has been proposed as a potential measure of stenosis severity. 
This measure would reflect the intrinsic stiffness of the valve 
leaflets and thus be less dependent on volume flow rate.58,59 For 
a stenotic aortic valve, the difference between work calculated 
from LV pressures and aortic pressures represents the amount 
of work “lost” in opening the stiff leaflets. When the aortic valve 
opens normally, this difference is not significant. Work is calcu-
lated by generating a power curve, multiplying instantaneous 
flow with pressure. Total potential stroke work is calculated by 
integrating power over the systolic ejection period59 either using 
LV (for total work) or aortic (for effective work) pressures. The 
steady component of work is defined as mean systolic pressure 
multiplied by stroke volume; pulsatile work is defined as total 
minus steady work. Stroke work loss then represents the differ-
ence between LV and effective work and can be calculated for 
total, steady, and pulsatile components58 as

LV stroke work loss LV work effective work= −

Because potential work increases with an increasing flow rate, 
the potential work loss across the stenotic valve is indexed for 
volume flow rate and expressed as the percent LV stroke work 
loss.

% ( LV stroke work loss stroke work loss/LV stroke work)= ×1000

Given that stroke work is the instantaneous product of pres-
sure and flow, and stroke work loss is the difference of LV and 
aortic work, this proposed index of stenosis severity is likely to 
vary with volume flow rate if the actual degree of valve opening 
varies. Note that when the ratio of LV to aortic work is calcu-
lated, the terms for transaortic volume flow rate cancel each 
other, so that stroke work loss can be determined from Doppler 
pressure calculations alone. A new index of energy loss that 
takes body surface area into account and can be calculated from 
Doppler-derived data was evaluated in an experimental model60 
assessing fixed stenoses and bioprosthestic valves of two sizes at 
different flow rates.

Planimetry of the Aortic Valve Area
The opening surface of a stenotic aortic valve represents a 
complex three-dimensional (3D) structure that cannot be reli-
ably assessed with a planar 2D image. The presence of valvular 
calcification may further limit an accurate delineation of the 
valve orifice.61

Whereas some investigators have reported favorable correla-
tions between planimetered stenotic orifice areas obtained on 
multiplane TEE and continuity equation valve areas and/or 
Gorlin valve areas,62 others have found planimetry of the aortic 
orifice to be difficult and less accurate than continuity-equation 
valve areas obtained from transthoracic imaging.63 However, 
valve area planimetry may be helpful when transthoracic 
imaging quality is poor, such as in ventilated patients.

3D Echocardiography
3D echocardiography is increasingly integrated in commercial 
echocardiographic systems, and good imaging quality can be 
obtained, particularly when using a transesophageal approach. 
Recent series report the feasibility of the method in the majority 
of patients with a good correlation of the valve area derived by 
flow-derived methods or standard TEE.64
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jet velocity, Gorlin valve area, continuity equation valve area, LV 
stroke work loss, and valve resistance. Despite this theoretical 
limitation, most clinical decisions can be made with a high 
degree of reliability using these imperfect indices of disease 
severity.

The ideal measure for AS quantification accurately reflects 
disease severity and even more importantly predicts clinical 
outcome, at the same time having an acceptable intra- and 
interobserver reproducibility. In addition, it should be nonin-
vasive, easy to perform, readily available, and inexpensive. 
Doppler-echocardiographic measures of jet velocity and valve 
area meet these criteria. In the clinical setting, the impetus to 
derive a flow-independent measure of stenosis severity arises 
from the relatively unusual clinical situation in which there is 
coexisting LV systolic dysfunction and an anatomically abnor-
mal aortic valve. Potential approaches to this clinical dilemma 
are discussed next.

Determination of hemodynamic progression is important, 
both in the clinical setting6 and in research applications. 
Hemodynamic progression is related to clinical outcome, and 
its assessment is of interest for the identification of potential 
predictors of progression as well as of potential therapies 
aiming at preventing or slowing the hemodynamic progres-
sion of AS. In this context, measures of stenosis severity with a 
high reproducibility over time and between institutions are 
needed.

The LV Response to Valvular  
Aortic Stenosis
DIASTOLIC FUNCTION

The initial physiologic response to chronic pressure overload  
of the LV is impaired early diastolic relaxation as manifested  

curvilinear relationship between resistance and valve area, for 
“larger” valve areas (right side of curve) resistance changes very 
little even with substantial changes in valve area, whereas for 
smaller valve areas (left side of curve) large changes in resistance 
are expected with only small changes in valve area.

Similarly, LV stroke work loss varies with changes in volume 
flow rate.53,56,79 Overall, there is an inverse correlation between 
valve area and both total and steady LV stroke work loss. 
However, for a specific valve anatomy, work loss increases with 
an increase in stroke volume despite a concurrent increase in 
valve area. This suggests that for a given degree of leaflet stiff-
ness, greater opening of the valve is achieved at the expense of 
greater work loss. Alternatively, because work includes both 
potential and kinetic energy, a decrease in the percentage of 
potential work converted to kinetic work would lead to this 
observation. In studies to date, only potential work has been 
measured because of the conceptual and technical difficulties 
in measurement of kinetic work. Changes in the effective fric-
tional loss component with changes in volume flow rate also 
may affect calculated measures of stenosis severity.

THEORETICAL CONSIDERATIONS FOR  
A MEASURE OF STENOSIS SEVERITY

Degenerative calcific aortic valve stenosis is characterized by 
thickened, stiff leaflets without commissural fusion. Given this 
anatomic substrate, it is not surprising that the degree of valve 
opening varies with the amount of “force” applied to the valve, 
whether this force is represented by the surgeon’s finger, a 
balloon valvuloplasty catheter, or the rate and volume of blood 
ejected by the LV. Most proposed measures of stenosis severity, 
when examined in detail, vary with changes in volume flow rate. 
These measures include peak LV-to-aortic pressure gradient, 
mean transaortic pressure gradient, maximum Doppler aortic 

Physiologic Changes with Exercise in Adults with Valvular AS

Bache (1971)70 Ettinger (1972)* Otto (1992)66 Martin (1992)74 Burwash (1994)71

n 20 10 28 85 110

Measurements Invasive Invasive Doppler-echo Invasive Doppler-echo

Type of exercise Supine bicycle Supine bicycle Treadmill Supine bicycle Treadmill

HR (bpm)

 Rest 79 ± 3 87 ± 5 71 ± 17 71 ± 2 63 ± 14

 Exercise 112 ± 5 109 ± 5 147 ± 28 98 ± 2 104 ± 23

Systolic BP (mm Hg)

 Rest 120 ± 3 118 ± 8 139 ± 15 — 143 ± 22

 Exercise 136 ± 3 133 ± 8 155 ± 24 — 163 ± 29

SV (mL)

 Rest — — 98 ± 29 — 103 ± 30

 Exercise — — 89 ± 32 — 96 ± 30

Qmean (mL/s)

 Rest 245 ± 14 — 300 ± 85 275 ± 8 319 ± 80

 Exercise 318 ± 21 — 366 ± 159 325 ± 10 400 ± 140

CO (L/min)

 Rest 5.4 ± 0.3 8.6 ± 1.1 6.5 ± 1.7 6.0 ± 0.2 6.3 ± 1.7

 Exercise 8.5 ± 0.6 9.2 ± 0.9 10.7 ± 4.4 9.3 ± 0.2 9.9 ± 3.8

ΔPmean (mm Hg)

 Rest 59 ± 4 37 ± 9 39 ± 20 37 ± 2 30 ± 14

 Exercise 74 ± 5 38 ± 11 52 ± 26 41 ± 2 41 ± 18

Vmax (m/s)

 Rest — — 4.0 ± 0.9 — 3.6 ± 0.8

 Exercise — — 4.6 ± 1.1 — 4.3 ± 0.8

TABLE 
23-2 

BP, Blood pressure; CO, cardiac output; ΔPmean, mean pressure gradient; HR, heart rate; Qmean, mean volume flow rate; SV, stroke volume; Vmax, peak aortic jet velocity.
*Ettinger PO, Frank MJ, Levinson GE: Hemodynamics at rest and during exercise in combined aortic stenosis and insufficiency. Circulation 45:267-276, 1972.
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in the disease course. Although some investigators suggest that 
Doppler measures of early and late diastolic filling velocities (or 
rates) may not be sensitive for detection of early diastolic dys-
function,83 others propose that diastolic parameters can distin-
guish symptomatic from asymptomatic patients.84 Tissue 
Doppler imaging has been reported to allow estimation the 
diastolic performance and LV filling pressures in these patients.85 
Using tissue Doppler imaging, diastolic dysfunction is even 
detected in patients with moderate AS.86 Later in the disease 
course, decreased diastolic compliance plus a rightward shift on 
the passive diastolic pressure-volume relationship may result in 
a filling pattern characterized by a shortened isovolumic relax-
ation time, increased early diastolic filling velocity, rapid early 
deceleration slope, and reduced atrial contribution to diastolic 
filling, a pattern often referred to as “pseudonormalization.”82

WALL STRESS AND CONCENTRIC 
HYPERTROPHY

With increasing stenosis severity, concentric LV hypertrophy 
develops in response to chronically elevated LV systolic pres-
sures. Normal wall stress is maintained given that wall stress is 
directly related to chamber pressure and dimension, but 
inversely related to wall thickness. LV hypertrophy is reliably 
assessed by calculation of LV mass, although simple chamber 
dimensions and diastolic wall thickness may be adequate for 
clinical evaluation.

LV hypertrophy in patients with AS is associated with 
abnormalities in coronary microcirculatory function.87 This 
microcirculatory dysfunction may not necessarily be explained 
by the presence of hypertrophy itself but rather by an increased 
extravascular compression and a reduced diastolic perfusion 
time.88

In some individuals, the degree of hypertrophy appears out 
of proportion to AS severity. In these patients, other causes for 
hypertrophy should be considered, such as hypertension, coex-
isting hypertrophic cardiomyopathy, or an infiltrative myocar-
dial process. The high prevalence of arterial hypertension in AS 
patients may explain some extent of hypertrophy, in particular 
when AS is not severe.89 Genetic factors may also play a role in 
the degree of LV hypertrophy. Associations between polymor-
phisms of the angiotensin-converting enzyme gene and LV 
hypertrophy have been described.90,91 Excessive hypertrophy 
was associated with an increased risk of cardiac events in 
patients with asymptomatic severe AS.92 However, LV mass and 
tissue Doppler measures of LV systolic and diastolic function 
provided limited predictive information when considering the 
AS severity.93

GENDER DIFFERENCES IN THE LV RESPONSE 
TO AORTIC STENOSIS

Significant gender differences in the LV response to the chronic 
pressure overload of AS have been reported.94 In symptomatic 
patients referred for aortic valvuloplasty, women had higher 
transaortic gradients despite similar valve areas, higher relative 
wall thicknesses, and a higher prevalence of LV hypertrophy 
using gender-specific hypertrophy criteria. In addition, women 
had a lower functional status score for the same degree of aortic 
valve obstruction.95 Another study observed higher peak LV 
pressures, higher ejection fractions, smaller LV end-diastolic 
dimensions, and a higher relative wall thickness in women with 
AS compared to men with the same condition.96

Figure 23-14  Relation of rest and continuity equation aortic valve area 
(AVA) (top), aortic valve resistance (middle), and percent left ventricular 
stroke  work  (LVSW)  loss  (bottom)  in  110  exercise  studies.  Slopes  of 
regression lines (solid line) are greater than line of identity (dashed line), 
demonstrating increase in all three indexes with exercise. SEE, Standard 
error of estimate. (From Burwash IG, Pearlman AS, Kraft CD, et al: Flow 
dependence of measures of aortic stenosis severity during exercise. 
J Am Coll Cardiol 24:1342-1350, 1994.)
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by a prolonged time constant of relaxation, a lengthened iso-
volumic relaxation time, and a reduced early diastolic filling 
velocity, similar to the changes seen in patients with systemic 
hypertension.80-83 Changes in diastolic function typically precede 
evidence of systolic dysfunction and thus may be present early 
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afterload with valve replacement leads to rapid normalization 
of systolic function in the majority of patients. However, LV 
systolic dysfunction may be caused by mechanisms other than 
AS, such as coronary artery or myocardial disease. Under these 
circumstances, LV function often fails to improve with valve 
replacement, and the outcome remains poor. In the setting of a 
moderate aortic valve gradient, distinguishing poor LV systolic 
function due to severe AS from that of concurrent ischemic or 
myocardial disease with only moderate aortic valve disease 
remains a difficult dilemma. One approach is to use a flow-
independent measure of stenosis severity or to look at the 
change in stenosis severity with a change in volume flow rate. 
The theoretical alternate approach to use a load-independent 
measure of LV contractility to evaluate myocardial function has 
proven as elusive as a flow-independent measure of stenosis 
severity.83

Natural History, Progression, and the 
Role of Echocardiography in Clinical  
Decision Making
NATURAL HISTORY OF AORTIC STENOSIS

The natural history of AS is characterized by an asymptomatic 
phase of variable duration, during which the LV is subjected to 
increasing outflow obstruction and adaptive mechanisms100-102 
(Table 23-3). The occurrence of symptoms presents a change in 
the natural history of the disease. Patients with congenital AS 
may become symptomatic in early childhood or adolescence; 
patients with unicuspid valves are particularly likely to present 
with early symptoms. Later, these patients may also present with 
symptoms due to restenosis after a surgical valvotomy in  
childhood. In patients with a bicuspid AS, surgery is typically 
needed at age 50 to 70 years.2,103,104 In the elderly patient with 

In a series of consecutive asymptomatic AS patients,97 in the 
presence of comparable stenosis severity, women reported more 
functional limitation, had smaller LV end-diastolic and end-
systolic volumes and mass index, but had a higher relative wall 
thickness and fractional shortening compared to men. In addi-
tion, women had a shorter treadmill exercise duration and a 
smaller increase in cardiac output with exercise even though 
heart rate and blood pressure responses were similar in men 
and women.97

The importance of gender differences in the LV response to 
chronic pressure overload are illustrated by the observation that 
after aortic valve replacement in patients with depressed LV 
systolic function (ejection fraction less than 45%), women had 
a greater improvement in ejection fraction after valve replace-
ment, although survival was similar between men and women. 
The ejection fraction increased from 33% ± 8% to 48% ± 15% 
in women and from 32% ± 9% to 42% ± 15% in men (p less 
than 0.02).98

In summary, the degree of LV hypertrophy is variable in both 
men and women. However, women tend to have small ventricles 
with thick walls, low wall stress, and normal or hyperdynamic 
systolic function. In contrast, men tend to have LV dilation with 
normal wall thickness, increased wall stress, and depressed sys-
tolic function.

SYSTOLIC DYSFUNCTION

Manifest LV systolic dysfunction due to valvular AS usually 
occurs late in the disease course. However, subclinical myocar-
dial dysfunction identified by reduced myocardial strain has 
been described even in patients with mild AS with progressive 
impairment, with increasing degrees of AS severity, and in 
symptomatic patients.99 Given the high ventricular afterload 
due to the stenotic valve, LV contractility typically remains 
normal despite a low ejection fraction. Relief of the high 

Event-Free Survival of Asymptomatic Patients with Aortic Stenosis

Study Year Entry Criteria n Age (years)
Follow-up 
(months) AS Severity Event-Free Survival

Kelly111 1988 Vmax ≥3.5 51 63 ± 19 15 ± 10 ΔP 68 ± 19 mm Hg 60% at 2 yr

Pellikka44 1990 Vmax ≥4.0 143 72 (40 to 94) 20 Vmax 4.4 (4-6.4) m/s 62% at 2 yr

Kennedy112 1991 Moderate AS at catheterization 66 67 ± 10 35 AVA 0.92 ± 0.13 cm2 59% at 4 yr

Otto43 1997 Abnormal Valve with  
Vmax >2.6 m/s

123 63 ± 16 30 Vmax <3.0 m/s 84% at 2 yr

Vmax 3-4 m/s 66% at 2 yr

Vmax >4 m/s 21% at 2 yr

Rosenhek6 2000 Vmax ≥4.0 128 60 ± 18 22 ± 18 Vmax 5.0 ± 0.7 m/s 67% at 1 yr

56% at 2 yr

33% at 4 yr

Rosenhek51 2004 Abnormal Valve with Vmax 
2.5-3.9 m/s

176 58 ± 19 48 ± 19 Vmax 3.1 ± 0.4 m/s 95% at 1 yr

75% at 2 yr

60% at 5 yr

Pellikka123 2005 Vmax ≥4.0 622 72 ± 11 65 ± 48 Vmax 4.4 ± 0.4 m/s 82% at 1 yr

67% at 2 yr

33% at 5 yr

Rossebø142 2008 Vmax 2.5-4.0 1873 68 ± 9 52 (median) Vmax 3.1 ± 0.55 Approx. 65% at 5 yr

Lancellotti126 2010 AVAi ≤0.6 cm2/m2 163 70 ± 10 20 ± 19 ≤0.6 cm2/m2 50% at 2 yr

44% at 4 yr

Kang127 2010 Vmax ≥4.5 95 63 ± 12 58 (median) 4.9 ± 0.4 71 ± 5% at 2 yr

47 ± 5% at 4 yr

28 ± 6% at 6 yr

Rosenhek48 2010 Vmax ≥5.0 116 67 ± 15 41 (median) Vmax 5.0-5.5 m/s 43% at 2 yr

Vmax ≥5.5 m/s 25% at 2 yr

AS, Aortic stenosis; AVA, aortic valve area; AVAi, indexed aortic valve area; ΔP, pressure gradient; Vmax, peak aortic jet velocity.

TABLE 
23-3 
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patients with severe AS who were managed conservatively 
because they were considered not to be candidates for surgery, 
the 1-year mortality was 50.7% as compared to 30.7% for 
patients receiving a transcatheter aortic valve implantation115 
(Fig. 23-16). Surprisingly, 83.8% of the patients that were 
managed “conservatively” underwent balloon aortic valvulo-
plasty in this series. In patients with severe, symptomatic AS, 
predictors of survival include the transaortic gradient or veloc-
ity, LV systolic function as assessed qualitatively on echocar-
diography, age, and gender.116 Among symptomatic patients 
who are managed conservatively, higher levels of B-type natri-
uretic peptide (BNP) are associated with increased mortality.117 
Of note, patients with a higher transaortic gradient have a better 
prognosis, most likely because when severe stenosis is present, 

degenerative calcific valve disease, symptom onset may have 
occurred at an age of 50 years but typically occurs at age 60 to 
90 years.2

Rheumatic valvular AS has a variable course with significant 
aortic valve obstruction (in conjunction with mitral valve 
involvement) occurring over a wide age range.

Asymptomatic versus Symptomatic Aortic Stenosis 
and Severe versus Nonsevere Aortic Stenosis
With an ageing population, the incidence of calcific aortic valve 
disease is increasing. Furthermore, with the widespread use of 
echocardiography, the diagnosis is made more commonly in 
asymptomatic patients as coincidental finding or after suspicion 
due to a systolic murmur. Its spectrum ranges from severe 
symptomatic stenosis to aortic sclerosis without hemodynamic 
implications. In between are the asymptomatic patients with 
severe, moderate, and mild AS. The incidence of AS in the 
population of advanced age is estimated to be between 2% and 
9%. Aortic sclerosis is present in up to 25% of patients over  
65 years of age.50,105,106

The first step in the clinical decision-making process for the 
timing of intervention in a patient with valvular AS is a careful 
history as to whether symptoms (angina, exertional dizziness, 
exercise intolerance, or heart failure) are present or absent. 
Exercise testing may be appropriate and safe in apparently 
asymptomatic patients and may unmask latent symptoms in up 
to one third of these.107,108 The greatest predictive value of exer-
cise testing can be derived in physically active patients who are 
younger than 70 years.108 It must be emphasized that exercise 
testing is contraindicated in symptomatic patients.

Symptomatic Aortic Stenosis
The poor outcome of patients with severe symptomatic AS was 
well described in a postmortem analysis in 1968.101 After 
symptom onset, the average survival has been reported to be 
less than 2 to 3 years (Fig. 23-15). Additional data were derived 
from studies of patients who refused surgical interven-
tion.100,109-114 In a recent contemporary series of symptomatic 

Figure 23-15  Natural history of aortic stenosis. 
Poor outcome is indicated by occurrence of symp-
toms. This graph reflects outcomes in the presurgi-
cal  era  based  on  autopsy  data  with  primarily 
rheumatic valve disease. (From Ross J Jr, Braunwald 
E: Aortic stenosis. Circulation 38:61-67, 1968.)
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As long as AS is not severe, these patients can be managed 
conservatively. However, knowing that a rapid progression to 
severe AS may occur, it is important to instruct even patients 
with mild-to-moderate AS about potential symptoms of AS and 
the necessity to immediately report to a physician after their 
onset. Performing a repeat echocardiography is warranted after 
a change in symptomatic status to assess a potential hemody-
namic disease progression.

Asymptomatic Severe Aortic Stenosis
The management of asymptomatic patients with severe AS 
remains a matter of controversy. Overall, it is relatively safe to 
delay surgery in patients with severe AS until symptoms  
develop, following a watchful waiting strategy.6 However, there 
are concerns when following such patients conservatively.121 
Among these concerns is the risk of sudden death, which may 
occur even in the absence of preceding symptoms. However, 
this appears to be an uncommon event, occurring at a rate  
of less than 1% per year during the asymptomatic disease 
phase.6,43,48,108,111,122-127 (Table 23-4). Finally, sudden death may 
also occur after successful valve replacement, with an incidence 
of about 0.3% per year.128,129

Asymptomatic Very Severe Aortic Stenosis
AS severity represented by peak aortic jet velocity is an impor-
tant predictor of event-free survival across the spectrum of mild 
to severe AS.43 Peak aortic jet velocity allows risk stratification 
among asymptomatic patients with severe stenosis.48 Event-free 
survival rates at 3 years were 49%, 33%, and 11% for patients 
with peak aortic jet velocities between 4.0 and 5.0 m/s, between 
5.0 and 5.5 m/s, or above 5.5 m/s, respectively (Fig. 23-17). 
Most patients with an aortic jet velocity greater than 5.0 m/s are 
already symptomatic at presentation, and those who are still 
asymptomatic have a high likelihood of a rapid symptom onset. 
These findings strongly support defining the entity of “very 
severe” AS. Kang and colleagues127 reported a better outcome 
for 102 patients with asymptomatic AS with a peak aortic jet 
velocity of more than 4.5 m/s who underwent elective aortic 
valve replacement as compared to patients who were initially 
followed conservatively. However, this study was nonrandom-
ized, and mortality in the group of patients who were initially 

a low gradient indicates a low transaortic stroke volume. On the 
other hand, current results of aortic valve replacement for 
acquired AS have been shown to be excellent.110 Thus, it is gen-
erally accepted that surgery must be strongly recommended for 
patients with critical AS who develop symptoms. Only rarely 
does severe comorbid disease result in an unacceptably high 
operative morbidity and mortality. Nevertheless, about one 
third of patients with symptomatic severe AS are denied 
surgery.118,119 Transcatheter aortic valve implantation techniques 
are an accepted treatment option for selected patients with high 
surgical risk or in whom surgery is contraindicated.

Asymptomatic Aortic Valve Disease
Aortic Sclerosis and Mild-to-Moderate  
Aortic Stenosis
A number of older studies have reported a relatively benign 
course of moderate AS, suggesting a stable course of the 
disease.100,109,110 These data suggested that mild and moderate AS 
represent a relatively benign disease, although one study 
described a poor outcome of moderate AS, with 14 deaths 
attributed to AS among 66 patients followed for 35 months.112 
However, most of these studies date back to catheter era and are 
limited by small patient numbers and their retrospective 
nature.100,109,110,112

More recent studies have shed new light on the seriousness 
of the disease. A community-based study showed that the pres-
ence of aortic valve sclerosis is associated with a significantly 
increased cardiovascular and all-cause mortality in the absence 
of hemodynamic obstruction to blood flow.50 Recent studies 
have also shown that mild-to-moderate AS is not a benign 
disease, with increased cardiovascular and noncardiac mortali-
ties.43,51 Thus, aortic sclerosis and mild-to-moderate AS must be 
viewed as indicators of poor overall prognosis.

In addition, the prognosis of these patients is influenced by 
hemodynamic disease progression. In fact, the progression of 
aortic sclerosis to AS affects about 16% of patients within a 
short time period.120 The interval between observing aortic 
valve “sclerosis” and clinical evidence of severe AS may be as 
short as 5 years. The progression from mild to severe AS is also 
common and may be rapid.51

Incidence of Sudden Death in Patients with Aortic Stenosis

Study Year n
Follow-up 
(months)

AS Severity at Entry 
(Vmax in m/s)

AS Severity  
(AVA in cm2)

Sudden Deaths 
(n)

Sudden Deaths 
(% per year)

Kelly111 1988 51 18 ≥3.5 0 0

Faggiano122 1992 37 24 0.85 ± 015 0 0

Otto43 1997 114 30 3.6 ± 0.6 0 0

Rosenhek6 2000 128 22 ≥4.0 1 0.4

Amato107 2001 66 15 ≤1.0 4 4.8

Das123 2005 125 12 ≤1.4 0 0

Pellikka123 2005 270 65 ≥4.0 11 0.75

Rossebø142 2008 1873 52 2.5-4.0 40 0.5

Monin125 2009 211 22 ≥3.0 ≤1 2 0.5

Lancellotti126 2010 163 20 ≤0.6 cm2/m2 3 1.1

Kang127 2010 95 59 ≥4.5 ≥0.75 9 1.9

Marechaux124 2010 135 20 ≤1.5 1 0.4

Rosenhek48 2010 116 41 ≥5.0 1 0.3

Total 3384 31* 72 0.8

AS, Aortic stenosis; AVA, aortic valve area; Vmax, peak aortic jet velocity.
*Mean follow-up duration.

TABLE 
23-4 
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Figure 23-17  Kaplan-Meier event-free survival  rate  for patients with 
peak aortic jet velocity ( Vmax ) between 4.0 and 5.0 m/s (purple line; n = 
82)  versus  between  5.0  and  5.5 m/s  (red line;  n  =  72)  versus  ≥5.5 m/s 
(blue line; n = 44). (From Rosenhek R, Zilberszac R, Schemper M, et al: 
Natural history of very severe aortic stenosis. Circulation 121:151-156, 
2010.)
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managed conservatively was unexpectedly high, with a mortal-
ity of 24% at 6 years.

PROGRESSION OF AORTIC STENOSIS

Echocardiography, which is an accurate, noninvasive method to 
evaluate hemodynamic severity, has allowed large and detailed 
studies on the rate of hemodynamic progression.6,51,122,130-136 
Recent intervention studies, designed to assess the effects  
of statin therapy in halting or delaying the progression  
of AS, provide additional information on hemodynamic 
progression137-143 (Table 23-5). Overall, these studies showed an 
average rate of increase in aortic jet maximum velocity ranges 
of 0.2 to 0.4 m/s/year, in mean pressure gradients of about 
8 mm Hg per year, and a decrease in valve areas of about  
0.15 cm2 per year. However, there was marked individual vari-
ability in the rate of hemodynamic progression (see Figs. 23-7 
and 23-8). Although Doppler-echocardiographic studies have 
the advantage of larger patient numbers and potentially less 
selection bias (a repeat echocardiographic study is likely to be 
requested more often than a repeat cardiac catheterization), 
many of these are retrospective with data extracted from 
ongoing clinical databases. Thus, patients with rapid progres-
sion, those developing symptoms, or those requiring surgical 
intervention may be overrepresented. Conversely, repeat studies 
may not have been performed in clinically stable patients. The 
prospective studies may avoid some of these biases.6,43,139

As the disease progresses, increasing obstruction to LV outflow 
most often is reflected by a decrease in valve area and an increase 
in jet velocity and pressure gradient. However, if there is a 

Hemodynamic Progression of Valvular Aortic Stenosis

Study Year Type of Study
Clinical Status 

at Entry n

Mean 
Follow-up 

(yr)
Increase in Mean 
ΔP (mm Hg/yr)

Increase in Vmax 
(m/s/yr)

Decrease in AVA  
(cm2/yr)

Echocardiographic Studies
Otto133 1989 Prospective Asymptomatic 42 1.7 8 (−7 to 23) 0.36 ± 0.31 0.1 (0-0.5)

Roger136 1990 Retrospective AS on echo 112 2.1 0.23 ± 0.37

Faggiano122 1992 Prospective AS on echo 45 1.5 0.4 ± 0.3 0.1 ± 0.13 (−0.7 to 0.1)

Peter135 1993 Retrospective AS on echo 49 2.7 7.2

Brener131 1995 Retrospective AS on echo 394 6.3 0.14

Otto43 1997 Prospective Asymptomatic 123 2.5 7 ± 7 0.32 ± 0.34 0.12 ± 0.19

Bahler130 1999 Retrospective AS on echo 91 1.8 2.8 0.2 0.04

Palta134 2000 Retrospective AS on echo 170 1.9 0.10 ± 0.27

Rosenhek6 2000 Prospective Vmax >4.0 m/s 128 1.8 Slow 0.14 ± 0.18

Rapid 0.45 ± 0.38

Rosenhek51 2004 Retrospective Vmax 2.5-3.9 m/s 176 3.8 0.24 ± 0.30

Echocardiographic Intervention Studies
Novaro140 2001 Retrospective AVA 1.0-1.8 cm2 174 1.7 Statin therapy 0.06 ± 0.16

No statin 0.11 ± 0.18

Bellamy138 2002 Retrospective AVA <2.0 cm2 156 3.7 Statin therapy 0.04 ± 0.15

No statin 0.09 ± 0.17

Rosenhek141 2004 Retrospective Vmax >2.5 m/s 211 2.0 Statin therapy 0.1 ± 041

No statin 0.39 ± 0.42

Cowell139 2005 Prospective Vmax >2.5 m/s 134 2.1 Statin therapy 0.2 ± 0.21 0.08 ± 0.11

No statin 0.2 ± 0.21 0.08 ± 0.11

Moura143 2007 Prospective AVA 1.0-1.5 cm2 121 1.4 Statin therapy 0.4 ± 0.38 0.05 ± 0.12

No statin 0.24 ± 0.30 0.1 ± 0.09

Rossebø*142 2008 Prospective Vmax 2.5-4.0 m/s 1873 5.4 Statin 2.7 ± 0.1 0.15 ± 0.01 0.03 ± 0.01

No statin 2.8 ± 0.1 0.16 ± 0.01 0.03 ± 0.01

Chan182 2010 Prospective Vmax 2.5-4.0 m/s 269 3.5 Statin 3.8 ± 4.4 Statin 0.08 ± 0.21
No statin 3.9 ± 4.9 No statin 0.07 ± 0.15

AS, Aortic stenosis; AVA, aortic valve area; ΔP, pressure gradient; echo, echocardiography; Vmax, peak aortic jet velocity.
*Data expressed as mean ± standard error.

TABLE 
23-5 
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concurrent decrease in transaortic volume flow rate, a decrease 
in valve area alone may be seen with no change in jet velocity. 
This situation may occur secondary to comorbid disease (e.g., 
increasing mitral regurgitation or myocardial infarction) or 
decreasing LV function late in the disease course. On the other 
hand, an increase in jet velocity and pressure gradient with no 
change in valve area may be observed if transaortic stroke 
volume is increased in hyperdynamic states (e.g., anemia, fever, 
pregnancy) or with increasing aortic regurgitation.

RISK STRATIFICATION

Rationale for Risk Stratification
One concern when following patients with severe AS is the pos-
sibility of delayed symptom-onset reporting with the associated 
increased risk of mortality. Similar considerations apply to the 
issue of waiting lists for surgery, with estimated mortality rates 
for symptomatic patients of around 14% per year.144 Operative 
mortality is also significantly lower for mildly symptomatic 
patients in whom surgery is electively scheduled as compared 
to an increased surgical risk for patients with advanced symp-
toms needing urgent surgery.

However, although the operative risk has dramatically 
decreased over recent decades, it must be considered to be in 
the range of 2% to 3% and may be as high as 5% to 10% in the 
elderly.145 In an asymptomatic patient, this risk has to be out-
weighed by a proven benefit.

After valve replacement with a mechanical or bioprosthetic 
valve, valve-related complications such as thromboembolism, 
bleeding, endocarditis, valve thrombosis, paravalvular regurgi-
tation, and valve failure occur at a rate of 2% to 3% per year. 
Death directly related to the prosthesis has been reported at a 
rate of up to 1% per year. The individual disease course is highly 
variable, and some patients may remain asymptomatic for 
many years. Early elective surgery is thus not generally recom-
mended, and risk stratification may be required to identify 
patients likely to benefit from such an intervention.

Predictors of Hemodynamic Progression
Hemodynamic progression of AS is highly variable for indi-
vidual patients (Fig. 23-18). The exact rate of hemodynamic 
progression in an individual patient cannot be precisely antici-
pated (Fig. 23-19). Patterns of progression may be nonlinear 
with episodes of rapid progression following phases of steady 
and slow progression. Clinical factors such as elevated serum 
lipid levels, hypertension, smoking, and diabetes have been 
found to be associated with AS146 but have not been convinc-
ingly proven to affect disease progression.

Most patients with a bicuspid stenotic valve require surgical 
intervention at a younger age than those with calcific AS.104 
However, this may relate to a disease onset at an early age. In 
the early disease phase, when bicuspid aortic valves are only 
mildly calcified, progression can be expected to be slower. Yet, 
these bicuspid valves also tend to calcify, and valve calcification 
predicts disease progression.6,51,147 Other factors associated with 
disease progression are the severity of AS (advanced disease 
results in earlier symptom onset), age, and coronary artery 
disease51—these factors are directly associated with aortic valve 
calcification.

Predictors of Clinical Outcome
Predictors of outcome are particularly relevant in asymptom-
atic patients with severe AS because they allow optimal 

Figure 23-18  Peak aortic jet velocity (Vmax) plotted for initial and final 
Doppler studies  in 42 asymptomatic patients. Group means  indicated 
by the symbol  . (From Otto CM, Pearlman AS, Gardner CL: Hemody-
namic progression of aortic stenosis in adults assessed by Doppler 
echocardiography. J Am Coll Cardiol 13:545-550, 1989.)
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Figure 23-19  Change in mean aortic gradient (MG) in 394 consecutive 
patients with aortic stenosis represented according to follow-up dura-
tion.  Despite  strong  correlation  predicting  increase  of  gradient  over 
time  (r  =  0.40,  p  <  0.0001),  interindividual  variability  of  hemodynamic 
progression can be appreciated. (From Brener SJ, Duffy CI, Thomas JD, 
et al: Progression of aortic stenosis in 394 patients: relation to changes 
in myocardial and mitral valve dysfunction.  J Am Coll Cardiol 25:305-
310, 1995.)
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scheduling of follow-up exams and the identification of candi-
dates for early elective surgery.

Stenosis severity is one of the most robust predictors of 
outcome in patients with AS. Several studies have confirmed 
that the likelihood of aortic valve surgery is related to peak 
aortic jet velocity across the entire disease spectrum: Event rates 
are lowest in patients with mild stenosis, followed by moderate, 
severe, and very severe stenosis6,43,48,51 (Fig. 23-20).

Significant valve calcification, rapid hemodynamic progres-
sion, and the presence of coronary artery disease predict high 
event rates in patients with mild to moderate AS.51

In a prospective study including 126 patients with asymp-
tomatic severe AS, it was shown that moderate-to-severe aortic 
valve calcification detected by echocardiography was associated 
with an 80% rate of either symptom onset warranting aortic 
valve replacement or death within 4 years (Fig. 23-21). The 
finding that aortic valve calcification is associated with poor 
outcome was confirmed by a study assessing the degree of aortic 
valve calcification by electron-beam tomography.148 Patients 
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hemodynamic progression, which in turn results in more severe 
stenosis as reflected by a higher transaortic jet velocity. Peak 
aortic jet velocity is probably the most robust and extensively 
studied predictor of outcome in asymptomatic patients with 
AS.6,43,48,51,125

Using exercise Doppler echocardiography in severe asymp-
tomatic AS,67 an exercise-induced increase of mean transaortic 
gradient of18 mm Hg or greater, an abnormal exercise test, and 
an aortic valve area of less than 0.75 cm2 were independent 
predictors of events, with an incremental value when occurring 
together. The predictive value of an exercise-induced increase 
of mean transaortic gradient of 20 mm Hg or more among was 
confirmed in a group of 135 asymptomatic patients with at least 
moderate AS.124

There is an undisputed role for exercise testing in asymptom-
atic patients with severe AS for risk stratification and in unmask-
ing symptoms. Patients who have a negative exercise test have 
a relatively good outcome.107 Exercise testing has the best posi-
tive predictive value for active patients under the age of 70 years 
and may unmask latent symptoms, which are present in up to 
30% of apparently asymptomatic patients.108 The occurrence of 
an ST-segment depression, of abnormal blood pressure regula-
tion, or of arrhythmias during exercise had a lower predictive 
value in this study.108

Finally, BNP levels have been shown to correlate with  
symptomatic status in patients with AS.149 In asymptomatic 
patients, low BNP levels are associated with a good short-term 
outcome.150,151 However, their positive predictive value needs to 
be viewed cautiously because of the nonspecificity of this 
measure and the fact that several cutoff values were proposed 
in different studies to indicate a poor outcome. Recently, Monin 
and colleagues125 proposed a risk score for the identification of 

with calcified aortic valves are more likely to have a rapid hemo-
dynamic progression.51,147 The combined presence of a calcified 
aortic valve with a rapid hemodynamic progression (defined as 
an increase in peak aortic jet velocity of more than 0.3 m/s/
year) characterizes a high-risk group with an event rate of 79% 
within 2 years6 (Fig. 23-22). Although the echocardiographic 
determination of aortic valve calcification is semiquantitative, 
it has the advantage of being quickly and easily obtainable. 
Furthermore, the clinically relevant differentiation between  
no or mild calcification and moderate to severe calcification  
is easily performed. Ultimately, calcification is related to 

Figure 23-20  Kaplan-Meier event-free  survival of  123 asymptomatic 
patients  with  aortic  stenosis  according  to  their  degree  of  severity 
expressed by peak aortic jet velocity (Vmax) (p < 0.0001). (From Otto CM, 
Burwash IG, Legget ME, et al: Prospective study of asymptomatic val-
vular aortic stenosis. Clinical, echocardiographic, and exercise predic-
tors of outcome. Circulation 95:2262-2270, 1997.)
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Figure 23-21  Kaplan-Meier analysis of event-free survival among 25 
patients with no or mild aortic valve calcification, as compared with 101 
patients  with  moderate  or  severe  calcification.  Vertical  bars  indicate 
standard errors. All subjects in this study had initial aortic jet velocity of 
at  least  4.0 m/s  (mean  5.0  ±  0.6 m/s).  (From Rosenhek R, Binder T, 
Porenta G, et al: Predictors of outcome in severe, asymptomatic aortic 
stenosis. N Engl J Med 343:611-617, 2000.)
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Figure 23-22  Kaplan-Meier  analysis  of  event-free  survival  among 
patients  with  moderately  to  severely  calcified  aortic  valves  and  rapid 
hemodynamic progression defined by increase in peak aortic jet veloc-
ity of more than 0.3 m/s within 12 months. Vertical bars  indicate stan-
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patients generally benefit from surgery with an improvement of 
LV function.

When LV function is significantly impaired, operative risk is 
significantly increased. However, improvement of LV function 
and of symptoms can be expected in the majority of patients. 
Patients with reduced systolic function and a history of prior 
myocardial infarction experience a particularly poor outcome 
following valve replacement.156 Also, the presence of atrial fibril-
lation has been reported to predict a higher operative risk and 
worse postoperative outcome in patients with AS and reduced 
LV function.157

Low-Flow, Low-Gradient Aortic Stenosis
The situation of low-flow, low-gradient AS is clinically chal-
lenging. It is defined by a small calculated valve area (less than 
1 cm2), which is a flow-independent measure of stenosis sever-
ity, and a mean transvalvular gradient in the range of 25 to 
40 mm Hg in the presence of a reduced LV ejection fraction. In 
this setting, differentiation between restricted valve opening 
due to excessive leaflet stiffness and limited leaflet motion due 
to low transaortic stroke volume is warranted.

The risk of aortic valve replacement in the setting of low-
flow, low-gradient AS is high, with an operative mortality in the 
range of 9% to 33%.158-160 However, symptoms and LV function 
typically improve in the patients surviving surgery.159,160

Improvement after valve replacement is expected if LV  
systolic dysfunction is due to AS, but only to a limited extent 
when it is due to end-stage ischemic disease or a primary 
cardiomyopathy.

Stress echocardiography with low-dose dobutamine (maximal 
dose 20 mcg/kg/min) is useful for the evaluation and risk strati-
fication of such patients. It allows the assessment of contractile 
reserve, defined by an increase in stroke volume of 20% or 
more.161 In the presence of contractile reserve, true severe and 
relative AS can be differentiated.162,163 If the ventricle fails to 
respond to inotropic stimulation (i.e., no increase in cardiac 
output), interpretation is difficult.72,162,164

In patients with relative or pseudosevere AS, the augmenta-
tion of transaortic volume flow rate results in a significant 

high-risk patients that includes information on both stenosis 
severity and BNP levels.

Valvuloarterial impedance, which is a measure of global sys-
temic load that integrates information on LV pressure burden 
from AS and systemic arterial compliance,152 has been suggested 
to be of additional predictive value.126

TIMING OF SURGERY IN PATIENTS WITH  
NONSEVERE AORTIC STENOSIS UNDERGOING 
CARDIAC SURGERY

It is evident that a severely stenotic aortic valve should be 
replaced at the time of cardiac surgery performed for another 
reason. The decision as to whether an aortic valve replacement 
should be performed in the presence of a valve that is not 
severely stenotic is more complex, given the interindividual 
variability of disease progression. “Prophylactic” valve replace-
ment for moderate AS is considered to avoid repeat surgery that 
may be needed within less than 5 years.153 However, the risks of 
combined surgery and of potential prosthesis-related complica-
tions have to be weighed against the likelihood and risk of two 
separate operations. The degree of severity, but also risk factors 
associated with hemodynamic progression, should be consid-
ered in this decision.154,155 In this context, the degree of disease 
severity, valve calcification, and data on previous hemodynamic 
progression should be used to define patients likely to benefit 
from a combined procedure.

AORTIC STENOSIS WITH REDUCED LV  
FUNCTION OR FLOW

Impaired LV function in patients with AS is generally associated 
with poor outcome. However, differentiation according to pres-
ence of either a preserved or a reduced transaortic gradient is 
fundamental in this setting (Fig. 23-23).

In the Presence of a Normal Transaortic Gradient
It is recognized that patients with severe AS who have beginning 
systolic dysfunction should undergo valve replacement. These 

Figure 23-23  Classification  of  aortic  stenosis  (AS) 
defined by calculated aortic  valve area  (AVA) ≤1.0 cm2 
according  to  ventricular  function,  transvalvular  gradi-
ents, and flow. EF, Ejection fraction; SVI, stroke volume 
index. 
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approach to this patient group that includes looking at the 
valve, at the patient, and at the options might be helpful. A 
heavily calcified valve will be an argument in favor of valve 
replacement, whereas thin, flexible leaflets argue against valve 
surgery. Angiographic assessment of the coronary arteries is an 
integral part of the diagnostic workup.

Low-Flow, Low-Gradient Aortic Stenosis  
Despite Preserved Ejection Fraction  
(Paradoxical Low-Flow Aortic Stenosis)
The concept of low-flow, low-gradient AS despite a preserved 
ejection fraction has been described.171 Like classical low-flow, 
low-gradient AS, it is characterized by a small calculated aortic 
valve area, while the transaortic gradients correspond to non-
severe stenosis. In contrast to classical low-flow, low-gradient 
AS, however, ejection fraction is normal but stroke volume is 
nevertheless reduced (a stroke volume index of 35 mL/m2 or 
less has been proposed to define a low stroke volume). This 
situation may be observed in the presence of severe LV hyper-
trophy with a small LV cavity or when a concomitant atrial 
septal defect with left-to-right shunting is present. Before diag-
nosing paradoxical low-flow AS, it is important to rule out 
potential underestimation of peak aortic jet velocity and mea-
surement error in LV outflow tract area, both of which may also 
lead to a similar constellation of measurements. In the initial 
retrospective study, a worse outcome was described in patients 
with paradoxical low-flow AS who were managed conserva-
tively as compared to those undergoing aortic valve replace-
ment surgery. However, a recent analysis of data from the 
prospective SEAS cohort described an outcome that was com-
parable to moderate AS.172 Although it is premature to draw 
final conclusions with regard to the management of these 
patients, decisions need to be individualized. In particular, it 
seems unlikely that asymptomatic patients would benefit from 
surgery.

Assessment of Interventional Risk and 
Choice of the Procedure
The introduction of transcatheter aortic valve implantation 
techniques has expanded the options for the management of 
high-risk patients with AS. An optimal decision-making 
process depends on an interdisciplinary team approach includ-
ing cardiac surgeons, interventional cardiologists, and nonin-
terventional cardiologists.173 In specific cases, additional 
consultation with an anesthesiologist, a geriatrician, or other 
specialties might be recommended. Currently available surgi-
cal risk scores do not reliably predict the risk of valve proce-
dures in an individual patient and should thus only be used as 
part of an integrated approach.174 An objective assessment of 
frailty should be integrated in the decision-making process.

PREINTERVENTIONAL ASSESSMENT OF  
CORONARY ARTERY DISEASE

Coronary artery disease is frequent in patients with calcific AS. 
Concurrent coronary artery bypass grafting is recommended in 
the presence of significant coronary artery disease. If concomi-
tant coronary artery disease is present at the time of aortic valve 
replacement for AS, operative mortality is significantly lower 
when additional coronary bypass grafting is performed (1.1% 
to 4.8%) in contrast to when valve replacement is performed 
alone (4.0% to 13.2%).175,176 Also, risk of sudden death after 

increase (at least 0.2 cm2) of valve area as the flexible leaflets 
open to a greater extent, while the transaortic gradient remains 
more or less unchanged. Conversely, when true severe AS is 
present, valve area will change little despite an increased trans-
aortic volume flow due to stiff, rigid valve leaflets, and the 
transaortic gradients will increase significantly.

However, a small increase in aortic valve area can be seen in 
some patients with surgically confirmed severe AS and therefore 
does not exclude fixed valve disease.165 Dobutamine infusion 
leads to a variable increase in transaortic flow rate; in some 
patients, normalized flow rates might not be reached. In an 
attempt to standardize these findings, the use of a projected 
effective orifice area (at a normal flow rate of 250 mL/s), which 
is determined by plotting (and extrapolating if necessary) the 
effective orifice area against transvalvular flow at the different 
exam stages, has been proposed to improve accuracy for distin-
guishing true severe from pseudosevere AS.166

In two small studies, 8 of 24163 and 5 of 12162 patients with 
contractile reserve had relative AS. In these studies, surgery led 
to an improved outcome in patients with true severe AS and 
preserved LV function. In a large multicentric study, patients 
with a contractile reserve had a significantly improved survival 
when they underwent surgery as compared to medically treated 
patients161 (see Fig. 23-24). Patients without contractile reserve 
had poor overall survival, although a trend toward slightly 
improved outcome was described for patients undergoing 
surgery. In this study only 7 of 136 patients had relative AS. The 
failure of volume flow rate to increase may be due to a flow limi-
tation of a severely stenotic valve or to an unresponsive myocar-
dium. Importantly, despite a high operative risk, LV function and 
symptomatic status may even improve in patients without con-
tractile reserve surviving aortic valve replacement surgery. This 
suggests that even in this subgroup, selected patients may benefit 
from surgery, which should thus not be generally precluded.167-169 
In the absence of contractile reserve, extensive aortic valve calci-
fication may be indicative of severe AS.170

Although stress echocardiography may not always give all the 
expected answers in an unambiguous way, a pragmatic clinical 

Figure 23-24  Kaplan-Meier survival estimates of 136 consecutive 
patients with low-flow, low-gradient aortic stenosis. Group I (n = 92) 
represents  patients  with  contractile  reserve  determined  by  low-dose 
dobutamine  echocardiography.  Group  II  (n  =  44)  represents  patients 
with absent contractile reserve. Survival estimates represented accord-
ing to contractile reserve and treatment strategy (aortic valve replace-
ment versus medical  therapy).  (From Monin JL, Quere JP, Monchi M, 
et al: Low-gradient aortic stenosis: operative risk stratification and pre-
dictors for long-term outcome: a multicenter study using dobutamine 
stress hemodynamics. Circulation 108:319-324, 2003.)
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(Edwards LifeSciences, Irvine, Calif.) valves are commercially 
available. One of the most important factors is the sizing of the 
aortic annulus, which determines whether the available valve 
types are suitable and also affects the choice of prosthetic valve 
size. Although the aortic annulus can be visualized in transtho-
racic echocardiography, the use of TEE is recommended because 
it allows more accurate delineation of the annulus.181 It further 
allows measurement of the distance from the aortic cusps to the 
coronary ostia. Furthermore, TEE permits a morphologic char-
acterization of the thoracic aorta and thus the identification of 
aortic plaques. Nevertheless, computed tomography angiogra-
phy of the aorta, which provides complementary information 
with regard to annulus size and aortic morphology, is routinely 
performed. The determination of aortic valve etiology is manda-
tory: A bicuspid aortic valve is a contraindication for transcath-
eter valve implantation because of the likelihood of noncircular 
deployment of the valve. However, it is not unlikely to miss the 
diagnosis of a bicuspid valve in the presence of a severely calcified 
valve, where an exact morphologic description is difficult. In the 
process of preinterventional patient evaluation, the basal inter-
ventricular septum should be assessed to detect a subaortic septal 
bulge that may interfere with an adequate valve deployment. 
Concomitant valve lesions are routinely assessed. In particular, 
the presence of concomitant mitral regurgitation may affect 
treatment decisions. When the mitral valve is morphologically 
normal, a reduction of regurgitation severity can be expected 
after aortic valve implantation and the resulting drop in LV 
afterload. However, when a structural lesion is present, regurgi-
tation typically persists.

VALVE IMPLANTATION

Intraprocedural TEE is complementary to fluoroscopy for the 
positioning of the balloon during valvuloplasty and also to 
confirm the position of the valve prosthesis before deployment. 
3D TEE allows improved visualization of the prosthesis. Fol-
lowing prosthesis implantation, the valve position is confirmed 
and its function evaluated. In particular, the shape of stent 
expansion and the presence of aortic regurgitation, which is of 
prognostic relevance, can be assessed. Periinterventional TEE 
monitoring is particularly important for the identification of 
potential complications, such as incorrect valve positioning, 
pericardial effusion, cardiac tamponade, aortic dissection, or 
the rare event of annular rupture.

valve replacement is significantly higher when patients with 
coronary artery disease are not revascularized at the time of 
surgery.177 Furthermore, the need for early reoperation for coro-
nary artery disease is averted.

In AS patients with angina, the prevalence of significant coro-
nary artery disease ranges from 40% to 80%. Preoperative coro-
nary angiography is therefore definitely needed.

However, even in the absence of angina the prevalence of 
significant coronary artery disease ranges between 0% and 54% 
(average 16%). The appropriate diagnostic approach to these 
patients is less clear. Exercise treadmill testing is contraindicated 
in symptomatic patients with AS. It is of note that even in 
asymptomatic patients, ST-segment depression during exercise 
is often nondiagnostic for the presence of coronary artery 
disease and is possibly related to LV hypertrophy.66,178 Multide-
tector computed tomography coronary angiography is becom-
ing increasingly available as a noninvasive technique for the 
assessment of the coronary anatomy. Recently, several small 
studies have reported high negative predictive values for this 
technique to rule out the presence of significant coronary artery 
disease in patients with AS.179,180 With further improvements in 
image quality, this technique might become an alternative to 
coronary angiography in patients at low to moderate risk for 
the presence of coronary artery disease. In patients with a mod-
erate to high likelihood of coronary artery disease, conventional 
preoperative coronary angiography remains mandatory.

Echocardiography in Transcatheter 
Aortic Valve Implantation
Transcatheter aortic valve implantation has become a treatment 
option for high-risk patients with AS. As discussed earlier, the 
choice of a management strategy in a specific patient should be 
based on a multidisciplinary approach. Echocardiography has 
a role both in the patient selection process and as a monitoring 
technique during valve implantation. The transcatheter valve 
can be implanted either retrogradely via a transfemoral access 
or surgically via the apex (see Chapter 5).

PATIENT SELECTION

Several factors determine whether a patient is suitable for a 
transcatheter aortic valve implantation. Presently two valves, the 
CoreValve (Medtronic, Minneapolis) and the Edwards SAPIEN 

KEY POINTS

 With an ageing population and widespread use of echo-
cardiography, AS is increasingly diagnosed.

 Knowledge of the prognostic implications of echocardio-
graphic findings in AS is essential for optimal manage-
ment and should always be put in clinical context.

 Echocardiography is the method of choice for follow-up 
of patients with AS and allows:
 The determination of the etiology of the stenosis (i.e., 

calcific, rheumatic, congenital)
 The exclusion of other causes of obstruction to LV 

outflow (i.e., supravalvular AS, subvalvular AS, hyper-
trophic obstructive cardiomyopathy)

 Identification of consequences of AS such as LV hyper-
trophy, impairment of LV systolic function, or presence 

of diastolic dysfunction as well as concomitant valve 
lesions

 Quantification of the severity of the stenosis using flow-
dependent (peak aortic jet velocity, mean gradient) and 
flow-independent (aortic valve area assessed by the 
continuity equation) variables

 Measurement of hemodynamic progression
 Risk stratification by integrating the information on 

stenosis severity, rate of hemodynamic progression and 
degree of aortic valve calcification

 Echocardiography plays a central role in management 
decisions, including surgical indications and scheduling 
control intervals.
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Fluid Dynamics of Prosthetic Valves
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Doppler echocardiography has made noninvasive examination 
of prosthetic heart valve function a clinical reality. Unfortu-
nately, there are still many imperfections in echocardiographic 
examinations due to acoustic shadowing, reflections caused by 
implanted valves, and limitations in ultrasound technology. 
Despite these limitations, a number of important parameters 
can be calculated or estimated to aid in the assessment of pros-
thetic heart valve function and performance. Once a valve has 
been implanted, its function is governed primarily by its hemo-
dynamic characteristics. In order to understand the hemody-
namic performance of prosthetic heart valves, it is necessary to 
have a solid background in the physical laws that govern their 
function. Therefore, the purpose of this chapter is to introduce 
cardiologists to the governing principles of fluid dynamics, rel-
evant formulations used in prosthetic valve assessment, and 
fluid mechanical characteristics of specific prosthetic heart 
valves.

Principles of Fluid Dynamics
CONSERVATION OF MASS

The principle of conservation of mass is important in evaluat-
ing valve effective orifice area (EOA). Conservation of mass, or 
the continuity principle, is a mass balance over the boundaries 
of a volume of fluid. For example, this volume can be made to 
coincide with a section of an artery, with the left ventricle, or 
with the surface of a blood cell and may be made to move over 
time as well. Such a volume is called a control volume, and its 
boundaries are usually chosen to give information regarding an 
unknown flow rate, average velocity, or surface area flow into 
or out of the volume based on more easily measurable quanti-
ties. Examples of control volumes useful for determining aortic 
and mitral valve areas with conservation of mass are shown in 
Figure 24-1.

Conservation of mass within the control volume can be 
expressed in words as:

Rate of mass accumulation Rate of mass input
Rate of mass 

= −
ooutput  (1)

In cardiovascular applications, we can assume that the density 
of blood is constant, because blood is composed mostly of 
water. Water is almost incompressible, and thermal expansion 
or contraction is insignificant because of the narrow range of 
body temperature. Because mass is the product of density and 
volume, mass conservation can be expressed as volume 
conservation:

Rate of volume accumulation Rate of volume input
Rate of v

= −
oolume output

 (2)

In mathematical form, this is

 
( )V V

t
Q Q

f i
in out

−
= −  (3)

where Qin is the total flow rate into the control volume, Qout is 
the total flow rate out of the control volume, Vi is the size of 
the control volume at the beginning of the observation, and Vf 
is the size of the control volume after an observation at time t. 
There could be multiple sources of flow inlets and outlets, and 
thus

1
1 2 3 1 2 3

t
V V Q Q Q Q Q Qf i in in in out out out( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( )− = + + − + +

 (4)
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Pressure is not the only form of mechanical energy in the 
circulation. Acceleration due to gravity (g) creates another form 
of mechanical energy per unit volume. Gravity can accelerate a 
mass m with a force Fg. If this force moves the mass over a verti-
cal distance h, it too performs work and expends gravitational 
energy Eg. The energy per unit volume is obtained by substitut-
ing density ρ for mass per unit volume.

 
E

V

F h

V

mgh

V
gh

g g= = = ρ  (8)

Finally, mechanical energy per unit volume exists in the cir-
culation in the form of kinetic energy, or energy of movement. 
If a mass m is moving at a velocity v, it contains kinetic energy 
equivalent to half the product of the mass and the square of the 
velocity:

 E

V

mv

V
vk = =

1

2 1

2

2

2ρ  (9)

Again, the energy per unit volume is obtained by substituting 
density for mass per unit volume. Thus, there are three forms 
of mechanical energy in the circulation.

The primary source of mechanical energy in the circulation 
is the work performed by the left ventricle. Contraction of the 
ventricle creates an increase in pressure inside the ventricle. As 
Equation 7 implies, subsequent movement of a volume of fluid 
by this pressure results in the generation of mechanical energy. 
The energy generated by the ventricle is illustrated in Figure 
24-2, which represents the pressure and volume within the ven-
tricle during the course of one cardiac cycle. The curve between 
points 1 and 2 represents the period of diastolic filling, where 
the mitral valve is open and the ventricle fills. The mitral valve 
shuts at point 2, and the period of isovolumic contraction 
begins. Between points 2 and 3, the volume of blood in the 
ventricle remains constant, but the pressure rises considerably. 
The aortic valve opens at point 3. This starts the period of sys-
tolic ejection, where blood is moved by the ventricle into the 

If we further assume that the volume of the control volume 
does not change with time, the left side of Equation 3 is zero, 
and conservation of mass can be expressed as

 Q Qin out=  (5)

This is approximately true in most blood vessels if we neglect 
expansion vessels under elevated pressure. Often, flow rate in 
circular, nonbranching vessels can be decomposed into an 
average axial velocity and a cross-sectional area (A). Equation 
5 thus becomes:

 v A v Ain in out out=  (6)

Flow through a prosthetic aortic valve is an example of such 
a situation. The rate at which fluid mass moves toward the valve 
from upstream has to be equal to the rate at which fluid mass 
moves through the vena contracta or further downstream of the 
aorta. This principle is relied on to formulate the equations for 
calculating EOA using Doppler echocardiography.

MECHANICAL ENERGY

Mechanical energy can be described as the ability to accelerate 
a mass of material over a certain distance. Energy per unit 
volume has the same dimensions as pressure. It is perhaps best 
to report energy in cardiovascular applications on a per-unit-
volume basis, because the majority of the medical field is accus-
tomed to working with the units of pressure. However, it is 
important to consider pressure as only one of several forms of 
mechanical energy.

Pressure (p) can be shown to be a form of mechanical energy 
per unit volume by recognizing that it represents a force (Fp) 
per unit area (A). If a force is applied to move a mass over a 
distance (d), it performs work, expending pressure energy (Ep). 
The area that the force acts on multiplied by the same distance 
represents a volume (V ):

 
E

V

F d

Ad

F

A
p

p p p= = =  (7)

Figure 24-1  Control volumes used  for determining  (A) mitral and  (B) aortic valve area with conservation of mass. V1 and V2  represent average 
velocity of the blood flowing over areas A1 and A2. 
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volume provides three-dimensional (3D) analysis of fluid 
energy at any time in the cardiac cycle. If we let the control 
volume be the blood volume around the valve, as shown in 
Figure 24-3, manipulation of the Navier-Stokes governing 
equations of fluid flow gives the following equation1:

S T dV P u n dA u g dV
d

dt
u dVij ij i i i i i∫ ∫ ∫ ∫= − ⋅ − −( )

� ρ ρ1

2
2  (13)

where S is the shear stress, T is the shear deformation, P is pres-
sure, u is velocity, A is the surface of the control volume, 

�
n  is 

the normal direction at the surface of the control volume, g is 
the gravitational force, and V is the control volume. The sub-
scripts i and j refer to any of the three Cartesian coordinate 

aorta. At point 4, the aortic valve closes and the period of iso-
volumic relaxation begins. During this period, the ventricular 
volume again remains constant, but the pressure falls. The fall 
in pressure returns the ventricle to its state at point 1. The 
energy generated by the ventricle during one cardiac cycle is 
equivalent to the integral of the pressure-volume diagram (the 
shaded area in Fig. 24-2). The energy per unit volume generated 
by the ventricle is equivalent to the integral of the pressure-
volume diagram divided by the stroke volume. This is roughly 
equivalent to the average increase in left ventricular pressure 
from diastole to systole. The ventricle thus creates energy in the 
form of pressure, but this energy is converted to gravitational 
and kinetic energy elsewhere in the circulation.

BERNOULLI’S EQUATION

Pressure, gravitational, and kinetic energies in the circulation 
can be freely converted from one to another without energy 
loss. Bernoulli’s equation for steady flow illustrates this. Ber-
noulli’s equation for steady flow relates the relative amounts of 
pressure, gravitational, and kinetic energy per unit volume 
between two spatial locations along a path of a flow (locations 
1 and 2, where location 2 is downstream of location 1), assum-
ing that no energy is lost:

 
1

2

1

2
1
2

1 1 2
2

2 2ρ ρ ρ ρv gh p v gh p+ + = + +  (10)

Bernoulli’s equation for steady flow states that the total 
mechanical energy per unit volume at locations 1 and 2 is the 
same but can exist in different forms. A decrease in pressure 
from location 1 to location 2 may be balanced by an increase 
in either fluid velocity or height without loss of energy. There-
fore, a pressure drop is not mechanical energy loss if it is 
accompanied by an increase in either gravitational or kinetic 
energy. These energies can be converted back to pressure energy 
later.

Additional variables can be added to Bernoulli’s equation for 
steady flow to account for the effects of unsteady flow and 
mechanical energy loss:

1

2

1

2
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2

1 1 2
2

2 2

1

2

ρ ρ ρ ρ ρv gh p v gh p
v

t
s+ + = + + +

∂
∂

∂ +∫ Φ  (11)

where s represents the distance of the path between locations 1 
and 2, and Φ represents loss of mechanical energy per unit 
volume. The added terms represents the contribution of accel-
eration of the fluid to the flow energy and the conversion of 
mechanical energy to heat, respectively, between locations 1 and 
2. Rearranging Equation 11 to express energy loss in terms of 
the other parameters, we obtain

Φ = − + − + − −
∂
∂

∂∫( ) ( ) ( )p p v v g h h
v

t
s1 2 1

2
2

2
1 2

1

21

2
ρ ρ ρ  (12)

THE CONTROL VOLUME ENERGY ANALYSIS

A more detailed analysis of the energy of fluid flow through a 
valve can be conducted using the control volume approach. 
Bernoulli’s equation describes energy conversion and loss along 
a streamline (line of fluid flow) and is a useful, simplified 
approach to analyze fluid energy in valves, while the control 

Figure 24-2  Pressure-volume diagram for the left ventricle.  The 
shaded area represents the energy given to the flow by one stroke of 
the ventricle. 

4

120

80

40

0
0 20 40 60 80

1

3

2

Left ventricular volume (mL)

Le
ft 

ve
nt

ric
ul

ar
 p

re
ss

ur
e 

(m
m

 H
g)
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fluctuations result in excessive mixing of fluid, where individual 
tiny pockets of fluid will experience very high shear stresses 
with other pockets of fluid everywhere in the flow. Conse-
quently, there will be high overall frictional energy loss, which 
is the essence of turbulence energy loss.

In a straight vessel, fluid inertia disturbances may be initiated 
by small irregularities, or roughness, in the surface of the vessel. 
In laminar flow, these small inertial disturbances will quickly be 
damped out by viscous forces, and unsteady secondary flow and 
fluid mixing will be minimal. In turbulent flow, these inertial 
changes will be amplified because viscous forces are not strong 
enough to dampen them. The analogy is being tripped while 
one is walking versus running. It is harder to keep one’s balance 
when tripped during running, because the inertia of the body’s 
motion is difficult to control.

The tendency toward turbulence in a fluid flow depends on 
the ratio of inertial forces to frictional forces in the flow. The 
inertial force of a moving flow is the force required to bring the 
flow to rest, whereas the frictional force of such a flow is created 
by viscous shear stress acting on solid surfaces. In vessel flow, 
this ratio is approximated by the Reynolds number:

 N
Dv

Re =
ρ

µ
 (15)

where D is the inner diameter of the vessel, v is the average 
velocity of the flow, ρ is the fluid density, and µ is the fluid 
viscosity. A low Reynolds number will result in laminar flow; a 
high Reynolds number will result in turbulent flow. The point 
of transition between the two states, the critical Reynolds 
number, differs for different flow systems. For flow through a 
straight pipe, the critical Reynolds number is approximately 
2000, and flow becomes fully turbulent at a Reynolds numbers 
of approximately 6000.2 Flow through small, circular orifices 
creates a phenomenon known as a free jet. For steady free-jet 
flows, the critical Reynolds number is approximately 1000, with 
fully turbulent flow occurring at Reynolds numbers greater 
than 3000.3,4 This transition point is lowered by sharp corners 
and bends in the flow, or rough solid surfaces. Further, for 
turbulence to occur, sufficient time must be allowed for the 
unsteadiness to amplify and grow. In pulsatile flows, however, 
if the frequency of pulses is too high, there may be insufficient 
time for turbulence to fully develop, making it harder to achieve 
turbulence. The critical Reynolds number thus increases.5

Valvular Regurgitation
When valvular regurgitation occurs, the heart must compensate 
by expending more energy to pump additional blood through 
the valve during forward flow phase, such that the net of 
forward flow and regurgitation flow will still be sufficient for 
the body. Blood that leaks back through the valve will not con-
tribute to circulation, and the energy used to pump it through 
the valve during forward flow phase can be viewed as being 
lost. In prosthetic valves, valvular regurgitation consists of the 
closing volume, paravalvular regurgitation, and perivalvular 
regurgitation. The closing volume is the amount of blood that 
will leak backwards through the valve at the end of forward 
flow before the valve can properly close (Fig. 24-5). Paravalvular 
regurgitation is the leakage of blood through the valve orifice. 
In the case of the bioprosthetic valve, calcification of the leaflets 
can lead to improper coaptation and thus paravalvular regur-
gitation. In mechanical valves, paravalvular regurgitation can 
occur through gaps in the closed valve. Perivalvular regurgita-
tion occurs because of improper attachment of the prosthetic 

axes, in accordance to Einstein’s notation. Equation 13 can be 
described in words as

Energy
dissipation

Energy supplied
by pressure

gradient

Energ

= −

yy
converted to
gravitational

potential energy

Energy
converte− dd into
kinetic energy

 

(14)

Pressure gradient across the valve, which is supplied by the 
heart muscles, is partially converted into kinetic energy, used to 
accelerate fluid, partially used to counter effects of gravity, and 
the remaining is lost as heat and sound.

MECHANISMS OF MECHANICAL ENERGY LOSS

Mechanical energy can be converted to heat and sound through 
friction between blood moving at different velocities and 
between blood and the vessel walls. Heat and sound generated 
through friction is not readily converted back to mechanical 
energy, and this energy is said to be lost to the cause of blood 
circulation. These frictional losses take one of two forms: 
viscous losses and turbulent losses. Additional energy can be 
effectively lost in the circulation due to valvular leakage. These 
forms of energy loss are described next.

Viscous Losses
As a result of frictional forces, fluid immediately adjacent to a 
solid boundary moves with the same velocity as the boundary. 
In the case of a stationary vessel, this means that fluid imme-
diately adjacent to the vessel wall does not move, no matter 
how fast the surrounding flow is moving. As one moves away 
from the solid boundary, the velocity may increase. This leads 
to differences in fluid velocity with respect to radial distance 
within the vessel (Fig. 24-4). Fluid viscosity, the tendency of the 
fluid components or molecules to “stick” to each other, creates 
friction between the fluid components in close proximity if 
they move at different velocities. This is the mechanism of 
viscous energy loss. Viscous losses typically increase with flow 
rate and decrease dramatically with increasing vessel radius. 
This is why vasodilators are effective in relieving left ventricular 
workload.

Turbulent Losses
Turbulent losses usually do not occur in the circulation but can 
be greater in magnitude than viscous losses when they do. Tur-
bulence is characterized by chaotic spatial and temporal fluc-
tuations in the direction and magnitude of fluid velocity. It is a 
result of the inertia of the flow being too great for frictional 
forces to stabilize fluid movement or to dampen unsteady sec-
ondary motions. The chaotic spatial and temporal velocity 

Figure 24-4  Variations in velocity with respect to radial distance 
in a blood vessel. These variations are a result of viscous forces. 
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total energy is actually lost in the flow contraction. Most of the 
lost energy in flow contraction is due to viscous losses. However, 
there may be a small amount of flow separation immediately 
following abrupt contractions. Flow separation occurs because 
the momentum of the flow causes it to continue to converge for 
a short period after the anatomic contraction (see Fig. 24-6). 
Such abrupt contractions have considerably more energy loss 
than gradual ones.

The second section of the stenosis, from 2 to 3, represents a 
throat of constant cross-sectional area. In this section, the con-
tinuity equation states that the velocity at 2 and 3 are the same. 
Therefore, there is no loss in kinetic energy; the total energy lost 
in this section is completely pressure energy. It is worth noting 
that only in nonbranching vessels of constant cross-sectional 
area is pressure gradient equivalent to total energy loss per unit 
volume, and that usually only a small amount of total energy is 
lost in the stenosis throat. This energy loss is viscous in nature 
if the flow is laminar and completely turbulent in nature if  
the flow has enough momentum to enable its transition to 
turbulence.

Finally, in the expansion section of the stenosis, from 3 to 4, 
a large amount of total energy is lost. All of this lost energy is 
kinetic in nature, which explains why the Doppler gradient cor-
relates so strongly with total mechanical energy loss. However, 
the Doppler gradient does not completely specify total energy 
loss because a portion of the kinetic energy is converted into 
pressure. This is the cause of the pressure recovery phenomenon. 
The expansion section of the stenosis illustrates why pressure 
gradients can be misleading in the estimation of the lost driving 
force for flow. Although the pressure increased in the expansion 
section, the total energy loss was very large.

Applications of Fluid Dynamics to  
Prosthetic Heart Valves
PRESSURE DROP

Pressure drop across a heart valve is commonly used to estimate 
the amount of energy lost by the flow in traversing the valve. 
Such pressure drops can be directly measured with invasive 
catheter techniques. Equation 16 shows that the pressure drop 
across a heart valve is equivalent to energy loss per unit volume 
if changes in the kinetic energy, gravitational energy, and local 
acceleration of the flow can be neglected. Because of the law of 
conservation of mass (see Equation 6), changes in kinetic energy 
are negligible if diameters of the vessels are the same at the 
locations of the upstream and downstream pressure measure-
ments and if the downstream measurements are obtained at a 
location far enough from the valve to allow for pressure recov-
ery. Changes in gravitational energy are negligible if the patient 
is supine, as there is little height difference between upstream 
and downstream measurement locations. If the patient is 
upright, every 5-cm difference in vertical height will result in 
approximately 3.9 mm Hg of pressure drop. Changes in local 
acceleration of the flow are negligible if measurements are 
obtained during peak flow rate across the valve (often called the 
peak gradient). This is because, at the peak flow rate, velocity is 
at the maximum turning point and is momentarily experienc-
ing no acceleration. Effects of acceleration are also negligible if 
measurements are averaged over the forward flow portion of 
the valve cycle (often called the mean gradient). This is because 
fluid first accelerates and then decelerates back to the initial 
state over the forward flow phase; and thus, when the 

valve with the heart tissues. For example, when prosthesis 
dehiscence occurs, blood will leak through the gap opened up 
by the dehiscence.

MECHANICAL ENERGY CONVERSION AND 
LOSS IN A STENOSIS

To show how mechanical energy may be changed from one 
form to another or lost, we refer to an illustration depicting the 
changes in mechanical energy across an aortic stenosis. Figure 
24-6 shows the overall energy conversion and losses, pressure 
energy, and kinetic energy as blood flow traverses the contrac-
tion, throat, and expansion sections of the stenosis.

The first section of the stenosis, from 1 to 2, is a flow contrac-
tion. Because the continuity equation states that the velocity at 
2 must be higher than that at 1, kinetic energy increases from 
1 to 2. This increase in kinetic energy occurs at the expense of 
a large amount of pressure energy. A relatively small amount of 

Figure 24-5  Regurgitant,  closing,  and  leakage  volumes  across  an 
aortic valve. 
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sufficiently downstream of the expansion are about the same 
according to Equation 6. However, because the Doppler gradi-
ent is measured between the upstream and the vena contracta 
point, it does not account for the pressure recovery, which 
occurs downstream of the vena contracta and may overestimate 
energy lost by the flow.

Another problem with the use of Doppler gradient is the 
placement of the transducer. If the transducer is placed obliquely 
with respect to the jet axis, the measured velocity will underes-
timate the true velocity of the jet,6 and pressure gradient will be 
underestimated. Because the errors resulting from pressure 
recovery and oblique transducer placement tend to offset each 
other, Doppler ultrasound can at times match pressure mea-
surements obtained from catheterization quite precisely.  
Nonetheless, there are instances when Doppler gradient gives 
significant errors.

Additional complications in the use of Doppler gradient to 
evaluate the total energy loss across mechanical prostheses arise 
because these valves have more than one orifice and because the 
resistance that each orifice offers to flow can be different. Veloc-
ity measurements made in the one orifice are therefore not 
representative of the gradient in either pressure or total energy 
as flow traverses the valve. The difference between Doppler and 
catheter gradients has been so notable for mechanical prosthe-
ses that empirically derived correction factors, dependent on 
valve design, have been suggested to the U.S. Food and Drug 
Administration (FDA).7 Some studies claim that there is negli-
gible difference between pressure gradients measured with 
catheter and Doppler, particularly with regard to mean gradi-
ents.6 However, because of its potential problems, the use of 
Doppler to evaluate the performance of mechanical prostheses 
should be approached with caution. Often, Equation 16 is sim-
plified further by assuming that upstream velocity is very small 
relative to the maximum velocity within the contraction:

 ∆p v= 4 2
max  (17)

In a very stenotic orifice, this equation will work well, because 
the velocity within the stenosis will indeed be much higher 
compared to the velocity upstream of the stenosis. This approx-
imation should only be used in heavily calcified bioprosthetic 
valves.

EFFECTIVE ORIFICE AREA

Evaluation of valve performance by pressure drop and Doppler 
gradient are heavily dependent on the flow rate across the valve. 
EOA does not represent the anatomic orifice area. Instead, it 
represents the cross-sectional area of the jet issuing from the 
valve at the point of its largest contraction (the vena contracta). 
The size of the EOA depends on the nature of the contraction 
as well as the size of the orifice itself. A sudden contraction will 
have a smaller EOA than a gradual contraction of the same 
orifice area. Although EOA has been considered to be an evalu-
ation parameter of valve performance that is independent of 
cardiac output (CO) and heart rate (HR), in vivo8,9 and in vitro1 
experiments have shown that it varies somewhat with flow rate. 
For bioprosthetic valves, higher flow causes the valve to open 
up a bigger valve orifice area by stretching the valve leaflets 
outward, allowing the jet flow area and thus EOA to be higher. 
For mechanical valves, changes in volumetric flow rate can lead 
to changes in the distribution of velocities across the diameter 
of the vena contracta,10 leading to minor changes in the 

acceleration term is integrated over time, it becomes zero. 
However, it must be noted that peak gradient describes the 
energy loss during peak flow phase, whereas mean gradient 
describes the average energy loss over the entire forward flow 
period. Thus, peak gradient will always be higher than mean 
gradient. Pressure drop is also often reported in terms of a peak-
to-peak gradient for convenience, as an approximation of the 
peak gradient. Differences between peak and peak-to-peak gra-
dients are shown in Figure 24-7.

DOPPLER GRADIENT

Although energy lost by the flow in traversing the valve can be 
estimated more directly with catheterization, such losses are 
now typically estimated noninvasively with the help of echocar-
diography. A simplified form of Equation 12 is used to estimate 
the amount of pressure converted to kinetic energy as the flow 
contracts from well upstream of the valve to the point of 
maximum flow contraction, by neglecting the small energy con-
versions to gravitational potential energy:

 ∆p v vups= −4 2 2( )max  (16)

where Δp is the pressure drop (p1 − p2) during the flow contrac-
tion in mm Hg, vups is the velocity upstream of the contraction 
during forward flow in cm/s, and vmax is the velocity at the point 
of maximum flow contraction during forward flow in cm/s. The 
constant 4 is used to account for the density of blood and unit 
conversions. This simplification assumes that mechanical 
energy loss and changes in gravitational energy and local accel-
eration are negligible as the flow contracts. Assumptions on 
changes in kinetic energy, effects of accelerations, the use of 
mean gradient versus peak gradient, and gravitational potential 
energy are the same as those discussed in the Pressure Drop 
section earlier.

The conversion from pressure to kinetic energy within the 
flow contraction of Figure 24-6 is therefore the quantity mea-
sured when estimating pressure gradient with Doppler echocar-
diography. Most of this converted energy will be lost after the 
expansion, because the kinetic energy upstream and that 

Figure 24-7  Mean,  peak,  and  peak-to-peak  pressure  differences 
across an aortic valve. 
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Equation 16 or 17 will carry the same simplifying assump-
tions as those described in the sections on Doppler gradient  
and pressure Gradient and should be adapted for use with 
caution.

In the application of Equations 20 and 22, one subtlety 
should be kept in mind: all variables in the equations are aver-
ages during the systolic or diastolic forward flow period through 
the heart valve. Instantaneous values of pressure and flow rate 
cannot be used in these equations unless taken at peak flow 
rate. This is because the Gorlin formula is derived using Ber-
noulli’s equation for steady flow and is, therefore, invalid in 
situations where there is a large net temporal acceleration or 
deceleration in the flow. For example, in the estimation of Δp 
using the echocardiography method, one should use either the 
average of a few pressure gradients spaced equally over the 
forward flow phase or the time integration average of the  
pressure gradient data. For the estimation of Q in the echocar-
diography method, use of the velocity-time integral, which 
accounts for the velocities over the entire forward flow phase, 
is recommended.

Averages over the entire cycle may not be relevant either, 
especially if aortic regurgitation occurs concurrently.14 Estima-
tions of forward flow rate that do not involve echocardiography 
(Fick method, thermal and dye dilution) are averages over the 
entire cardiac cycle (Qnet). If no regurgitation is present, these 
methods can be used to estimate the average forward flow rate 
during systole. However, if aortic regurgitation is present, direct 
application of Gorlin’s formula will result in an underestima-
tion in EOA:

 Q
Q

RF
net=

−( )1
 (23)

where RF represents the regurgitant fraction of the aortic valve.
In the in vitro setting, prosthetic valve EOA is measured with 

the Gorlin equation, because the direct measurement of pres-
sures and flow is very easily achieved. Volumetric flow rate can 
be measured at high temporal resolution with commercial flow 
probes, and pressures can be measured through catheter-like 
tubes directly upstream and downstream of the valve, using 
commercial pressure gages. In vitro testing of prosthetic valves 
uses the following equation for calculating EOA15:

 EOA
Q

p

RMS

mean

=
51 6. ∆

 (24)

where EOA is in units of cm2, QRMS is the square root of the 
temporal mean of the square of volumetric flow rate in mL/s 
during the forward flow phase, and Δpmean is the temporal mean 
of the pressure drop across the valve during the forward flow 
phase in mm Hg.

A measure of a valve’s resistance to forward flow that is based 
on EOA is the performance index. This is the ratio of EOA to 
the valve sewing ring area (Asew):

 PI
EOA

Asew

=  (25)

It provides a measure of how well a valve design uses its total 
mounting area, the area the flow would experience without the 
valve. Although EOA is dependent on valve size, performance 
index effectively normalizes EOA for valve size.

computed EOA. However, the variation of EOA with flow is 
small, and so errors associated with the assumption of EOA 
invariance to flow rate are manageable.11

EOA can be estimated by applying the continuity equation 
(Equation 18) to echocardiography measurements of the 
upstream vessel area (Aups), the temporal average of the velocity 
upstream of the contraction during forward flow, and the tem-
poral average of the velocity at the point of maximum flow 
contraction during forward flow:

 EOA
A v

v

ups ups=
max

 (18)

Pulsed-wave Doppler is used to measure the upstream veloc-
ity, whereas continuous-wave Doppler is used to measure the 
maximum velocity or the velocity within the vena contracta. If 
we assume EOA and Aups are constant over systole, we can use 
velocity-time integral (VTI) instead of velocities, which is the 
area under the curve of the velocity versus time plot. The 
upstream area is estimated with planimetry with B-mode echo. 
Thus, the clinically implemented equation is

 EOA
A VTI

VTI

ups ups=
max

 (19)

The Gorlin formula can also be used to estimate EOA with 
catheter measurements. The Gorlin formula is a combination 
of Equation 6 and either Equation 16 or 17:

 EOA
Q

p
=

51 6. ∆
 (20)

where EOA is in cm2, Q is the temporal average of the flow rate 
during forward flow in cm3, and Δp is the mean pressure drop 
across the valve during forward flow in mm Hg. The constant 
51.6 in the denominator is used to account for the density of 
blood and unit conversions. It must be noted that the EOA 
differs from the aortic valve area initially described by Gorlin 
and Gorlin,12 which is the geometric area of valve orifice traced 
by the free edge of the leaflets. The EOA is the area of flow 
slightly downstream of the aortic valve area, where flow con-
tracted slightly. Thus, whereas a factor of 44.3 was used in the 
computation of aortic valve area, a factor of 51.6 should be used 
for EOA. EOA can be obtained through this method with either 
invasive cardiac catheterization or noninvasive echocardio-
graphic examination. With the catheter approach, Δp is directly 
measured with fluid-filled or sensor-mounted catheters, and Q 
is estimated by measuring the CO with the Fick method 
(thermodilution and dye dilution),13 and the HR and systolic 
duration (SD):

 Q
CO

HR SD
=

⋅
 (21)

The catheter approach can be expected to overestimate the 
EOA because of the pressure recovery phenomenon. However, 
the catheter formulation, dubbed the energy loss coefficient, 
may be useful as a separate entity in evaluating the severity of 
aortic stenosis.

With the noninvasive echocardiography approach, Q is esti-
mated by the upstream vessel area (Aups) multiplied by the 
upstream velocity time integral (VTIups), and Δp should be esti-
mated by the Doppler gradient using Equation 16 or 17:

 EOA
A VTI

p

ups ups=
⋅

51 6. ∆
 (22)
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MECHANICAL ENERGY LOSSES

Pressure gradient and EOA parameters are indicative of the 
energy loss in valves. However, they are not direct measures of 
mechanical energy losses, which should be measured in joules 
per cycle or watts.

Direct measurement of mechanical energy losses is possible 
in vitro with both Equation 12 (the Bernoulli Equation analy-
sis) and Equation 15 (the control volume analysis). When Equa-
tion 12 is integrated over one cardiac cycle, the final term on 
the right side of the equation becomes zero because of the 
periodicity or repetitive nature of the fluid flow. The gravita-
tional potential energy term (the third term on the right side) 
is usually small and can be neglected. The remaining terms can 
be simplified to

 Φcycle

cycle

Q P v P v dt= +



 − +









∫ 1 1

2
2 2

21

2

1

2
ρ ρ  (27)

where Φcycle is the energy loss per cycle, Q is the volumetric flow 
rate, and the subscripts 1 and 2 refer to upstream and down-
stream of the valve, respectively. Heinrich and colleagues21 
measured the energy loss per cardiac cycle for the St. Jude 
Medical bileaflet mechanical valve and the Medtronic Hall 
tilting disk mechanical valve and showed that there was no 
significant difference in the energy losses of these two valves. 
Energy loss was observed to increase with increased stroke 
volume and HR.

Equation 13 can be simplified to the following by assum-
ing that energy conversion to gravitation potential energy is 
small:

 Φinst Q P P
dKE

dt
= ⋅ − −( )1 2  (28)

where Φinst is the instantaneous energy loss, KE is the kinetic 
energy within the control volume, and the subscripts 1 and 2 
refer to the control volume boundary upstream and down-
stream of the valve, respectively. By making suitable assump-
tions of the flow profile, Yap and co-workers1 measured the 
instantaneous energy losses for a trileaflet valve and showed 
that most of the energy is lost during late systole, when there is 
adverse pressure gradient to decelerate forward flow and exces-
sive mixing of fluid occurs from flow reversals. Energy loss was 
also observed to increase with stroke volume and HR.

To calculate energy loss as a result of valvular regurgitation, 
we assume that all the mechanical energy causing the regurgita-
tion is lost:

 Φregurg

regurg

Q P P dt= ⋅ −∫ ( )1 2  (29)

where Φregurg is the total regurgitation energy loss over one 
cardiac cycle, Q is the regurgitation volumetric flow rate, and 
the subscripts 1 and 2 refer to upstream and downstream of 
the regurgitation orifice, respectively (i.e., downstream and 
upstream of the valve, respectively). Azadani and associates22 
used this approach to estimate the regurgitation energy losses 
occurring in transcatheter valves and found that regurgitation 
energy loss can be as high as one third of the total energy loss 
associated with the valve.

Energy loss through valves during forward flow depends on 
the volumetric flow rate, the density of the fluid, the viscosity 

REGURGITANT VOLUME

Pressure drop, Doppler gradient, and EOA give quantitative 
estimates of the energy lost by the flow in traversing a valve 
during forward flow. Flow energy can also be lost due to leakage 
across the valve when the pressure gradient across the valve 
reverses. A small amount of flow leaks across the valve during 
valve closure. In addition, mechanical prosthetic valves are 
unable to form tight seals when closed, and regurgitant jets are 
present in these valves under normal conditions. Normal regur-
gitant flow is characterized by a closing volume during valve 
closure and leakage after closure. The regurgitant volume is the 
total volume of fluid through the valve per beat due to the 
retrograde flow. It is equal to the sum of the closing volume and 
the leakage volume. The closing volume is the volume of fluid 
flowing retrograde through the valve during valve closure. Any 
fluid volume accumulation after valve closure is due to leakage 
and is termed leakage volume.

Regurgitant volume of prosthetic valves is governed by valve 
type, size, and position. Bioprostheses have a small closing 
volume, but do not leak if functioning properly. Bileaflet 
mechanical designs tend to have greater regurgitant volume 
than tilting disk designs.16 Larger valves leak more than smaller 
ones. Regurgitant volume is most problematic in positions 
where the pressure gradient during closure and leakage is high 
and where the duration of leakage is long. Energy losses due to 
regurgitant flow can exceed forward flow energy losses in large 
mitral prostheses.16 Although prosthetic valves normally exhibit 
a very small amount of regurgitant flow, they can cause sub-
stantial regurgitation when they malfunction. To distinguish 
normal from abnormal valve function, it is important to dif-
ferentiate between normal regurgitant volume and additional 
regurgitation due to disease. For in vitro evaluation of pros-
thetic valves, regurgitation volumes can be easily evaluated with 
commercial flow probes or velocimetry techniques such as  
particle image velocimetry or laser Doppler velocimetry. The 
energy loss due to regurgitation can be estimated using Equa-
tion 29, described later.

Most means of quantifying regurgitant volume use some 
form of a control volume and conservation of mass. For nonin-
vasive quantification of regurgitation flow with echocardiogra-
phy, perhaps the most commonly used method is the proximal 
isovelocity surface area method,17-20 which is applicable for bio-
prosthetic valves. The principle of the proximal isovelocity 
surface area technique is based on the fact that a fluid entering 
a regurgitant orifice must accelerate to reach a peak velocity at 
the throat of the orifice. If the orifice is circular, this acceleration 
region should be axisymmetric about the center of the orifice. 
Thus, upstream of the regurgitant orifice, a series of hemispheri-
cal isovelocity contours can be defined within the flow field. 
Equation 5 states that for a control volume that does not change 
in size, the same amount of fluid that enters the volume must 
exit it as well. If the control volume is constructed to coincide 
with a hemispherical contour and the regurgitant orifice,

 RV r v tups= 2 2π  (26)

where vups the temporal average of the velocity at a radial dis-
tance r upstream of the regurgitant orifice during forward flow 
and t represents the time during which regurgitation takes place 
during a single beat. The expression 2πr2 in this equation rep-
resents the surface area of the hemispherical shell surrounding 
the control volume.
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in traversing the valve by noninvasive echocardiography while 
compensating for pressure recovery. In using this formulation 
in the aorta, the cross-sectional area of the expansion should be 
taken as the cross-sectional area of the aorta at the sinotubular 
junction, as the separated flow disappears after the flow has 
traversed the sinuses of Valsalva.

The energy loss in Equation 32, like pressure drop and 
Doppler gradient, is dependent on flow rate. It is desirable to 
have a parameter that is closely related to energy loss, but rela-
tively independent of flow rate, for the evaluation of prosthesis 
function. Such a parameter can be derived by substituting 
Equation 32 for the Doppler gradient in Equation 20. This 
parameter has been dubbed the energy loss coefficient26:

 ELCo
A EOA

A EOA
aorta

aorta

=
−( )

 (33)

where EOA is measured by echocardiography, using either 
Equation 18 or Equation 20. The energy loss coefficient is 
equivalent to Equation 23 if Δp in Equation 23 is measured with 
pressure transducers that are placed far enough downstream to 
account for energy recovery. The advantage of using the energy 
loss coefficient rather than EOA is that the energy loss coeffi-
cient is based on recovered pressure.

IN VIVO EVALUATION OF PROSTHETIC VALVES

The in vivo evaluation of prosthetic valves is done clinically 
when patients with prosthetic valve implants suffer from abnor-
mal cardiac function. Prosthetic valve implants are all mildly 
stenotic, because prosthetic valves are usually implanted within 
aortic lumen space, which was previously space available for 
flow. In some cases, however, unusually high gradients despite 
normal prosthesis function are observed.27 These are most likely 
cases of patient-prosthesis mismatch, where the implanted 
valve is too small to accommodate the CO required by the large 
size of the patient. Patients with hypertrophic hearts or calcific 
aortic stenosis are especially prone to patient-prosthesis mis-
match, because it is difficult to insert the large prosthesis  
into constricted sites. Patient-prosthesis mismatch affects the 
patient’s physical capacity as well as postoperative mortality.28 
To detect patient-prosthesis mismatch, the echocardiographic 
evaluation of the EOA of the prosthesis should be performed 
and compared to literature value of the EOA of the same model 
of prosthesis of the same size. If the EOA is lower than that 
reported in the literature, it is likely that there is prosthesis 
dysfunction. On the other hand, if the EOA is similar to that 
reported in the literature, and yet a high pressure gradient 
exists, patient-prosthesis mismatch is likely. In vitro investiga-
tion has shown that the indexed EOA is inversely related to 
mean pressure gradient, as shown in Figure 24-8. Further, in the 
case of a mismatch, where small indexed EOAs are present, 
exercising will lead to greater elevation in mean gradient than 
when the mismatch is not present.

Hemodynamics of Native Valves
In order to effectively analyze flow through prosthetic heart 
valves in the mitral or aortic positions, it is important to 

of the fluid, the size of the valve (which can be represented by 
the body surface area), and the shape of the valve (for example, 
whether the valve is stenotic). Rigorous analysis with the Buck-
ingham pi theorem indicates that energy loss can be nondimen-
sionalized with density and the cube of flow rate and the square 
of body surface area.23 When normalized by these scaling 
parameters, the energy loss is directly dependent on the  
Reynolds number and the shape of the valve:

 ε ρ∝
Q

BSA

3

2
 (30)

 

ε

ρ Q

BSA

f N S
3

2

= ( , )Re
 (31)

where ε is energy dissipation, ρ is density, Q is flow rate, BSA is 
body surface area, NRe is the Reynolds number, and S is the 
dimensionless shape factor.

Clinically, the direct measurement of energy loss is not  
widely used for assessing heart valves in vivo, even though 
energy efficiency parameters have the advantage of being a 
direct measure of the contribution of valve fluid dynamics to 
heart failure (heart failure can be interpreted as the failure of 
the heart to generate sufficient energy to overcome energy 
losses in the circulation). For example, Dasi and colleagues23 
discussed how end-stage aortic stenosis failure patients who 
have low flow and low gradients can have deceivingly normal 
EOAs, but with energy loss analysis, it becomes apparent that 
these patients have failing hearts. Atkins and co-workers24 pro-
vided a review of mechanical energy loss analysis in heart 
valves.

NOVEL ENERGY LOSS PARAMETERS

As Figure 24-6 implies, much more mechanical energy is lost in 
flow expansion than in flow contraction or in the throat regions 
of prosthetic valves. This is particularly true in tissue valves, 
because of the gradual nature of the flow contraction and the 
small throat region. The localization of energy loss to the  
flow expansion region simplifies the problem considerably by 
allowing energy losses occurring in aortic valve stenoses to  
be modeled by an abrupt expansion. The total energy loss per 
unit volume across an abrupt expansion can be derived using 
Equation 6, Equation 12, and a form of conservation of 
momentum25:

 Φ = − 









4 12

2

v
EOA

Aaorta
max  (32)

where Φ is in mm Hg and vmax is the temporal average of the 
velocity at the point of maximum flow contraction, in cm/s. 
Equation 32, like recovered pressure, is thus a strong function 
of the EOA and the cross-sectional area of the aorta. As this area 
ratio approaches zero, the energy loss per unit volume in the 
expansion approaches the Doppler gradient. Thus, in cases of 
severe valvular stenosis, the Doppler gradient is equivalent to 
mechanical energy loss per unit volume. The advantage of using 
Equation 32 rather than pressure drop or Doppler gradient is 
that Equation 32 allows the estimation of energy lost by the flow 
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understand the conditions under which natural valves func-
tion. Figure 24-9 illustrates typical pressure and flow wave-
forms for healthy individuals at both the aortic and the mitral 
valves. During systole, the pressure difference required to drive 
the blood through the aortic valve is on the order of a few mil-
limeters of mercury. Diastolic pressure differences across the 
aortic valve are much larger than systolic, the pressure usually 
being about 80 mm Hg. The valve closes near the end of the 
deceleration phase of systole with very little reverse flow. The 
blood flow through the mitral valve is biphasic during diastole, 
as shown in Figure 24-9. The first peak, the E-wave, is due to 
ventricular relaxation, whereas the second peak, the A-wave, is 
caused by contraction of the left atrium. This means that all 
valves in the mitral position open and close twice during each 
cardiac cycle. It is also evident that all cardiac valves are  
closed during both isovolumic contraction and isovolumic 
relaxation.

Measurements of the velocity profile just distal to the aortic 
valve have been performed with Doppler echocardiography in 
normal subjects.26 The peak systolic velocity is 1.35 ± 0.35 m/s, 
and the velocity profile at the level of the aortic valve annulus 
is relatively flat. However, there is usually a slight skew toward 
the septal wall (less than 10% of the center-line velocity) caused 
by the orientation of the aortic valve relative to the long axis  
of the left ventricle. This skew in the velocity profile has  
been shown by many experimental techniques, including hot 
film anemometry,29,30 Doppler ultrasound,31 and magnetic 
resonance imaging.32

The flow patterns distal to the aortic valve also play an impor-
tant role in proper valve function. During systole, vortices form 
behind each leaflet in the sinus region. In vitro studies have 
attempted to relate these vortices to effective valve closure.33,34 
It has been shown that the ventricular vortices are unnecessary 
for valve closure; however, they do ensure that the valve closes 
quickly, reducing leakage.35

The velocity profile at the mitral valve has been determined 
in detail in pigs and should be comparable to the velocity profile 

Figure 24-8  Relationship between mean transprosthetic pressure gradients and indexed effective orifice area for (A) aortic bioprostheses and (B) 
mitral bioprostheses, studied in vitro in a physiologic pulse duplicator system assuming a normal cardiac index of 3.0 L/min/m2 at rest, and 10% to 
50% increase in stroke volume as may occur during exercise. (Adapted from Dumesnil JG, Yoganathan AP: Valve prosthesis hemodynamics and the 
problem of high transprosthetic pressure gradients. Eur J Cardiothorac Surg 6[Suppl 1]:S34-S37; discussion S38, 1992.)
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Figure 24-9  Pressure and flow waveforms for the left heart. 
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in humans because of the similarity in cardiac anatomy.36 Again, 
there is a slight skew to the profile, but there does not seem to 
be a preferred orientation. It is dependent on the particular 
geometry of the mitral valve, the diastolic flow patterns within 
the left ventricle, and the location at which the pulsed Doppler 
sample volume is placed. When the sample volume was placed 
at the mitral annulus, the peak early diastolic velocity was  
63.6 ± 16.1 cm/s, whereas the late diastolic peak velocity was 
53.7 ± 10.8 cm/s. When the sample volume was at the tip of 
the mitral valve leaflets, the peak early diastolic velocity was  
82.9 ± 30.8 cm/s and the peak late diastolic velocity was 
39.6 ± 14.2 cm/s.

Vortices develop in the left ventricle during diastole, as blood 
enters through the mitral valve. Bellhouse28 proposed that the 
vortices helped to close the mitral valve at the end of diastole. 
Later work has shown that the vortices play a role in early 
closing of the mitral valve but late closure is dominated by left 
ventricular pressure.37

Because of the restrictive area of prosthetic valves, the peak 
velocities are usually higher, and the spatial velocity profiles are 
dramatically different from those in natural valves. The shear 
stresses in prosthetic valves will also be much larger because of 
the higher velocities and turbulence. The magnitude of the 
shear stress varies greatly depending on the type of prosthetic 
valve. It is important to note the differences and similarities 
between valve types in terms of shear stress magnitudes, peak 
velocities, and flow patterns so that an effective assessment of 
prosthetic valve function can be performed.

Hemodynamics of Specific Prosthetic 
Valve Designs
Prosthetic heart valves have been successfully used in heart valve 
replacement over the past 40 years. Currently, heart valve 

prostheses can be classified into three primary categories: 
mechanical valves, biologic valves, and transcatheter valves. 
Mechanical valves are prosthetic valves manufactured from 
nonbiologic tissues. There are currently three basic designs or 
classifications of mechanical valves: ball and cage, tilting disk, 
and bileaflet. Biologic valves are prosthetic valves manufactured 
from animal tissues and can be further classified into three 
categories: stented, unstented, and homograft valves. Transcath-
eter valves are the newest addition to the prosthetic valve 
market. Although they are essentially biologic valves delivered 
through the catheter, these valves deserve a separate classifica-
tion because of the novelty of their implantation mechanism. 
Figure 24-10 shows examples of each type of prosthesis.

Although significant progress has been made in the develop-
ment of better prostheses through new materials and more 
physiologic valve designs, several problems associated with 
prosthetic valves have not been eliminated. Existing problems 
that can be related to the valve hemodynamics or local fluid 
mechanics are (1) thrombosis and thromboembolism,  
(2) hemolysis, (3) tissue overgrowth, (4) damage to endothelial 
lining, and (5) regurgitation. The presence of high shear stresses 
can lead to damage of formed blood elements, platelet activa-
tion, and initiation of biochemical processes affecting coagula-
tion. Lethal damage to red cells can occur with fluid shear 
stresses as low as 800 dynes/cm2.38 However, these levels can be 
significantly lower, in the range of 10 to 100 dynes/cm2, in the 
presence of foreign surfaces such as that presented by a valve 
prostheses.39,40 In addition, platelet activation and damage have 
been shown to occur in shear stresses ranging from 100 to 500 
dynes/cm2.41 The residence time of the cell in the damaging 
fluid environment is a significant factor in determining lethal 
stress levels that further complicates the mechanism for damage. 
Additionally, regions of flow separation and stagnation form 
local environments suitable for accumulation and growth of 
thrombi and fibrous/pannous tissue.42

Figure 24-10  Major types of prosthetic heart valves. A, Tilting disk; B, bileaflet; C, ball; D, stented bioprosthesis; E, stentless bioprosthesis. 
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Peak Systolic Velocity and Turbulent Shear  
Stress Levels for Common 27 mm Aortic Valve  
Prostheses*

Valve Type Valve
Measurement 

Location

Peak 
Velocity 
(cm/s)

Peak 
Turbulent 

Shear Stress 
(dynes/cm2)

Ball-and-cage Starr-Edwards 
1260

12 mm 
downstream

220 1850

Tilting disk Björk-Shiley 
Convexo-
concave

7 mm 
downstream

200 3400

11 mm 
downstream

200 1800

Björk-Shiley 
Monostrut

8 mm 
downstream

200 1250

11 mm 
downstream

200 800

Medtronic-Hall 13 mm 
downstream

200 1500

Omnicarbon 14 mm 
downstream

225 2000

Bileaflet St. Jude Medical 
Standard

13 mm 
downstream

210 1500

Duramedics 13 mm 
downstream

210 2300

CarboMedics 12 mm 
downstream

228 1520

Stented 
bioprosthesis

Carpentier-
Edwards 
Porcine 2625

15 mm 
downstream

370 4500

Carpentier-
Edwards 
Porcine 2650

15 mm 
downstream

200 2000

Carpentier-
Edwards 
Pericardial 
2900

17 mm 
downstream

180 1000

Hancock MO 
Porcine 250

10 mm 
downstream

330 2900

Hancock II 
Porcine 410

18 mm 
downstream

260 2500

Ionescu-Shiley 
Standard 
Pericardial

27 mm 
downstream

230 2500

Hancock 
Pericardial

18 mm 
downstream

170 2100

Nonstented 
bioprosthesis

Medtronic 
Freestyle†

Leaflet tips 125
10 mm from 

tips
100

TSPV† Leaflet tips 150
10 mm from 

tips
125

*Heart rate = 70 bpm, cardiac output = 5 L/min, aortic pressure = 120/80 mm Hg.
†Data obtained from in vitro Doppler ultrasound measurements.

TABLE 
24-1 

In Vitro Hemodynamic Data for Common Aortic  
Valve Prostheses*

Valve Type Valve Size

Regurgitant 
Volume  

(mL/beat)
EOA† 
(cm2) PI

Ball-and-cage Starr-Edwards 1260 27 5.5 1.75 0.30

25 4.3 1.62 0.33

21 2.5 1.23 0.36

Tilting disk Björk-Shiley 
Convexo-concave

27 8.5 2.59 0.45
25 7.3 2.37 0.48
21 5.5 1.54 0.45

Björk-Shiley 
Monostrut

27 9.2 3.34 0.58
25 7.6 2.62 0.53
23 6.9 2.00 0.48
21 5.9 1.45 0.42
19 5.5 1.07 0.38

Medtronic-Hall 27 9.6 3.64 0.64
25 8.4 3.07 0.62
23 7.3 2.26 0.54
20 6.2 1.74 0.51

Bileaflet St. Jude Standard 27 10.8 4.09 0.71
25 9.9 3.23 0.66
23 8.3 2.24 0.54
21 6.8 1.81 0.52
19 6.8 1.21 0.43

St. Jude Regent 29 13.5 4.98 0.75
27 12.3 4.40 0.77
25 11.2 3.97 0.81
23 10.3 3.47 0.83
21 9.0 2.81 0.81
19 7.6 2.06 0.73
17 6.3 1.56 0.69

CarboMedics 27 7.5 3.75 0.65
25 6.1 3.14 0.64
23 6.51 2.28 0.55
21 3.4 1.66 0.48
19 3.0 1.12 0.40

Stented 
bioprosthesis

Carpentier-Edwards 
Porcine 2625

27 <3 1.95 0.34
25 <2 1.52 0.31
21 <2 1.28 0.37

Carpentier-Edwards 
Porcine 2650

27 <2 2.74 0.48
25 <2 2.36 0.48
21 <2 1.38 0.40
19 <2 1.17 0.41

Carpentier-Edwards 
Pericardial 2900

27 <3 3.70 0.64
25 <2 3.25 0.66
21 <2 1.88 0.54
19 <2 1.56 0.55

Hancock Porcine 242 27 <3 2.14 0.37
25 <2 1.93 0.39
23 <2 1.73 0.42
21 <2 1.31 0.38
19 <2 1.15 0.41

Hancock MO Porcine 
250

25 <2 2.16 0.44
23 <2 1.94 0.47
21 <2 1.43 0.41
19 <2 1.22 0.43

Hancock II Porcine 
410

27 <2 2.36 0.41
25 <2 2.10 0.43
23 <2 1.81 0.44
21 <2 1.48 0.43

Ionescu-Shiley 
Standard Pericardial

27 <3 2.35 0.41

Medtronic Mosaic 
Porcine

29 <3 3.15 0.48
27 <2 2.81 0.49
25 <2 2.11 0.43
23 <2 1.74 0.42
21 <1 1.54 0.44

CarboMedics 
Mitroflow 
Pericardial

29 <4 3.71 0.56
23 <3 2.12 0.51
19 <2 1.34 0.47

Nonstented 
Bioprosthesis

Medtronic Freestyle 
Porcine

27 <4 3.75 0.65
25 <4 3.41 0.69
23 <3 2.69 0.65
21 <2 2.17 0.63
19 <2 1.84 0.65

EOA, Effective orifice area; PI, performance index.
*Heart rate = 70 bpm; cardiac output = 5 L/min; aortic pressure = 120/80 mm Hg.
†EOA computed from Equation 24.

TABLE 
24-2 

The fluid mechanic performance of prosthetic heart valves is 
often assessed through in vitro testing to determine transvalvu-
lar pressure drops, regurgitant volumes (closure and leakage), 
distal and proximal velocity fields, and the locations and levels 
of turbulent stresses. The relationship between valve fluid 
mechanics and development of problematic function has been 
studied by numerous investigators over the past two decades. 
In vitro studies have concentrated on quantifying local fluid 
stress levels through flow measurement techniques such as laser 
Doppler anemometry, hot film anemometry, and ultrasound 
velocimetry. Table 24-1 summarizes the peak velocity and tur-
bulent shear stress levels for many of the 27-mm aortic valves 
in clinical use. EOA and performance indices for such valves are 
provided in Tables 24-2 and 24-3.

The fluid mechanics of the various prosthetic valve designs 
are discussed in this section. Comparisons between the many 
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In Vitro Hemodynamic Data for Common Mitral Valve Prostheses*

Valve Type Valve Size
Regurgitant Volume 

(mL/beat) EOA† (cm2) PI

Ball-and-cage Starr-Edwards 1260 30 1.99 0.28
28 1.66 0.27
26 1.56 0.29

Tilting disk Björk-Shiley Standard 31 3.40 0.45
29 6.7 2.79 0.42
25 2.15 0.44

Björk-Shiley Convexo-concave 29 10.1 2.96 0.45
27 8.3 2.28 0.40
25 2.03 0.41

Medtronic-Hall 31 10.0 3.53 0.47
29 10.0 3.53 0.53
27 8.9 2.73 0.47
25 7.2 2.23 0.45

Bileaflet St. Jude Medical Standard 31 13.1 3.67 0.48
29 10.9 3.40 0.51
27 9.7 2.81 0.49

Stented bioprosthesis Hancock Porcine 342 35 <4 2.72 0.28
33 <4 2.54 0.30
31 <4 2.36 0.31
29 <4 2.11 0.32
27 <2 1.77 0.31
25 <2 1.63 0.33

Hancock II Porcine 33 <4 2.66 0.31
31 <3 2.29 0.30
29 <3 2.05 0.31
27 <2 1.78 0.31
25 <2 1.59 0.32

Carpentier-Edwards Porcine 6650 27 <2 2.03 0.35
Carpentier-Edwards Porcine 6900 27 <2 2.68 0.47
Carpentier-Edwards Porcine 6625 31 <4 2.58 0.39
Edwards SAV 33 1.60

31 1.58
29 1.56
27 1.32
25 1.20

Edwards Perimount 33 2.80
31 2.76
29 2.70
27 1.92
25 1.76

Ionescu-Shiley Standard Pericardial 31 <5 3.00 0.40
27 <2 1.77 0.31
25 <2 1.61 0.33

Mosaic Porcine 33 <4 2.38 0.28
31 <3 2.26 0.30
29 <3 2.02 0.31
27 <2 1.71 0.30
25 <2 1.55 0.32

St. Jude Biocor Pericardial 31 2.53
29 1.48
33 2.04
29 1.96

Nonstented bioprosthesis Mitral Valve Allograft‡ 25 3.38 0.69
23 1.80 0.43

EOA, Effective orifice area; PI, performance index.
*Heart rate = 70 bpm; cardiac output = 5 L/min.
†EOA computed from Equation 24.
‡In vitro measurements at 5 L/min.

TABLE 
24-3 

valve designs within each classification of prostheses are left to 
the many references dealing with the assessment of individual 
valves. Both antegrade and retrograde flow fields are described. 
All flow characteristics are referenced from in vitro experiments 
conducted in our laboratory unless otherwise specified. In most 
citations, the data are representative of 25- or 27-mm aortic 
prostheses tested under physiologic pulsatile flow conditions 
providing a CO of 5.0 to 6.0 L/min and an HR of 70 bpm. Exact 
test conditions (valve size, CO, HR, pressures) are noted for 
each citation.

MECHANICAL VALVES

The three major mechanical valve designs or classes are the 
tilting disk, bileaflet, and ball and cage. These valves differ pri-
marily in the type and function of the occluder. While these 
different designs influence the valvular fluid mechanics, all 
three designs share common flow structures such as well-
defined jet flows, wakes with some degree of flow reversal, and 
turbulent shear layers (Figs. 24-11 to 24-16). The antegrade flow 
and regurgitant flow characteristics for each valve design are 
discussed in Table 24-443-54.
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Figure 24-11  Velocity profiles downstream of a 27-mm Medtronic-Hall tilting disk valve at peak systole. A, Centerline 15 mm downstream. 
B, Traversing major and minor orifices 13 mm downstream. 
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Figure 24-12  Velocity  profiles  downstream  of  a  27-mm  St.  Jude 
Medical  bileaflet  valve  at  peak  systole.  A,  Centerline  13 mm  down-
stream. B, Traversing lateral and central orifices 13 mm downstream. 
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Figure 24-13  A, Flow fields in at different depth in the hinge recess 
of  the  bileaflet  mechanical  valve  during  the  leakage  phase.  B,  Shear 
stresses at various locations near the hinge, obtained by computational 
fluid dynamics simulations. (Simon HA, Ge L, Borazjani I, et al: Simula-
tion of the three-dimensional hinge flow fields of a bileaflet mechanical 
heart valve under aortic conditions. Ann Biomed Eng 38:841-853, 2010.) 
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Figure 24-15  Flow characteristics within the hinges of various bileaflet mechanical heart valves.47,50-53 
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Figure 24-14  A, Viscous shear stresses downstream of the bileaflet mechanical valve at peak flow time point,  in N/m, obtained through three-
dimensional computational fluid dynamics simulations. B, Turbulence shear stresses downstream of the bileaflet mechanical valve at the peak flow 
time point,  in N/m, obtained  through  experimental measurements using a physiologic pulse duplicator  system.  (Ge L, Dasi LP, Sotiropoulos F, 
Yoganathan AP: Characterization of hemodynamic forces induced by mechanical heart valves: Reynolds vs. viscous stresses.  Ann  Biomed  Eng 
36:276-297, 2008.) 
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Figure 24-16  A, 2D color Doppler flow mapping of downstream triple jet flow fields of a bileaflet valve design under physiologic pulsatile flow 
conditions. B, 2D color Doppler flow mapping of the leakage jet flow fields of a bileaflet valve design under physiologic pulsatile flow conditions. 
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Mechanical Valve Types, Function, and Fluid Mechanics

Valve Characteristics Antegrade Flow Normal Regurgitant Flow Orientation

Tilting disk valve Consists of a circular occluder 
disk, which is free to rotate 
about a pivot axis (see Fig. 
24-10, A). Metal struts are 
used to secure the disk within 
the valve housing. Typically, 
disk opens to 60° to 80° with 
respect to the annulus.

Valve opens two orifices on either 
side of the disk. The jet through 
the major orifice jet is semicircular 
in cross section with peak systolic 
velocities of approximately 2 m/s 
in the aortic position. If a strut 
support obstructs the minor 
orifice (Björk-Shiley and 
Medtronic-Hall valves), the minor 
orifice will have two jets. If two 
struts are present, there will be 
three jets, or if no strut is present 
(Omni Carbon valve), there will be 
one jet. Minor orifice jet velocities 
are 30% to 40% of major orifice 
jet velocities. An example of 
forward flow velocity profiles 
downstream of the tilting disk 
valve is shown in Figure 24-11.

Normal regurgitation flow is 
low due to reduced closing 
volume and leakage flow.

In the mitral position, the preferred 
orientation for tilting disk valves in 
the mitral position is with the major 
orifice oriented toward the left 
ventricular free wall, as opposed to 
the septum,43 so as to minimize 
intraventricular turbulence and 
velocity reversals. In the aortic 
position, the preferred orientation is 
positioning the major orifice to the 
right posterior aortic wall. This 
orientation is found to minimize in 
turbulent stress magnitude and 
energy loss.44,45

Bileaflet valve Consists of two semicircular 
leaflets typically made of 
pyrolytic carbon that are 
hinged to the valve housing 
(see Fig. 24-10, B). The leaflets 
divide the flow into three 
regions, two lateral major 
orifices and a central minor 
orifice. Pressure drops and 
EOAs are comparable to tilting 
disk valves. Variations in 
opening angle of leaflets are 
75° to 90° among different 
designs.

Three jets emanate from the orifice 
as illustrated in Figure 24-12 and 
24-14. Greater flow emerges from 
the lateral orifices than from the 
central orifice in most valves. 
Shear stress fields downstream of 
the St. Jude Medical bileaflet valve 
are shown in Figure 24-14, A.46 
Much of the shear stress occurs 
directly downstream of the leaflets, 
due to uneven velocities between 
the central orifice and lateral 
orifice. Reynolds shear stress 
analysis shows that turbulence in 
the same region (see Fig. 24-14, B).

The bileaflet design shows 
slightly larger regurgitant 
volumes than the tilting 
disk valve. Leakage flow 
occurs primarily through 
the hinges of the leaflets 
(see Fig. 24-16, B) and 
persists over diastole. Some 
leakage occurs through the 
gap between the two 
leaflets. Studies suggest that 
hinge leakage flow are 
mainly responsible for 
thrombosis.47 Regurgitation 
flow are 2-3 m/s with very 
high turbulence stresses 
exceeding 3000 dynes/
cm2.48,49 (See Fig. 24-13) 
There are multiple hinge 
designs with varying flow 
features, summarized in 
Figure 24-15.47,50-53

For the mitral position. Two possible 
orientation are “anatomic position,” 
with the gap between the leaflets 
perpendicular to the line between 
the aortic outflow and mitral inflow 
tracts, and the “anti-anatomic 
position,” where the leaflet gap is 
parallel to the aorto-mitral line. In 
vivo studies showed that the 
antianatomic position resulted in 
diastolic flow that moves toward the 
ventricular outflow tract, whereas 
the anatomic position resulted in 
diastolic flow that moves back 
toward the valve.

In the aortic position, Travis and 
colleagues44 found that orienting 
the open valve leaflets to the 
proximal flow direction minimizes 
energy loss, whereas Kleine and 
co-workers45 found that turbulence 
created by the valve is minimal 
when one lateral orifice faces the 
right posterior wall of the aorta.

Ball and cage 
valve

Consists of a silicone ball 
mounted into a wire cage, as 
illustrated in Figure 24-11, C. 
The cage is constructed of 
three wire struts separated by 
120°. The ball travels 1-2 cm 
within the cage during 
opening.

The flow fields of these valves consist 
of annular jets that emerge from 
around the occluder or poppet. A 
large wake in the central part of 
the flow field is generated. Peak 
systolic velocities are about 2 m/s 
(see Fig. 24-17). Large regions of 
flow separation are responsible for 
thrombogenicity of the valves,54 
and the ball obstruction of flow 
results in lower pressure drop and 
EOA.

The normal regurgitant flow 
of the ball and cage design 
is composed mainly of the 
closing volume flow. The 
seating of the ball valve is 
generally very good, with 
little or no leakage flow.

EOA, Effective orifice area.

TABLE 
24-4 



466 PART IV Valvular Heart Disease

Figure 24-17  Centerline  velocity  profile  17 mm  downstream  of  a 
27-mm Carpentier-Edwards pericardial valve at peak systole. 

Aortic: C-E Pericardial

200

100

0

Velocities in cm/s

BIOPROSTHESES

The three major tissue valve designs or classes are the stented 
xenograft, unstented xenograft, and homograft. These valves 
differ primarily in tissue type and structure. Tissue valves are 
less thrombogenic compared to mechanical valves and thus do 
not require anticoagulant treatment. However, these valves 
suffer from calcification of the leaflets and/or material fatigue 
leading to valve failure due to leaflet rupture or tearing. Calci-
fication of the tissue is often a precursor to leaflet rupture and 
tearing, as these are often observed adjacent to calcified lesions. 
All bioprosthesis designs share the characteristics of flexible 
leaflets, a single orifice, and no leakage after valve closure  
(Fig. 24-17). The antegrade flow, regurgitant flow, and pressure 
drop characteristics for each valve type are summarized in  
Table 24-5.55-57 The newest valve design, transcatheter valves, are 
discussed in more detail.

TRANSCATHETER VALVES

The newest additions to the family of prosthetic valves are the 
transcatheter valves. Transcatheter valves are essentially bio-
prosthetic aortic valves mounted onto a collapsible stent, so that 
the valve can be collapsed onto a catheter and delivered through 
it in a minimally invasive manner Figure 24-18. These valves 
were introduced to target high risk-patient groups, such as old 
patients or those with diabetes, who are much less likely than 
others to survive an open-heart valve replacement treatment. 
The catheter delivery approach avoids cross-clamping and car-
diopulmonary bypass and reduces procedure duration and thus 
risks. Although the outcome of transcatheter valve replacement 
has been shown to be poorer than that of traditional surgical 

Bioprosthesis Valve Types, Function, and Fluid Mechanics

Valve Characteristics Antegrade Flow Normal Regurgitant Flow Pressure Drops

Stented xenograft Most common valve: consist of three 
biologic leaflets made from the porcine 
aortic valve or bovine pericardium, 
mounted on a metal or polymeric 
stented ring. Various fixation methods 
are used.

All porcine stented valves are 
mildly stenotic in larger sizes 
and moderate to severely 
stenotic in small sizes. All 
valves have strong central jets 
(see Fig. 24-18). The newer 
generation valves have a 
flatter velocity profiles than 
earlier designs.

Regurgitant volumes are on the order 
of 1 mL/beat for most tissue valves. 
Regurgitation jets are normally 
nonexistent, and the presence of a 
jet indicates valve incompetence 
abnormality.

New generation of 
pericardial valves 
have pressure 
drops similar to 
those of tilting 
disk valves.

Unstented xenograft Fashioned from porcine, bovine, and 
equine tissue and do not have rigid 
stents. Because of the complexity of the 
design, optimal performance is 
dependent on patient geometry and 
sizing of valve.

The flow accelerates uniformly 
through the valve, and 
downstream flow has a flat 
profile.55 There is no 
appearance of a jet with steep 
velocity gradients, as is 
observed in stented 
bioprostheses.

Tests in our laboratory showed that 
unstented valves have comparable 
closing volumes to unfixed natural 
valves tested in the same flow loop. 
Good coaptation was observed with 
no leakage. The function of mitral 
heterografts is strongly dependent 
on the implantation technique.

The lack of stents 
and sewing cuffs 
allow larger valve 
sizes to be 
implanted for the 
same aorta size. 
Pressure drops 
are thus similar 
to those for 
mechanical 
prostheses.55-57

Homograft Cryopreserved human valves; have been 
used for more than two decades in the 
aortic position. Aortic valve homografts 
are usually implanted as a complete 
aortic root, whereas mitral homografts 
are implanted with the leaflets, annulus, 
papillary muscles, and chordae 
tendineae intact.

Similar to those of the natural 
valves, although peak 
velocities are slightly higher 
because of the reduced EOAs 
resulting from the smaller 
area of the outflow tract.

Exhibit small closing volumes and 
little or no regurgitation due to 
leakage. Mitral homograft 
hemodynamics have the same 
dependency on implantation 
technique. For example, proper 
alignment of papillary muscles with 
valve annulus will eliminate 
regurgitation.

Has lower pressure 
drops and EOAs 
than mechanical 
and stented 
valves.

EOA, Effective orifice area.

TABLE 
24-5 
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Figure 24-18  Various designs of transcatheter valves. Top left, Edwards Sapien valve; top right, Medtronic CoreValve. Bottom, Various other 
designs. 

valve replacement, it appears to be better than other available 
options.58

Transcatheter valves can be delivered in a transfemoral or 
transapical manner. In the former, the catheter gains access to 
the diseased valve by entering through the femoral artery and 
backtracking through the aorta to the heart. In the latter, the 
catheter enters the left ventricle directly from the apex of the 
heart. Balloon valvuloplasty is first applied to the calcified 
aortic valve to open it up. The ventricle is then induced into a 
state of rapid pacing, and then the valve is deployed by 
expanding a second balloon from within the valve. There are 
multiple transcatheter valve designs, as shown in Figure 24-18. 
The leading designs are the Edwards Sapien valve and the 
Medtronic CoreValve. The Sapien valve is a trileaflet bovine 
pericardial valve mounted onto a stainless steel or cobalt-
chromium frame. The CoreValve is a trileaflet porcine pericar-
dial valve mounted in a Nitinol frame. The profile of the 
CoreValve stent is longer than that of the Sapien valve, because 
it extends slightly proximally and extends distally in a splayed-
out manner to reach the aorta.

At the time of publication, no transcatheter valve design is 
currently approved by the FDA for clinical use in the United 
States. Other than their fluid dynamic performance, there are 
significant concerns in the biomechanics community about the 
long-term durability of transcatheter devices in comparison to 
surgically implanted prosthetic valves.

Antegrade Flow Fields
Bench-testing of the transcatheter valve showed that they have 
EOA of about 1.8 cm2 and mean pressure gradient of 8.3 mm 

Hg, which is comparable to stented bioprostheses.22 Clinically, 
the EOAs of valves were shown to be between 1.5 and 1.8 cm2, 
and pressure gradients were about 10 mm Hg.59,60

Normal Regurgitant Flow
Unlike bioprosthetic valves, regurgitation in the transcatheter 
valve is very common. Mild to moderate regurgitation occurs 
in more than 50% of cases; severe regurgitation occurs in  
5%.59-62 Regurgitation in the transcatheter valve is mostly 
paravalvular, occurring between the valve and the native 
tissues rather than through the valve orifice. Because the 
implanted valve is merely pressed onto native tissues because 
of pressure exerted by the stents, a complete seal cannot be 
achieved in most cases, especially when the native aortic valve 
is heavily calcified and presents a very uneven surface for the 
transcatheter valve to fit onto. Perivalvular leakage can exert 
high shear stress on regurgitating blood and cause clots, which 
may explain the high incidence of vascular complication (10% 
to 15% of cases).60,63

Future Directions
We foresee that future directions in prosthetic valve research 
will follow several courses: improved transcatheter valve tech-
nologies (delivery device designs as well as well valve designs); 
development of polymeric prostheses; tissue engineering bio-
prosthetic valves; invention of novel tissue fixation techniques; 
improving designs of mechanical valves; improving in vitro, 
computational, and animal testing protocols; and development 
of noninvasive diagnostic capabilities. Although transcatheter 
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KEY POINTS

 Application of conservation of mass to a control volume 
allows the calculation of unknown flow rates, average 
velocities, or surface areas into or out of the volume based 
on measurable quantities.

 Mechanical energy per unit volume is a measure of the 
work available to drive flow.

 Pressure is one of several forms of mechanical energy, but 
there are others (kinetic and gravitational). These forms 
can be freely converted from one to another without loss. 
Pressure loss and mechanical energy loss per unit volume 
are not equivalent, as pressure can be recovered from a fall 
in either gravitational or kinetic energy.

 Effective means of reducing mechanical energy loss in the 
circulation include ensuring that any expansions in flow 

occur gradually, ensuring that bends and corners in the 
flow path are not sudden or sharp, and increasing vessel 
radius.

 The Doppler gradient measures the conversion of pressure 
to kinetic energy in flow across a valvular prosthesis. It 
does not measure mechanical energy loss, although it can 
be closely related to it.

 The EOA of a valvular prosthesis represents the cross-
sectional area of a flow at its smallest contraction. It is 
equal to or smaller than the anatomic orifice area.

 Mechanical energy losses occur due to regurgitant flow as 
well as forward flow. Losses due to regurgitant flow can be 
greater than losses due to forward flow in large, mitral 
mechanical prostheses.
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Prosthetic Valve Complications  
and Dysfunction
Many prosthesis-related complications can be prevented or their 
impact minimized through optimal prosthesis selection in the 
individual patient, careful medical management, and close 
follow-up of prosthetic valve function after implantation. Doppler 
echocardiography is the method of choice for the evaluation of 
prosthetic valve function. This evaluation follows the same basic 
principles used for the evaluation of native valves with some 
important particularities and caveats specific to the prosthetic 
valves. These particularities are described in this chapter.

PATIENT PROSTHESIS MISMATCH

Patient prosthesis mismatch (PPM) is not an intrinsic dysfunc-
tion of the prosthesis, per se. This problem indeed occurs when 
the effective orifice area (EOA) of a normally functioning pros-
thesis is too small in relation to the patient’s body size (and thus 
cardiac output requirements), resulting in abnormally high 
postoperative gradients (see Clinical Case 25-1 at Expert
Consult.com). The most widely accepted and validated param-
eter for identifying PPM is the indexed EOA, that is, the EOA 
of the prosthesis divided by the patient’s body surface area.1-5 
Table 25-1 shows the cutoff values of indexed EOA generally 
used to identify PPM and quantify its severity. Moderate PPM 
may be quite frequent both in the aortic (20% to 70%) and 
mitral (30% to 70%) positions, whereas the prevalence of severe 

PPM ranges from 2% to 10% in both positions.4-7 PPM is associ-
ated with worse hemodynamics; less regression of left ventricu-
lar (LV) hypertrophy and pulmonary hypertension; worse 
functional class, exercise capacity, and quality of life; more 
cardiac events; and lower survival.6-17 The impact of PPM, and 
especially severe PPM, on outcomes is more important in 
younger patients as well in those with poor LV function or severe 
LV hypertrophy.8,16 Moreover, as opposed to most other risk 
factors, PPM can largely be prevented by using a prospective 
strategy at the time of operation.18,19 Transthoracic echocardiog-
raphy (TTE) is essential to make the differential diagnosis 
between PPM and intrinsic prosthetic valve dysfunction.

PROSTHETIC VALVE THROMBOSIS  
AND PANNUS

Obstruction of prosthetic valves may be caused by thrombus 
formation (Fig. 25-1, A), pannus ingrowth (see Fig. 25-1, B) 
or a combination of both (see Clinical Case 25-2 at  
ExpertConsult.com). Pannus ingrowth alone may be encoun-
tered in both bioprostheses and mechanical valves. It may 
present as a slowly progressive obstruction due to a subvalvular 
annulus, in which case it may be difficult to visualize and thus 
to distinguish from progressive structural valve deterioration. 
Valve thrombosis is most often encountered in patients with 
mechanical valves and inadequate antithrombotic therapy. 
Thrombosis may also be seen in bioprosthetic valves, where it 
most often occurs in the early postoperative period. Pannus and 
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escape, occluder dysfunction due to lipid adsorption) has 
occurred with some models in the past (see Fig. 25-1, C).

The rate of structural valve deterioration in bioprosthetic 
valves (see Fig. 25-1, D) increases over time, particularly after 
the initial 7 to 8 years after implantation. Structural valve 
deterioration is often characterized by calcific degeneration  
of valve leaflets. However, this process may also occur with  
no or minimal leaflet calcification in approximately 30% of 
the cases. Structural valve deterioration is, by far, the most 
frequent cause of bioprosthetic valve failure. With conven-
tional stented bioprostheses, the freedom of structural valve 
failure is 70% to 90% at 10 years and 50% to 80% at  
15 years.21,23-26 Risk factors previously found to be associated 
with bioprosthetic structural valve deterioration include 
younger age, mitral valve position, renal insufficiency, and 
hyperparathyroidism.23-25,27 Structural valve deterioration can 
result in prosthetic valve stenosis, regurgitation, or both. A 
meticulous baseline Doppler-echocardiographic evaluation of 
prosthetic valve morphology and function within the first 
year after prosthesis implantation and a regular follow-up 
thereafter are essential to early detection of structural valve 
deterioration.

INFECTIVE ENDOCARDITIS

Prosthetic valve endocarditis is the most severe form of infec-
tive endocarditis and occurs in 1% to 6% of patients with 
valve prostheses accounting for 10% to 30% of all cases of 
infective endocarditis.28 Prosthetic valve endocarditis is an 
extremely serious condition with high mortality rates (30% 
to 50%).21,22 Echocardiography and particularly TEE plays a 

thrombosis may be present alone or in combination and cause 
acute or subacute valve obstruction. The incidence of obstruc-
tive valve thrombosis varies between 0.3% and 1.3% per patient-
year in patients with mechanical valves.20,21

Pannus is usually encountered in patients with a normal anti-
coagulation profile and with subacute or chronic symptoms.20 
Valve thrombosis should be suspected in any patient with any 
type of prosthetic valve who presents with a recent increase in 
dyspnea or fatigue.22 Suspicion should be higher if there has 
been a period of interrupted or subtherapeutic anticoagulation 
in the recent past. In such cases, echocardiography should be 
done promptly and include transesophageal echocardiography 
(TEE), particularly if the prosthesis is in the mitral position.

STRUCTURAL VALVE DETERIORATION

Mechanical prostheses have an excellent durability, and struc-
tural valve deterioration is extremely rare with contemporary 
valves, although mechanical failure (e.g., strut fracture, leaflet 

Figure 25-1  Prosthetic valves explanted for severe dysfunction. A, Obstructive thrombosis of a Lillehei-Kaster prosthesis. B, Pannus ingrowth 
interacting with leaflet opening in a St. Jude Medical bileaflet valve. C, Rupture of the outlet strut and leaflet escape in a Björk-Shiley prosthesis. 
D, Leaflet calcific degeneration and tear in a porcine bioprosthesis. (A and C, Courtesy Drs. Jacques Métras, Québec Heart & Lung Institute (QHLI), 
Québec; B, Christian Couture, QHLI; D, Gosta Petterson, Cleveland Clinic, Cleveland.)

A B

C D

Criteria of Indexed Prosthetic Valve Effective Orifice Area 
(cm2/m2) for the Identification and Quantitation of 
Prosthesis-Patient Mismatch

Mild or Not 
Clinically Significant Moderate Severe

Aortic position >0.85 ≤0.85 ≤0.65
(0.8-0.9) (0.8-0.9) (0.6-0.7)

Mitral position >1.2 ≤1.2 ≤0.9

(1.2-1.3) (1.2-1.3) (0.9)

Numbers in parentheses represent the range of threshold values that have been used in the 
literature.

TABLE 
25-1 
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often caused by endocarditis, in which case emergency surgical 
treatment is generally required.

Long-term prognosis is generally benign in patients with mild 
paravalvular regurgitation identified by perioperative echocar-
diography, with progression of regurgitation requiring reopera-
tion in fewer than 1% of patients at follow-up beyond 1 to  
2 years.30 Hence, closer clinical and Doppler-echocardiographic 
follow-up appears justified in these patients, with surgical inter-
vention warranted only for those who develop symptoms, 
hemolysis, and/or progressive LV dysfunction.31 Paravalvular 
regurgitation is more common following transcatheter aortic 
valve implantation. Recent studies indeed report incidence of 
regurgitation of 30% to 80% with 5% to 14% being moderate 
or severe (Fig. 25-2, C).32-34

key role in the diagnostic and prognostic assessment of  
prosthetic valve endocarditis. The diagnosis relies predomi-
nantly on the combination of positive blood cultures and 
echocardiographic evidence of prosthetic infection, including 
vegetations, paraprosthetic abscesses, or a new paravalvular 
regurgitation.29

PARAVALVULAR REGURGITATION

Paravalvular regurgitation is typically due to infection, suture 
dehiscence, or fibrosis and calcification of the native annulus 
leading to inadequate contact between the sewing ring and 
annulus. Dehiscence of the prosthesis in the late postoperative 
period may be related to operative technical factors but is most 

Figure 25-2  Examples of stented (A), stentless (B), and percutaneous (C) biologic valves and their echocardiographic features in diastole 
(middle) and in systole (right) as seen by TEE.  The stentless valve is inserted by the root inclusion technique. Mild paravalvular aortic regurgita-
tion  in  the percutaneous valve  is shown by arrow.  (Reproduced with permission of the American Society of Echocardiography from Zoghbi WA, 
Chambers JB, Dumesnil JG, et al: Recommendations for evaluation of prosthetic valves with echocardiography and Doppler ultrasound: a report 
from the American Society of Echocardiography’s Guidelines and Standards Committee and the Task Force on Prosthetic Valves. J Am Soc Echo-
cardiogr 22[9]:975-1014, 2009.)
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However, the initial suspicion of prosthetic valve stenosis may 
be the incidental finding of abnormally high flow velocities and 
gradients detected during a routine examination. Tables 25-2 
and 25-3 present the Doppler-echocardiographic criteria for the 
recognition and quantitation of prosthetic valve stenosis.

Leaflet Morphology and Mobility
Echocardiographic imaging should identify the sewing ring, the 
valve occluder, and the surrounding area. Echocardiographic 
imaging of the ball or disk of mechanical valves is often difficult 
to obtain because of reverberations and shadowing caused by 
the valve components. Figures 25-2 and 25-3 show the echocar-
diographic features of normally functioning bioprosthetic and 
mechanical valves, respectively. The leaflets of tissue valves nor-
mally appear thin, with unrestricted motion and no evidence 
of prolapse. Stentless, homograft, or autograft valves may be 
indistinguishable from native valves.

TEE can provide improved image quality and thereby 
improved detection of cusp calcification and thickening; valvu-
lar vegetations due to endocarditis, thrombus, or pannus; and 
reduced leaflet/disk/ball mobility.36 In the case of mechanical 
prostheses, evaluation of occluder mobility can be attempted 
with some degree of success, but in our experience, valve cine-
fluoroscopy is definitely the best, most economical, and  
least invasive technique that can be used for this purpose (see 
Chapter 5).

Prosthetic valve stenosis is generally associated with abnor-
mal valve morphology and/or mobility (see Tables 25-2 and 

Basic Principles and Parameters for the 
Doppler-Echocardiographic Evaluation 
of Prosthetic Valve Function
Doppler echocardiography is the method of choice to evaluate 
prosthetic valve function. This evaluation follows the same 
principles used for the evaluation of native valves with  
some important caveats described later. A complete echocar-
diography includes two-dimensional (2D) imaging of the pros-
thetic valve, evaluation of valve leaflet/occluder morphology 
and mobility, measurement of the transprosthetic gradients and 
EOA, estimation of the degree of regurgitation, evaluation of 
LV size and systolic function, and calculation of systolic pulmo-
nary arterial pressure.

TIMING OF ECHOCARDIOGRAPHIC  
FOLLOW-UP

Ideally, a baseline postoperative TTE study should be performed 
at the first visit, 2 to 4 weeks after hospital discharge, when the 
chest wound has healed, ventricular function has improved, and 
anemia with its associated hyperdynamic state has resolved.35 
However, if the patient is being transferred and/or may not 
return, it may be best to perform the study before hospital 
discharge, although image quality and reliability of measure-
ments are often suboptimal. Routine follow-up clinical visits 
should be conducted annually after valve implantation, with 
earlier reevaluations and echocardiography if there is a change 
in clinical status. Routine echocardiography after a first postop-
erative study is not indicated for normally functioning prosthe-
ses unless there are other indications for echocardiography (e.g., 
follow-up of LV dysfunction) or clinical symptoms suggestive 
of valvular dysfunction or other cardiac pathology.35 Annual 
echocardiography is recommended in patients with biopros-
thetic valves after the first 5 years. In patients with mechanical 
valves, routine annual echocardiography is not indicated in the 
absence of a change in clinical status.

CLINICAL DATA

The reason for the echocardiographic study and the patient’s 
symptoms should be clearly documented. Furthermore, because 
the interpretation of Doppler-echocardiographic findings 
depends on the type and size of the replacement valve, this 
information and the date of surgery should be incorporated in 
the report. The exact type and model of prosthesis should clearly 
be recorded because the design and hemodynamic performance 
may differ substantially from one model generation to the other 
(e.g., St. Jude Standard vs. HP vs. Regent models). Blood pressure 
and heart rate should be measured. The heart rate of the cardiac 
cycles used for Doppler measurements is particularly important 
in mitral and tricuspid prosthetic valves, because the mean gra-
dient is highly dependent on the duration of the diastolic filling 
period. Finally, the patient’s height, weight, and body surface 
area should be recorded to assess whether PPM is present and 
to interpret the cardiac chamber size.

RECOGNITION AND QUANTITATION OF  
PROSTHETIC VALVE STENOSIS

The appearance of a new murmur with new congestive heart 
failure symptoms in a patient with a prosthetic aortic valve 
should prompt an urgent TTE study and, if indicated, TEE. 

Normal Possible Stenosis
Significant 

Stenosis

Valve Structure and 
Motion

Mechanical or 
bioprosthesis

Normal Often abnormal* Abnormal*

Doppler Quantitative 
Parameters

Peak velocity (m/s)† <3 3-4 >4

Mean gradient (mm 
Hg)†

<20 20-35 >35

Doppler velocity index‡ ≥0.30 0.25-0.29 <0.25

Effective orifice area 
(cm2)

>1.2 0.8-1.2 <0.8

Effective orifice area vs. 
normal reference 
value

Reference  
± 1 SD

< Reference 
− 1 SD

< Reference 
− 2 SD

Contour of the 
transprosthetic jet§

Triangular, early 
peaking

Triangular to 
intermediate

Rounded, 
symmetric

Acceleration time (ms)§ <80 80-100 >100

See Table 25-4 to obtain the normal reference values of effective orifice area for the different 
models and sizes of prostheses.

SD, Standard deviation.
*Abnormal mechanical valves: occluder that is immobile or with restricted mobility, 

thrombus or pannus; abnormal biologic valves: leaflet thickening/calcification, thrombus 
or pannus.

†These parameters are more affected by low or high flow states including low LV output 
and concomitant aortic regurgitation.

‡This parameter is dependent on the size of the LV outflow tract.
§These parameters are affected by LV function and chronotropy.

Adapted in part from Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recommendations for 
evaluation of prosthetic valves with echocardiography and Doppler ultrasound: a report 
from the American Society of Echocardiography’s Guidelines and Standards Committee 
and the Task Force on Prosthetic Valves. J Am Soc Echocardiogr 22(9):975-1014, 2009, 
with permission of American Society of Echocardiography.

Doppler-Echocardiographic Criteria for Detection and 
Quantitation of Prosthetic Aortic Valve Stenosis

TABLE 
25-2 
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25-3). In the cases of mechanical valves, the mobility of the 
occluder is usually reduced or absent (Fig. 25-4; also see Clinical 
Case 25-2). Thrombus, pannus, or vegetation are often visual-
ized at the level of the prosthesis ring or hinge mechanism. In 
the case of bioprosthetic valves, prosthetic valve stenosis is most 
often associated with thickening, calcification, and reduced 
mobility of the leaflets (see Fig. 25-4 and Clinical Case 25-3). 
However, obstruction of the bioprosthesis may also be caused 
by thrombus, pannus, or vegetation.

Quantitative Parameters
Quantitative parameters of prosthetic valve function include 
flow velocity, pressure gradients, EOA, and Doppler velocity 
index (DVI).

Transprosthetic Velocity and Gradient
The principles of interrogation and recording of flow velocity 
through prosthetic valves are similar to those used in evaluating 
native valve stenosis. This includes pulsed-wave (PW) and 
continuous-wave (CW) Doppler as well as color Doppler, using 
several windows for optimal recording and minimizing angula-
tion between the Doppler beam and flow direction. CW Doppler 
evaluation of aortic prostheses must be performed from mul-
tiple transducer positions, including apical, right parasternal, 
right supraclavicular, and suprasternal notch. Measurements of 
prosthesis velocity and gradients are made from the transducer 
position yielding the highest velocities.35

Normal Possible Stenosis
Significant 

Stenosis

Valve Structure and 
Motion

Mechanical or 
bioprosthesis

Normal Often abnormal* Abnormal*

Doppler Quantitative 
Parameters

Peak velocity (m/s)†,‡ <1.9 1.9-2.5 >2.5

Mean gradient (mm 
Hg)†,‡

≤5 6-10 ≥10

Doppler velocity 
index‡,§

<2.2 2.2-2.5 >2.5

Effective orifice area 
(cm2)

≥2 1-2 <1

Effective orifice area vs. 
normal reference 
value

Reference  
± 1 SD

<Reference 
− 1 SD

<Reference 
− 2 SD

Pressure half-time (ms)¶ <130 130-200 >200

See Table 25-5 to obtain the normal reference values of effective orifice area for the different 
models and sizes of prostheses.

SD, Standard deviation.
*Abnormal mechanical valves: occluder that is immobile or with restricted mobility, 

thrombus or pannus; abnormal biologic valves: leaflet thickening/calcification, thrombus 
or pannus.

†The criteria proposed for these parameters are valid for near normal or normal diastolic 
volume (i.e., stroke volume: 50-90 mL) and heart rate (50-80 bpm).

‡These parameters are more affected by flow and chronotropy.
§These parameters are also abnormal in presence of significant mitral prosthesis 

regurgitation. This parameter is dependent on the size of the LV outflow tract.
These parameters are not valid when more than mild concomitant aortic or mitral 

regurgitation is present.
¶This parameter is influenced by chronotropy, LA compliance, and LV compliance.

Adapted in part from Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recommendations for 
evaluation of prosthetic valves with echocardiography and Doppler ultrasound: a report 
from the American Society of Echocardiography’s Guidelines and Standards Committee 
and the Task Force on Prosthetic Valves. J Am Soc Echocardiogr 22(9):975-1014, 2009, 
with permission of American Society of Echocardiography.

Doppler-Echocardiographic Criteria for Detection and 
Quantitation of Prosthetic Mitral Valve Stenosis

TABLE 
25-3 

One should however bear in mind that the fluid dynamics of 
the mechanical valves may differ substantially from those of the 
native valve (Figs. 25-3 and 25-5). The flow is eccentric in 
monoleaflet valves and composed of three separate jets in bile-
aflet valves. Because the direction of the transprosthetic jet may 
be eccentric, multiwindow examination should be carefully per-
formed to detect the highest velocity signal in prosthetic aortic 
valves. Occasionally, an abnormally high jet gradient corre-
sponding to a localized high velocity may be recorded by CW 
Doppler interrogation through the smaller central orifice of 
bileaflet mechanical prostheses in the aortic or mitral position 
(see Fig. 25-5).37 This phenomenon may lead to an overestima-
tion of gradient and a false suspicion of prosthesis dysfunction. 
In some rare cases, a double-envelope image may be observed 
with the superimposition of a high-velocity envelope corre-
sponding to the flow through the central orifice and a lower-
velocity envelope corresponding to the flow through the lateral 
orifices (Fig. 25-6).

Pressure gradient is calculated with the use of the simplified 
Bernoulli equation as follows: ΔP = 4 × VPr

2, where VPr is the 
velocity of the peak transprosthetic flow jet in meters per 
second. In patients with aortic prostheses and high–flow-rate 
or narrow LV outflow tract (LVOT), the velocity proximal to the 
prosthesis may be increased and therefore not negligible. If 
proximal velocity (VLVOT) is greater than 1.5 m/s, estimation of 
the pressure gradient is more accurately determined by includ-
ing VLVOT in the equation: ΔP = 4 × (VPrAv

2 − VLVOT
2).

Prosthetic valve stenosis is usually associated with increased 
transprosthetic peak flow velocity or mean gradient (at least 
3 m/s or at least 20 mm Hg for aortic prostheses, and at 
least 1.9 m/s or at least 6 mm Hg for mitral prostheses) (see 
Tables 25-2 and 25-3). However, it is important to keep in 
mind that high velocity or gradient alone is not proof of 
intrinsic prosthetic obstruction and may be secondary to 
PPM, high-flow conditions, prosthetic valve regurgitation, or 
localized high central jet velocity in bileaflet mechanical valves 
(see Interpretation of High Transprosthetic Gradients for data 
interpretation and differential diagnosis). Significant pros-
thetic valve regurgitation may cause the flow rate across the 
prosthesis to increase, resulting in increased velocities and 
gradients.

The main limitation of transprosthetic velocity and gradients 
is that they are highly flow dependent. For instance, patients in 
a low cardiac-output state can exhibit normal transvalvular 
velocity and gradients despite the presence of significant pros-
thetic valve stenosis. Hence, other qualitative and quantitative 
indices that are less flow dependent should also be used to 
adequately assess prosthetic valve function.

Transprosthetic Jet Contour and  
Acceleration Time
The contour of the velocity through the prosthesis is a qualita-
tive index that may be used to assess prosthetic aortic valve 
function in conjunction with the other quantitative indices. In 
a normal valve, the contour of the CW flow velocity generally 
has a triangular shape, with early peaking of the velocity and a 
short acceleration time, that is, the time from the onset of flow 
to maximal velocity (acceleration time less than 80 ms) (Fig. 
25-7). With prosthetic valve obstruction, a more rounded veloc-
ity contour is seen, with the velocity peaking almost in midejec-
tion, prolonged acceleration time (greater than 100 ms) and 
ejection time, as well as the ratio of acceleration time to ejection 
time (greater than 0.4) (Fig. 25-7, and see Tables 25-2 and 
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Figure 25-4  Evaluation of prosthetic valve leaflet morphology and mobility. A, Mitral bileaflet mechanical prosthesis in diastole with a fixed 
leaflet  (green arrow);  the other  leaflet  is  still mobile  (blue arrow). B, Thickening and reduced mobility of aortic bioprosthetic valve cusps  (yellow 
arrow, systole). Ao, Aorta. (Image in panel B courtesy Dr. John Chambers, Guy’s and St. Thomas Hospitals, London.)
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Figure 25-3  Examples of bileaflet (A), monoleaflet (B), and caged-ball (C) mechanical valves and their transesophageal echocardiographic 
characteristics taken in the mitral position in diastole (middle) and in systole (right). The arrows in diastole point to the occluder mechanism 
of the valve and in systole to the characteristic physiologic regurgitation observed with each valve. (Reproduced with permission of the American 
Society of Echocardiography from Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recommendations for evaluation of prosthetic valves with echo-
cardiography and Doppler ultrasound: a report from the American Society of Echocardiography’s Guidelines and Standards Committee and the 
Task Force on Prosthetic Valves. J Am Soc Echocardiogr 22[9]:975-1014, 2009.)
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Figure 25-5  Schematic representation of velocity and pressure changes from the LV outflow tract to the ascending aorta (AO) in the pres-
ence of a stented bioprosthesis (A) and a bileaflet mechanical valve (B) illustrating the phenomena of pressure recovery and localized high 
gradient. Because of pressure recovery, velocities are lower and systolic arterial pressure (SAP) is higher at the distal aorta than at the level of the 
vena contracta (VC ). This is further exaggerated in the case of a bileaflet valve, in which the velocity is locally higher in the central orifice (CO) and 
thus pressure drop is higher at that level. Doppler gradients are estimated from maximal velocity at the level of the vena contracta and represent 
the maximal pressure drop, whereas invasive estimation of gradients usually reflect net pressure difference (ΔP) between LV systolic pressure (LVSP) 
and ascending aorta. EOA, Effective orifice area; LO, lateral orifice; SAP, systolic arterial pressure; SV, stroke volume in LV outflow tract; VC, vena 
contracta.  (Adapted with permission of the American Society of Echocardiography from Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recom-
mendations for evaluation of prosthetic valves with echocardiography and Doppler ultrasound: a report from the American Society of Echocardiog-
raphy’s Guidelines and Standards Committee and the Task Force on Prosthetic Valves. J Am Soc Echocardiogr 22[9]:975-1014, 2009.)
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Figure 25-6  Localized high gradient within the central orifice of a mitral bileaflet mechanical valve. A, Visualization of lateral (narrow arrow) 
and central (wide arrow)  jets on color Doppler image. B, Two Doppler envelopes are superimposed. The highest one, which presumably reflects 
the velocity within the central orifice, yields a value of peak gradient of 21 mm Hg, whereas the smallest one (lateral orifices) provides a gradient 
of 12 mm Hg. (Adapted with permission of the American Heart Association from Pibarot P, Dumesnil JG: Prosthetic heart valves: selection of the 
optimal prosthesis and long-term management. Circulation 119[7]:1034-1048, 2009.)
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25-3).35 The advantage of these indices is that they are indepen-
dent of Doppler beam angulation in relation to flow direction. 
The main limitation is that they are also influenced by LV sys-
tolic function and chronotropy. For example, a patient with a 
normally functioning aortic prosthesis and concomitant 
depressed myocardial contractility may nonetheless exhibit a 
rounded velocity contour with late velocity peaking, just as we 
have also witnessed in patients with severe PPM.

Effective Orifice Area
The EOA of prosthetic aortic valves is calculated with the con-
tinuity equation, similar to native aortic valve area38,39:

EOA CSA VTI /VTILVOT LVOT PrAv= ×( )

where CSALVOT is the cross-sectional area of the LVOT, VTILVOT 
the velocity-time integral obtained by PW Doppler in the LVOT, 
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C). An effort should be made to measure the LVOT VTI and 
LVOT diameter at about the same location.

3. The VTI across the prosthesis is obtained from the same 
signals that are used for measurement of prosthesis peak 
velocity and gradient (see Fig. 25-8, D).

4. The continuity equation method is also valid in presence of 
concomitant prosthetic aortic valve regurgitation because 
both the numerator and the denominator of the equation 
are increased in a similar proportion.
The EOA of mitral prostheses is calculated by the continuity 

equation using the stroke volume measured in the LVOT:

EOA CSA VTI /VTILVOT LVOT PrMv= ×( )

where VTIPrMv is the velocity-time integral obtained by CW 
Doppler though the mitral prosthesis (Fig. 25-9). A few specific, 
important caveats should be taken into consideration for the 
estimation of EOA of prosthetic mitral valves:
1. The continuity equation method cannot be applied when 

there is more than mild concomitant mitral or aortic 
regurgitation.

2. The pressure half-time (PHT) method (similar to that used 
for native mitral valve stenosis) is not valid to estimate the 
valve EOA of mitral prostheses.2,41 The PHT is highly influ-
enced by chronotropy, left atrial (LA) compliance, and LV 

and VTIPrAv the velocity-time integral obtained by CW Doppler 
though the aortic prosthesis. When measuring the EOA of pros-
thetic aortic valves, a few specific caveats should be taken into 
consideration:
1. The cross-sectional area of the LVOT is derived from the 

diameter measurement just underneath the prosthesis from 
the parasternal long-axis zoomed view assuming a circular 
geometry (Fig. 25-8, A, B). This measurement is often dif-
ficult because of the reverberations and artifacts caused by 
the prosthesis stent or ring. Particular care should be taken 
not to mistake the inner border of the prosthesis stent/ring 
for the inner edge of the LVOT. One can use modified views 
(lower parasternal location) to keep the artifact from the 
prosthetic valve away from the LVOT. It is important to 
emphasize that the substitution of the LVOT diameter by the 
labeled prosthesis size in the continuity equation is not a 
valid method to determine the EOA of aortic prostheses.40

2. For the recording of LVOT velocity signal, care should be 
exercised in locating the PW Doppler sample volume adja-
cent to the prosthesis while avoiding the region of subvalvu-
lar acceleration (this usually requires a position 0.5 to 1 cm 
below the sewing ring (toward the apex). Color Doppler may 
be useful to guide the positioning of the PW Doppler sample. 
The Doppler waveform should be smooth, with minimal 
spectral broadening and a well-defined peak (see Fig. 25-8, 

Figure 25-7  Doppler recordings of a normal and 
obstructed prosthetic valve in the aortic position. 
With  obstruction,  the  velocity  of  the  jet  is  increased 
along with changes in the contour of the jet velocity to 
that  of  a  round,  late-peaking  profile.  The  acceleration 
time (AT)  is increased. AT (in milliseconds) is measured 
as  the duration  from the onset of aortic ejection  (solid 
line) to the maximal jet velocity (dotted line). Mean gra-
dient  (ΔPmean)  is  increased  and  the  Doppler  velocity 
index  (DVI)  is  decreased  with  prosthetic  obstruction. 
(Reproduced with permission of the American Society of 
Echocardiography from Zoghbi WA, Chambers JB, 
Dumesnil JG, et al: Recommendations for evaluation of 
prosthetic valves with echocardiography and Doppler 
ultrasound: a report from the American Society of Echo-
cardiography’s Guidelines and Standards Committee 
and the Task Force on Prosthetic Valves. J Am Soc Echo-
cardiogr 22[9]:975-1014, 2009.)
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Figure 25-8  Calculation of the effective orifice area of prosthetic valves in the aortic position using the continuity equation method. The 
diameter of the LV outflow tract is measured just below the insertion of the prosthetic aortic valve (A, stented bioprosthesis; B, transcatheter bio-
prosthesis)  from the junction of sewing ring and ventricular septum to the junction of the sewing ring and the base of the anterior mitral  leaflet. 
Pulsed Doppler velocity recording is obtained in the LV outflow tract from the apical window (C). CW Doppler recording of the transprosthetic flow 
jet velocity is acquired from the apical five-chamber (D). Ao, Aorta. 
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Figure 25-9  Doppler findings with prosthetic mitral stenosis. CW Doppler velocity recordings in a normal (A) and an obstructed (B) prosthetic 
valve in the mitral position. The peak E velocity, gradients, and pressure half-time (T½ ) are elevated in the obstructed prosthetic valve. 

A B

Peak E = 1.6 m/s
∆Pmean = 4 mm Hg

T½ = 180 ms

Peak E = 2.8 m/s
∆Pmean = 23 mm Hg
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Normal Reference Values of Effective Orifice Areas for the Prosthetic Aortic Valves

Prosthetic Valve Size (mm)

19 21 23 25 27 29 Reference

Stented Bioprosthetic Valves
Mosaic 1.1 ± 0.2 1.2 ± 0.3 1.4 ± 0.3 1.7 ± 0.4 1.8 ± 0.4 2.0 ± 0.4 5

Hancock II — 1.2 ± 0.2 1.3 ± 0.2 1.5 ± 0.2 1.6 ± 0.2 1.6 ± 0.2 5

Carpentier-Edwards Perimount 1.1 ± 0.3 1.3 ± 0.4 1.50 ± 0.4 1.80 ± 0.4 2.1 ± 0.4 2.2 ± 0.4 5

Carpentier-Edwards Magna 1.3 ± 0.3 1.5 ± 0.3 1.8 ± 0.4 2.1 ± 0.5 — — 83, 84

Biocor (Epic) 1.0 ± 0.3 1.3 ± 0.5 1.4 ± 0.5 1.9 ± 0.7 — — 85, 86

Mitroflow 1.1 ± 0.2 1.2 ± 0.3 1.4 ± 0.3 1.6 ± 0.3 1.8 ± 0.3 — 87

Stentless Bioprosthetic Valves
Medtronic Freestyle 1.2 ± 0.2 1.4 ± 0.2 1.5 ± 0.3 2.0 ± 0.4 2.3 ± 0.5 — 5

St. Jude Medical Toronto SPV — 1.3 ± 0.3 1.5 ± 0.5 1.7 ± 0.8 2.1 ± 0.7 2.7 ± 1.0 5

Prima Edwards — 1.3 ± 0.3 1.6 ± 0.3 1.9 ± 0.4 — — 88, 89

Mechanical Valves
Medtronic-Hall 1.2 ± 0.2 1.3 ± 0.2 — — — — 5

St. Jude Medical Standard 1.0 ± 0.2 1.4 ± 0.2 1.5 ± 0.5 2.1 ± 0.4 2.7 ± 0.6 3.2 ± 0.3 5

St. Jude Medical Regent 1.6 ± 0.4 2.0 ± 0.7 2.2 ± 0.9 2.5 ± 0.9 3.6 ± 1.3 4.4 ± 0.6 90

MCRI On-X 1.5 ± 0.2 1.7 ± 0.4 2.0 ± 0.6 2.4 ± 0.8 3.2 ± 0.6 3.2 ± 0.6 91

Carbomedics Standard and Top Hat 1.0 ± 0.4 1.5 ± 0.3 1.7 ± 0.3 2.0 ± 0.4 2.5 ± 0.4 2.6 ± 0.4 5

ATS Medical* 1.1 ± 0.3 1.6 ± 0.4 1.8 ± 0.5 1.9 ± 0.3 2.3 ± 0.8 — 92

Effective orifice area is expressed as mean values (cm2) available in the literature. Further studies are needed to validate these reference values.
Adapted with permission of the American Heart Association from Pibarot P, Dumesnil JG: Prosthetic heart valves: selection of the optimal prosthesis and long-term management. Circulation 

119(7):1034-1048, 2009.
*For the ATS medical valve, the label valve sizes are 18, 20, 22, 24, 26 mm.

TABLE 
25-4 

Normal Reference Values of Effective Orifice Areas for the Prosthetic Mitral Valves

Prosthetic Valve Size (mm)

25 27 29 31 33 Reference

Stented Bioprosthetic Valves
Medtronic Mosaic 1.5 ± 0.4 1.7 ± 0.5 1.9 ± 0.5 1.9 ± 0.5 — 6, 93

Hancock II 1.5 ± 0.4 1.8 ± 0.5 1.9 ± 0.5 2.6 ± 0.5 2.6 ± 0.7 7

Carpentier-Edwards Perimount 1.6 ± 0.4 1.8 ± 0.4 2.1 ± 0.5 — — 6

Mechanical Valves
St. Jude Medical Standard 1.5 ± 0.3 1.7 ± 0.4 1.8 ± 0.4 2.0 ± 0.5 2.0 ± 0.5 6

MCRI On-X* 2.2 ± 0.9 2.2 ± 0.9 2.2 ± 0.9 2.2 ± 0.9 2.2 ± 0.9 6, 91, 94

Effective orifice area is expressed as mean values (cm2) available in the literature. Further studies are needed to validate these reference values.
Adapted with permission of the American Heart Association from Pibarot P, Dumesnil JG: Prosthetic heart valves: selection of the optimal prosthesis and long-term management. Circulation 

119(7):1034-1048, 2009.
*The ON-X valve has just one size for 27- to 29-mm and 31- to 33-mm prostheses. In addition, the strut and leaflets are identical for all sizes (25- to 33-mm); only the size of the sewing 

cuff is different.

TABLE 
25-5 

compliance. Hence, patients with tachycardia or reduced 
atrioventricular compliance may exhibit a normal PHT 
despite the presence of significant prosthetic valve stenosis. 
Nonetheless, the pressure half time may be useful if it is 
significantly delayed (greater than 120 ms; see Table 25-3 and 
Fig. 25-9, B) or shows significant lengthening from one 
follow-up visit to the other despite similar heart rates.
Valve EOAs between 0.8 and 1.2 cm2 and between 1.0 and 

2.0 cm2 suggest the presence of possible stenosis for aortic and 
mitral prostheses, respectively (see Tables 25-2 and 25-3), 
whereas values less than 0.8 cm2 (aortic) and less than 1.0 cm2 
(mitral) indicate the presence of significant stenosis. These 
cutoff values proposed in the ASE guidelines,35 however, have 
important limitation given that they overlap substantially with 
the normal reference values of EOA of several prosthesis models. 
In our experience, the recognition of prosthetic valve stenosis 
is better achieved by comparing the measured EOA to the 
normal reference value of EOA for the model and size of pros-
thesis implanted in the patient rather than applying fixed cutoff 
values to all patients regardless of the characteristics of their 
prosthesis.42 Tables 25-4 and 25-5 show the normal reference 
values of EOA for the most commonly used prosthetic valves in 

the aortic and mitral position, respectively. If the measured 
EOA is less than the reference EOA minus one standard devia-
tion, one should suspect possible stenosis. If the measured EOA 
is less than the reference minus two standard deviations, there 
is a high likelihood of significant stenosis (see Tables 25-2 and 
25-3).

Given that its estimation requires the inclusion of several 
parameters in the continuity equation, the main limitation of 
the EOA is the susceptibility to measurement errors. In addi-
tion, although they are much less flow dependent than 
transprosthetic velocity or gradient, the anatomic and effective 
orifice areas may nonetheless vary, to some extent, with flow. 
The EOA may thus be “pseudoseverized” in the presence of  
low flow state (see Special Considerations for Low–Flow-State 
Conditions).

Doppler Velocity Index
The DVI is a dimensionless ratio of the proximal velocity in the 
LVOT to the flow velocity through the aortic prosthesis: DVI = 
VLVOT/VPrAv. Time-velocity time integrals may also be used in 
place of peak velocities to calculate DVI = VTILVOT/VTIPrAv. In 
the case of prosthetic mitral valves, the DVI is calculated by 
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Hence, significant pressure recovery may occur downstream 
of aortic valves regardless of their type (native, bioprosthetic, 
or mechanical). This phenomenon should not, however, be 
confused with the phenomenon of localized high gradient that 
is specific to bileaflet mechanical valves (see Figs. 25-5, B, and 
25-6). A localized high gradient may indeed be recorded through 
the central orifice of bileaflet mechanical valves, and this phe-
nomenon may yield to substantial overestimation of gradient 
regardless of the position (aortic or mitral) of the prosthesis. 
The prevalence and magnitude of this phenomenon is not fully 
understood but is probably related to prosthetic valve size and 
design (ratio of the size of the central orifice to that of lateral 
orifices) and flow conditions.42,49

RECOGNITION AND QUANTITATION OF  
PROSTHETIC VALVE REGURGITATION

The approach to detecting and grading prosthesis regurgitation 
is similar to that of native valves and involves multiple color 
Doppler views and measurements of several Doppler-
echocardiographic indices.50 However, care is needed to sepa-
rate physiologic from pathologic prosthesis regurgitation. 
Mechanical prostheses indeed have a normal regurgitant volume 
known as leakage backflow. This “built-in” regurgitation theo-
retically prevents blood stasis and thrombus formation using a 
washing effect. As opposed to the pathologic regurgitant jets, 
the normal leakage backflow jets are characterized by being 
short in duration, narrow, and symmetric (see Fig. 25-3). In the 
case of pathologic regurgitation, it is also important to localize 
the origin of the regurgitant jet(s) in order to distinguish para-
valvular from transvalvular regurgitation.

Prosthetic Aortic Valve Regurgitation
Imaging Considerations
TTE generally provides a good visualization of the LV outflow 
tract and of both transvalvular and paravalvular prosthetic 
aortic regurgitation. Acoustic shadowing and occulting of 
regurgitant jets is less an issue for aortic prostheses than for 
mitral prostheses (Fig. 25-10).35 The optimal views for the 
detection of prosthetic aortic valve regurgitant jets include the 
parasternal long-axis and short-axis views, the apical long- 
axis view, and the five-chamber view. Off-axis views may be 
helpful in determining the origin of the jets. Meticulous color  
flow Doppler interrogation should be performed in the para-
sternal long-axis view to localize and define the extent of a 
paravalvular leak. However, regurgitant jets may be occulted 
by acoustic shadowing, especially in the noncoronary sinus 
region.

TEE may be useful to identify the origin (paravalvular vs. 
transvalvular) of the regurgitant jets in technically difficult TTE 
studies and to identify the mechanism of regurgitation and the 
associated complications, such as flail bioprosthetic cusp; pres-
ence of pannus, thrombus, vegetations, or masses interacting 
with occluder closure; abscess formation; or prosthesis dehis-
cence (Figs. 25-11 and 25-12).36 The long-axis view is useful for 
measuring LVOT diameter and jet width. Acoustic shadowing 
in the anterior region may limit the performance of TEE for 
evaluation of prosthetic aortic regurgitation at the midesopha-
geal level. Importantly, the presence of a concomitant mitral 
prosthesis will cause significant shadowing and obscure the 
LVOT. In such cases it is crucial to evaluate the prosthesis from 
transgastric transducer positions.

dividing the VTI of the transprosthetic flow by that of LVOT 
flow: DVI = VTIPrMv/VTILVOT. These parameters can be helpful 
to screen for valve obstruction, particularly when the cross-
sectional area of the LVOT cannot be obtained.43

The DVI is reduced (less than or equal to 0.3) in presence of 
prosthetic aortic valve stenosis (see Table 25-2), whereas it is 
increased (greater than or equal to 2.2 m/s) in presence of pros-
thetic mitral valve stenosis (see Table 25-3). In presence of 
significant prosthetic valve stenosis, the DVI is generally less 
than 0.25 in the case of aortic prostheses and greater than 2.5 
in the case of mitral prostheses.

The main limitations of the DVI are that it does not distin-
guish obstruction due to PPM from obstruction due to intrinsic 
dysfunction, and it is dependent on the size of the LVOT. For a 
given stroke volume and prosthetic valve EOA, the DVI will 
indeed be lower in a patient with a small LVOT than in a patient 
with a large LVOT. Hence, the cutoff values presented earlier 
(see Tables 25-2 and 25-3) may yield to overestimation or 
underestimation of prosthetic valve stenosis in the subsets of 
patients who are at the smaller or larger end of the LVOT size 
spectrum, respectively. Nonetheless, the observation of signifi-
cant changes (decrease in case of aortic prostheses and increase 
in the case of mitral prostheses) in the DVI during serial echo-
cardiographic follow-up is useful to detect the occurrence of 
prosthetic valve dysfunction.

Energy Loss Index and Influence of  
Pressure Recovery
Doppler echocardiography estimates the maximum pressure 
drop through the prosthesis from the maximum velocity 
recorded at the tip of the valve leaflets. However, several studies 
have reported that Doppler may overestimate the gradient 
across mechanical or bioprosthetic aortic valves when com-
pared to catheter measurement.44,45 As blood flow velocity 
decelerates between the aortic valve and the ascending aorta, 
part of the kinetic energy is reconverted back to static energy 
(i.e., pressure) because of the phenomenon called pressure 
recovery, and hence the net gradient between the LV and the 
ascending aorta (i.e., the gradient measured by catheter) is less 
than the maximum pressure gradient measured by Doppler (see 
Fig. 25-5, A).45-49 The extent of pressure recovery is determined 
by the ratio between the valve EOA and the cross-sectional area 
of the downstream chamber, that is, the ascending aorta in the 
case of prosthetic aortic valves. Hence, pressure recovery gener-
ally becomes clinically relevant in patients with smaller aortas—
those with an diameter at the sinotubular junction that is 
30 mm or less.47,48 In these patients, it thus becomes appropriate 
to account for pressure recovery by using the simple formula 
proposed by Garcia and collleagues46 to calculate the energy loss 
coefficient: ELC = (EOA × AA/AA − EOA), where AA is the cross-
sectional area of the aorta measured about 1 cm downstream 
of the sinotubular junction. The energy loss coefficient should 
be indexed for body surface area (i.e., energy loss index) to 
account for the change in cardiac output related to body size. 
An energy loss index less than 0.55 to 0.6 cm2/m2 suggests a 
significant prosthetic valve stenosis or PPM.46 Not accounting 
for pressure recovery in patients with small aortas (i.e., smaller 
than 30 mm) may cause overestimation of prosthetic valve ste-
nosis and/or PPM by Doppler echocardiography and lead to 
unwarranted investigations or interventions. The pressure 
recovery is generally negligible in the case of mitral prostheses 
because the downstream chamber (i.e., the LV) is large relative 
to the EOA of the prosthesis.
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Figure 25-10  Effect of position of mechanical prosthetic valve and of echocardiographic imaging view on shadowing and masking of 
regurgitation jet by Doppler.  Greater  effect  from  TTE  imaging  is  seen  on  prostheses  in  the  mitral  position  compared  to  the  aortic  position. 
(Reproduced with permission of the American Society of Echocardiography from Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recommendations 
for evaluation of prosthetic valves with echocardiography and Doppler ultrasound: a report from the American Society of Echocardiography’s 
Guidelines and Standards Committee and the Task Force on Prosthetic Valves. J Am Soc Echocardiogr 22[9]:975-1014, 2009.)
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Figure 25-11  Color Doppler images 
of transvalvular and paravalvular 
regurgitation. The white or black arrows 
indicate  the  regurgitant  jet(s).  Avulsed 
cusp  (yellow arrow,  A)  and  resulting 
transvalvular regurgitant jet (white arrow, 
B) in an aortic bioprosthetic valve. C, TEE 
view of severe transvalvular regurgitation 
(thick black arrow;  one  of  the  cusps  is 
blocked in open position) and mild para-
valvular  regurgitation  (thin black arrow) 
in  a  transcatheter  bioprosthetic  aortic 
valve.  D,  Moderate  paravalvular  eccen-
tric regurgitant jet in a stented biopros-
thetic aortic valve. Ao, Aorta.  (A and B, 
Courtesy Dr. Bibiana Cujec, Mazankowski 
Heart Institute, Edmonton, Alberta, 
Canada; D, courtesy Dr. John Chambers, 
Guy’s and St Thomas Hospitals, London.)
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For semiquantitative evaluation of the severity of paravalvu-
lar regurgitation, careful imaging of the neck of the jet in a 
short-axis view, at the level of the prosthesis sewing ring (surgi-
cally implanted prostheses) or stent (transcatheter bioprosthe-
ses), allows determination of the circumferential extent of 
regurgitation in the case of paravalvular regurgitation. A regur-
gitant jet occupying less than 10% of the sewing ring or stent 
circumference suggests mild, 10% to 20% suggests moderate, 
and more than 20% suggests severe regurgitation (see Table 
25-6 and Fig. 25-12, A, B).33,35 Rocking of the prosthesis is 
usually associated with greater than 40% dehiscence.53

The entrainment of the regurgitant (paravalvular or trans-
valvular) jet in the LVOT may lead to rapid broadening of the 
jet just after the vena contracta and thus to overestimation of 
regurgitant severity when using color Doppler parameters. 
Moreover, the estimation of regurgitation severity becomes 
more complex and less reliable when multiple jets are present. 
TEE may be helpful to better identify the origin (paravalvular 
vs. transvalvular) of the regurgitant jets and to better estimate 
the circumferential extent of paravalvular regurgitation.
Spectral Doppler parameters. Spectral Doppler parameters 
are useful to assess prosthetic aortic valve regurgitation because 
they are less sensitive to the prosthesis position and the associ-
ated shadowing and artifacts. The pressure half-time of the CW 
regurgitant jet signal is useful when the value is less than 200 
ms, suggesting severe regurgitation, or greater than 500 ms, 
consistent with mild regurgitation (see Table 25-6). However, 

Parameters of the Severity of Prosthetic Aortic 
Valve Regurgitation
The same principles and methods used for grading severity of 
native aortic valve regurgitation50 can be used for prosthetic 
aortic regurgitation. It must be remembered, however, that 
there are very limited data on the application and validation of 
quantitative parameters such as the width of the regurgitant jet 
or of the vena contracta, the effective regurgitant orifice area, 
and the regurgitant volume in the context of prosthetic 
valves.51,52 Given that all parameters of aortic regurgitation have 
important limitations and may be subject to measurement 
errors, a comprehensive, multiparametric approach is highly 
recommended (Table 25-6).
Color Doppler parameters. The ratios of regurgitant jet diam-
eter to LVOT diameter from the parasternal long-axis view and 
of jet area to LVOT area from the parasternal short-axis view 
just below the prosthesis can be used to estimate the severity of 
central regurgitation. A ratio of jet diameter to LVOT diameter 
greater than 25% suggests moderate regurgitation and >65%, 
severe regurgitation (see Table 25-6). However, using this 
approach, regurgitation severity may be overestimated in the 
case of eccentric or crescent-shaped jets and underestimated in 
the case of jets impinging the wall of the LVOT or of anterior 
mitral valve (see Fig. 25-11, B, D). In contrast to native valves, 
the width of the vena contracta may be difficult to accurately 
measure in the long-axis view because of the shadowing caused 
by the prosthesis ring or stent.

Figure 25-12  Color Doppler images of transvalvular and paravalvular regurgitation. Mild (less than 10% of circumference; A) and severe (more 
than 20% of circumference; B) paravalvular  regurgitation  in bioprosthetic aortic  valves. C, Mild paravalvular  regurgitant  jets  (arrows)  and normal 
physiological regurgitant jets (arrows) in a mitral bileaflet mechanical valve. D, Severe paravalvular regurgitation (arrow) in mitral bileaflet mechanical 
valves. (C and D, Courtesy Dr. Arsène Basmadjan, Montreal Heart Institute, Montreal, Canada.)
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stroke volume measured in the RV outflow tract (RVOT) may 
be helpful to assess aortic regurgitation severity (see Table 
25-6). Given that the RVOT diameter is often difficult to 
measure, the ratio of the LVOT VTI to the RVOT VTI can be 
used alternatively, provided no dilation of LVOT or RVOT exist.

Integrative, Multiparametric Approach for the 
Evaluation of Prosthetic Aortic Valve Regurgitation
Assessment of severity of prosthetic aortic valve regurgitation 
is generally much more complex than in native valves because 
of the high prevalence of paravalvular regurgitation and eccen-
tric jets (see Figs. 25-11 and 25-12). The process of grading 
regurgitation severity should be comprehensive, integrative, 
and based on a multiparametric approach that includes the 
qualitative and semiquantitative parameters shown in Table 
25-6. If the regurgitation is classified as mild or less using these 
parameters, no further measurement is needed. On the other 
hand, if there are parameters suggestive of more than mild AR 
and the quality of the data enables quantitation, it is recom-
mended to measure quantitative parameters of regurgitation, 
including the vena contracta width, and the regurgitant 
volume and fraction. When the different parameters are con-
cordant, it is easy to confirm the severity of the regurgitation. 
However, when there are discordances among the different 
parameters, one must look carefully for physiologic or techni-
cal reasons to explain these discrepancies and to rely on the 
parameters that have the best quality in terms of image/signal 
and that are the more accurate and reliable in the context of 
prosthetic valves. Importantly, one must also examine the 
indirect signs of prosthetic valve dysfunction (see later discus-
sion under Indirect Signs and Consequences of Prosthetic 
Valve Regurgitation). Hence, in presence of severe chronic 
prosthetic valve regurgitation, one would expect to see a 
dilated LV.

Prosthetic Mitral Valve Regurgitation
Imaging Considerations
Assessment of prosthetic mitral regurgitation by TTE is prob-
lematic because the LA is largely occulted by the acoustic shad-
owing due to the metallic components of the prosthesis (see  
Fig. 25-10 and Clinical Case 25-2).35 This problem is more 
frequent in mechanical valves than in bioprosthetic valves. In 
contrast, TEE provides excellent visualization of the LA and 
mitral regurgitant jet, but acoustic shadowing limits visualiza-
tion of the LV. Thus, a comprehensive assessment of prosthetic 
mitral valve function often requires both TTE and TEE when 
valve dysfunction is suspected.

At TTE examination, the presence of “occult” mitral prosthe-
sis regurgitation should be suspected when the following signs 
are present: presence of flow convergence on the LV side of the 
prosthesis during systole; increased mitral peak E wave velocity 
(greater than 2 m/s) and/or mean gradient (greater than 6 mm 
Hg); DVI greater than 2.2; unexplained or new worsening of 
pulmonary arterial hypertension; and a dilated and hyperki-
netic LV (Table 25-7).43 TEE should be systematically performed 
when there is a clinical or TTE suspicion of pathologic mitral 
regurgitation.36 TEE is indeed superior to TTE in detecting 
prosthetic mitral regurgitation and determining its localization 
and mechanism.55,56 On color Doppler, paravalvular leaks have 
a typical appearance of a jet that passes from the LV into the 
LA outside the prosthesis ring and often projects into the atrium 
in an eccentric direction (see Figs. 25-11 and 25-12). 

Doppler-Echocardiographic Criteria for Severity 
of Prosthetic Aortic Valve Regurgitation (Central  
and Paravalvular)

Mild Moderate Severe

Valve Structure and Motion
Mechanical or bioprosthesis Usually 

normal
Usually 

abnormal*
Usually 

abnormal*

Doppler Parameters (Qualitative or Semiquantitative)
Jet width in central jets 

(%LVOT diameter): color 
Doppler†

Narrow (≤25) Intermediate 
(26-64)

Large (>65)

Jet density: CW Doppler Incomplete or 
faint

Dense Dense

Jet deceleration rate (PHT, 
ms): CW Doppler‡

Slow (>500) Variable 
(200-500)

Steep (<200)

LV outflow vs. RV outflow 
Ratio: PW Doppler (ratio 
of stroke volumes or 
velocity-time integrals)

Slightly 
increased 
(>1.2)

Intermediate 
(>1.5)

Greatly 
increased 
(>1.8)

Diastolic flow reversal in the 
ascending aorta: PW 
Doppler

Absent or 
brief early 
diastolic

Intermediate Prominent 
holodiastolic 
(end-diastolic 
velocity 
>18 cm/s)

Circumferential extent of 
paravalvular regurgitation 
(%)§

<10 10-20 >20

Doppler Parameters (Quantitative)
Vena contracta width (mm)† <3 3-6 >6

Regurgitant volume (mL/
beat)

<30 30-59 ≥60

Regurgitant fraction (%) <30 30-49 ≥50

Indirect Signs
LV size Normal Normal/

mildly 
dilated

Dilated

Adapted in part from Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recommendations for 
evaluation of prosthetic valves with echocardiography and Doppler ultrasound: a report 
from the American Society of Echocardiography’s Guidelines and Standards Committee 
and the Task Force on Prosthetic Valves. J Am Soc Echocardiogr 22(9):975-1014, 2009, 
with permission of American Society of Echocardiography.

PHT, Pressure half time.
*Abnormal mechanical valves: immobile occluder, dehiscence or rocking (paravalvular 

regurgitation); abnormal biologic valves: leaflet thickening/calcification or prolapse, 
dehiscence or rocking (paravalvular regurgitation).

†Parameter applicable to central jets and is less accurate in eccentric jets.
‡This parameter is influenced by LV compliance.
§Applies only to paravalvular regurgitation.
Applies to chronic, late postoperative prosthetic aortic valve regurgitation in the absence 

of other etiologies.

TABLE 
25-6 

intermediate values of pressure half-time (200 to 500 ms) are 
less specific because they are influenced by other variables such 
as heart rate and LV compliance. Proper care should also be 
given to obtaining a good-quality Doppler spectral envelope, 
which may not always be possible and might lead to gross over- 
or underestimations of in the case of frankly eccentric jets. The 
presence of holodiastolic flow reversal in the descending tho-
racic aorta is indicative of at least moderate AR; severe AR is 
suspected when the VTI of the reverse flow approximates that 
of the forward flow and when the end-diastolic velocity is 
greater than 18 cm/s.54

Regurgitant volume can be calculated as the difference 
between stroke volume at the LVOT (or 2D-derived total LV 
stroke volume) and the transmitral or pulmonary flow. Cutoff 
values for severity are similar to those for native aortic valve 
regurgitation.50 The quantitative method based on proximal 
isovelocity surface area is difficult to apply to aortic prostheses. 
The ratio of the stroke volume measured in the LVOT to the 
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Multiple-plane examination is essential to determine the origin 
and extent of the regurgitant jet(s).

Parameters of the Severity of Prosthetic Mitral 
Valve Regurgitation
Assessment of severity of prosthetic mitral regurgitation is 
complex because all quantitative parameters have important 
limitations and cannot be applied consistently in all patients. 
Hence, it is recommended to use a comprehensive approach 
that integrates the different findings and parameters obtained 
by TTE and TEE (see Table 25-7).

The estimation of regurgitant jet area in the LA is often 
difficult due to the shadowing and artifacts created by the 
prosthesis. A small thin jet (jet area less than 4 cm2, less than 
20% of the LA) usually reflects mild mitral regurgitation but 
can be grossly underestimated and should not be used to 
exclude severe regurgitation, whereas a large, wide jet (8 cm2 
or larger, more than 40% of the LA) is most often consistent 
with severe regurgitation.35 A width of the vena contracta of 
less than 3, 3 to 6, and greater than 6 mm denotes mild, mod-
erate, and severe regurgitation, respectively (see Table 25-7).52 
Significant swirling of the jet within the atrium as well as  
the presence of retrograde systolic flow in one or more of  
the pulmonary veins is specific for significant mitral regurgi-
tation. TEE is superior to TTE to record the pulmonary 
venous flow in presence of a mitral prosthesis. The density 
and contour of the regurgitant jet CW Doppler signal  
may also be helpful to corroborate regurgitation severity (see 
Table 25-7).

Doppler-Echocardiographic Criteria for Severity of Prosthetic Mitral Valve Regurgitation (Central and Paravalvular)

Mild Moderate Severe

Valve Structure and Motion
Mechanical or bioprosthesis Usually normal Usually abnormal* Usually abnormal*

Doppler Parameters (Qualitative or Semiquantitative)
Color flow jet area Small, central jet (usually 

<4 cm2 or <20% of LA 
area)

Variable Large central jet (usually >8 cm2 or 
>40% of LA area) or variable size 
wall impinging jet swirling in LA

Flow convergence None or minimal Intermediate Large

Jet density: CW Doppler Incomplete or faint Dense Dense

Jet contour: CW Doppler† Parabolic Usually parabolic Early peaking, triangular

Pulmonary venous flow: PW Doppler Systolic dominance Systolic blunting Systolic flow reversal

Doppler velocity index: PW Doppler <2.2 2.2-2.5 >2.5

Doppler Parameters (Quantitative)
Vena contracta width (mm)‡ <3 3-6 >6

Regurgitant volume (mL/beat) <30 30-59 ≥60

Regurgitant fraction (%) <30 30-49 ≥50

Effective regurgitant orifice area (mm2) <20 20-39 ≥40

Indirect Signs
LV size§ Normal Normal/mildly dilated Dilated

LA size Normal Normal/mildly dilated Dilated

Pulmonary hypertension (SPAP ≥50 mm 
Hg at rest and ≥60 mm Hg at exercise)

Generally absent Variable Generally present

Adapted in part from Zoghbi WA, Chambers JB, Dumesnil JG, et al: Recommendations for evaluation of prosthetic valves with echocardiography and Doppler ultrasound: a report from 
the American Society of Echocardiography’s Guidelines and Standards Committee and the Task Force on Prosthetic Valves. J Am Soc Echocardiogr 22(9):975-1014, 2009, with permission 
of American Society of Echocardiography.

*Abnormal mechanical valves: immobile occluder, dehiscence or rocking (paravalvular regurgitation); abnormal biologic valves: leaflet thickening/calcification or prolapse, dehiscence or 
rocking (paravalvular regurgitation)

†This parameter is influenced by LV compliance.
‡Parameter applicable to central jets and is less accurate in eccentric jets.
§Applies to chronic, late postoperative prosthetic aortic valve regurgitation in the absence of other etiologies.

TABLE 
25-7 

The radius of the proximal flow convergence (i.e., proximal 
isovelocity surface area method) can be used in combination 
with recordings of mitral regurgitation velocity by CW Doppler 
to estimate effective regurgitant orifice area.50,57 However, 
because mitral prosthetic regurgitation is often characterized by 
eccentric and/or multiple jets, the proximal isovelocity surface 
area method is difficult to achieve and may grossly under- or 
overestimate regurgitation severity. Given these important limi-
tations, the volumetric method is often preferred to the proxi-
mal isovelocity surface area method for quantitation of mitral 
prosthesis regurgitation.35 The calculation of regurgitant stroke 
volume consists in subtracting the LVOT stroke volume from 
the total LV stroke volume derived by 2D echocardiography. 
Total LV stroke volume may be obtained by the Simpson 
method. However, this method often underestimates the LV 
volumes and the LV stroke volume. Hence, one can alternatively 
estimate the total stroke volume by multiplying the LV ejection 
fraction calculated by the Simpson method by the LV end-
diastolic volume obtained by the Teichholz formula (i.e., 
Dumesnil’s method in reverse).58 Three-dimensional (3D) 
echocardiography may also enhance the accuracy of the estima-
tion of total LV stroke volume, especially when combined with 
enhancement of endocardial border with a contrast agent.59 A 
LV ejection fraction above 60% with normal-sized or enlarged 
LV, along with a reduction of LVOT stroke volume, should raise 
the possibility that the mitral regurgitation is significant. Again, 
in light of the important challenges and limitations posed by 
quantitation of prosthetic mitral regurgitation, one should 
always have a comprehensive, multiparametric, and integrative 
approach (see Table 25-7).



  25  Echocardiographic Recognition and Quantitation of Prosthetic Valve Dysfunction 485

aortic root. This aspect thus needs particular attention, and it 
is recommended to regularly (i.e., every 2 years) measure the 
dimensions of the aortic root (annulus, sinus, and sinotubular 
junction levels) and ascending aorta, especially the diameter at 
the sinotubular junction. If dilation of the aorta and/or aortic 
insufficiency develops, closer follow-up is recommended.

Transcatheter Aortic Valves
Valve Sizing and Positioning
In patients undergoing transcatheter aortic valve implantation, 
intraoperative TEE is particularly helpful (1) to accurately 
measure the aortic annulus size that is crucial to select the valve 
size, (2) to complement fluoroscopic imaging for positioning of 
the valve before deployment, and (3) to rapidly identify com-
plications. The size of the transcatheter prostheses is selected 
according to the pre- or intraprocedural measurement of the 
aortic annulus diameter by TEE using a midesophageal long-
axis view. The same view is used for valve positioning. The 
objective is to align the ventricular end of the valve prosthesis 
stent with the hinge point of the anterior leaflet of the mitral 
valve (Fig. 25-13).70,71 Real-time 3D TEE may further facilitate 
valve positioning. Some investigators primarily use TEE instead 
of fluoroscopy to guide valve positioning and implantation in 
order to reduce the amount of contrast agent and thereby pre-
serve kidney function.70

Late Postoperative Follow-up
One could use the same principles as for surgical prostheses. 
In particular, for the measurement of valve EOA, the LVOT 
diameter and velocity should be measured just underneath the 
stent (see Fig. 25-8, B). However, if the ventricular end of the 
stent sits too low in the LVOT, which may occur more fre-
quently with self-expandable prostheses (such as the CoreV-
alve), it may be preferable to measure the LVOT diameter and 
velocity within the proximal portion of the stent at approxi-
mately 5 to 10 mm below the bioprosthetic valve leaflets. As 
with surgical prostheses, the observation of significant changes 
in gradient, DVI, and EOA during serial evaluations as well as 
the comparison of the valve EOA measured by Doppler echo-
cardiography during follow-up to the normal reference value 
may be useful to identify and quantify prosthetic valve stenosis 
(see Table 25-2). However, in the case of transcatheter valves, 
the normal reference EOA does not depend only on the model 
and label size of the prosthesis. It also depends on the size of 
the patient’s aortic annulus, as this is the main factor limiting 
the expansion of the valve at implantation. It is too early to 
determine what will be the durability of the transcatheter 
valves. Gurvitch and co-workers72 reported a slight deteriora-
tion of EOAs and gradients at 3-year follow-up. The severity 
of paravalvular regurgitations appears to remain stable during 
follow-up.

Prosthetic Pulmonary and Tricuspid Valves
Prosthetic Tricuspid Valve
The tricuspid prosthesis flow velocities vary not only with the 
duration of the cycle but also with respiration. A minimum of 
five cardiac cycles should thus be averaged for the estimation of 
the Doppler-echocardiographic indices, whether the patient is 
in sinus rhythm or in atrial fibrillation. Prosthetic tricuspid 
valve stenosis should be suspected when prosthetic valve leaflet 
morphology and mobility are abnormal, peak velocity is greater 

Indirect Signs and Consequences of Prosthetic 
Valve Regurgitation
The size and function of the LV and atrial chambers as well as 
the level of systolic pulmonary arterial pressure can be used to 
corroborate severity of prosthesis dysfunction and especially of 
prosthetic valve regurgitation. In particular, these measure-
ments can be compared to previous measurements and are often 
the first sign to alert attention when the regurgitation is difficult 
to visualize. Although LV dilation is expected in the presence of 
hemodynamically significant prosthetic aortic or mitral valve 
regurgitation, LV volumes may also reflect the preoperative 
state, especially in cases of early postoperative prosthetic regur-
gitation. However, if LV volumes fail to decrease after valve 
replacement for aortic or mitral regurgitation or tend to increase 
after valve replacement for aortic or mitral stenosis, and in par-
ticular if the LV is hyperdynamic, a hemodynamically significant 
leak should be suspected among other factors. On the other 
hand, in the context of chronic aortic or mitral prosthesis regur-
gitation, the absence of dilation of LV and atrial chambers 
during follow-up is rather suggestive of a nonsignificant leak.

ROLE OF STRESS ECHOCARDIOGRAPHY

Because normally and abnormally functioning prostheses can 
produce similar gradients at rest by TTE, stress echocardiogra-
phy may be valuable in confirming or excluding the presence of 
hemodynamically significant prosthetic valve stenosis or PPM, 
especially when there is discordance between the patient’s 
symptomatic status and the prosthetic valve hemodynamics 
measured at rest.60-66 As opposed to normally functioning and 
well-matched prostheses or to bileaflet mechanical valves with 
localized high gradient, the presence of valve stenosis or signifi-
cant PPM is generally associated with a marked increase in 
gradients and pulmonary arterial pressure, the occurrence of 
symptoms, and an impaired exercise capacity on stress exercise 
echocardiography.60 In light of studies performed in the context 
of native or prosthetic valves, an absolute increase in mean 
gradient of at least 20 mm Hg in the aortic position and at least 
12 mm Hg in the mitral position suggests severe prosthesis 
dysfunction or PPM.61-69 A peak stress systolic pulmonary arte-
rial pressure of 60 mm Hg or greater is consistent with the 
presence of a hemodynamically significant mitral prosthesis 
stenosis or regurgitation or mitral PPM.60,61,69 Exercise testing is 
also useful to unmask symptoms in a significant proportion of 
patients with prosthetic valve dysfunction or PPM who claim 
to be asymptomatic.

SPECIFIC CONSIDERATIONS FOR PARTICULAR 
TYPES OF VALVE SUBSTITUTES

Stentless Aortic Valve Substitutes
Stentless substitutes include stentless bioprostheses, aortic 
homografts, and pulmonary autografts (the Ross operation). 
These substitutes are more likely than stented valves to have 
minor transvalvular regurgitant jets. In the early postoperative 
period, the stentless bioprostheses, particularly if implanted by 
the subcoronary technique, may exhibit higher than expected 
gradients, which often regress within the next 3 months, most 
likely because of regression of the edema between the prosthesis 
and the aortic wall and/or remodeling of the LVOT. In the late 
postoperative follow-up, the stentless substitutes are more likely 
than stented bioprostheses or mechanical valves to develop 
“functional” central aortic insufficiency due to dilation of the 
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elevated transprosthetic gradient. PPM is the most frequent 
cause of high gradient after valve replacement, the other 
potential causes being a central jet artifact in bileaflet prosthe-
ses, intrinsic valve dysfunction, high flow states, or technical 
errors.35,42 Various algorithms aimed at better interpreting 
these high gradients have previously been proposed in the 
guidelines as well as by various authors including our-
selves.35,42,73 However, the acceptance of these algorithms by 
clinicians has varied, and they have been criticized for being 
either too complicated for routine clinical use or too simplistic 
to cover all possibilities. In a recent paper,74 we thus proposed 
another alternative that is something of a compendium of 
previous algorithms and that can, we hope, answer both criti-
cisms (Figs. 25-14 and 25-15).

Prosthetic Aortic Valves
After having excluded possible technical errors and given that 
PPM is the most frequent cause of high transprosthetic gradi-
ents after aortic valve replacement, the first step in the algo-
rithm (see Fig. 25-14 and Clinical Case 25-1) would be to simply 
calculate the projected indexed EOA, that is, the ratio of EOA 
to body surface area, using the normal reference value of EOA 
for the type and size of prosthesis having been implanted (see 
Table 25-4). If the result is less than 0.85 cm2/m2, one can then 
surmise that PPM is present and that, depending on its degree 
of severity (see Table 25-1), it may be partially or totally respon-
sible for the high gradient. In this context, it is important to 
keep in mind that both phenomena, PPM and intrinsic 

than 1.7 m/s, mean gradient is 6 mm Hg or greater, and/or 
pressure half-time is at least 230 ms.35 The criteria for assessing 
severity of prosthetic tricuspid regurgitation are similar to those 
for native tricuspid valves.35,50 TEE should be considered for all 
patients with clinical and/or TTE evidence of tricuspid prosthe-
sis obstruction or regurgitation.

Prosthetic Pulmonary Valve
Findings suspicious of prosthetic pulmonary valve stenosis 
include leaflet thickening or immobility, narrowing of forward 
color flow map, transvalvular peak velocity greater than 3 m/s 
for a prosthesis or greater than 2 m/s for a homograft, increase 
in peak velocity on serial studies, impaired RV function,  
or elevated RV systolic pressure. The severity of pulmonary 
prosthetic valve regurgitation is usually subjectively graded, 
using an integrative approach similar to native pulmonary 
regurgitation.35,50

Interpretation of Doppler-
Echocardiographic Data
INTERPRETATION OF HIGH  
TRANSPROSTHETIC GRADIENTS

It is relatively frequent to measure a high gradient across a 
prosthetic valve and the differential diagnosis is much more 
complex than for native valves (see Clinical Cases 25-1, 25-2, 
and 25-3). Indeed, there are several potential causes of an 

Figure 25-13  Utility of TEE for posi-
tioning of transcatheter bioprosthetic 
aortic valves. A, Prosthetic valve in the LV 
cavity  showing  the  ventricular  and  aortic 
ends  of  the  stent  containing  the  valve 
(white arrows); yellow arrow,  hinge point 
of  the  anterior  mitral  leaflet;  green line, 
aortic annulus. B, “Too  low”  (ventricular) 
positioning  of  valve,  (C)  “too  high” 
(aortic) positioning of valve, and (D) ade-
quate positioning of valve, all using hinge 
point  of  anterior  mitral  leaflet  (yellow 
arrows)  as  landmark  for  the  ventricular 
end of the valve (white arrows). Ao, Aorta. 
(Reproduced with permission of American 
College of Cardiology from Bagur R, 
Rodés-Cabau J, Doyle D, et al: Usefulness 
of TEE as the primary imaging technique 
to guide transcatheter transapical aortic 
valve implantation.  J  Am  Coll  Cardiol 
4[2]:115-124, 2011.)

A B

C D

LA

Ao
LV
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normal reference value for the same type and size of prosthesis 
(see Table 25-4) and/or has decreased progressively during 
follow-up. If, on the other hand, there is still uncertainty with 
regard to possible abnormal leaflet mobility, one can then 
proceed to calculate the DVI. If the DVI is less than 0.30 and 
the prosthesis is a bileaflet valve with normal leaflet mobility, 
the high gradient is in all likelihood due to a central jet artifact, 
that is, a localized high jet velocity through the central orifice 
(see Fig. 25-5). On the other hand, if the valve is not bileaflet, 
intrinsic dysfunction should be reconsidered as discussed previ-
ously, and the possibility of a technical error should also be 
envisioned. Finally, if the DVI is 0.30 or greater, possible etiolo-
gies for the high gradient include high flow states, aortic regur-
gitation, subvalvular obstruction, and, again, a technical error. 

dysfunction, may coexist. To fully appreciate the clinical impact 
of the gradient, it should also be remembered that the net gradi-
ent is less in patients with a small aortic diameter (less than 
3.0 cm) because of pressure recovery, and it might be useful in 
such cases to calculate the energy loss index.46

If PPM is not present or is not severe enough to totally 
explain the increased gradient, the next crucial step would be 
to thoroughly evaluate leaflet morphology and mobility. In the 
case of mechanical valves, TTE and even TEE often do not allow 
adequate visualization of leaflet(s) motion, and cinefluoroscopy 
should be performed in addition to echocardiography (see Fig. 
25-14). If leaflet mobility is abnormal (see Fig. 25-4), dysfunc-
tion should be suspected. This can be corroborated if the EOA 
actually measured by echocardiography is much lower than the 

Figure 25-14  Algorithm  for  interpreting  abnormally  high 
transprosthetic pressure gradients after aortic valve replace-
ment  (AVR).  BSA,  Body  surface  area;  DVI,  Doppler  velocity 
index; ELI, energy loss index; EOA, effective orifice area; FU, 
follow-up; SD,  standard deviation.  (Adapted from Dumesnil 
JG, Pibarot P: Prosthesis-patient mismatch: an update. Curr 
Cardiol Rep 13[3]:250-257, 2011.)

High gradient
after AVR

Projected EOA/BSA
<0.85 cm2/m2?

Leaflet morphology/
mobility abnormal?

Table 25-4
↓

Yes

No or
undetermined

DVI <0.3?

NoNo

Consider:
• High flow state
• Aortic regurgitation
• Subvalvular obstruction
• Technical error

Bileaflet valve?

Yes

Consider
dysfunction or
technical error

Probable central
jet artifact
(localized high
gradient)

Consider dysfunction:
EOA and DVI decreased during FU?
EOA < reference value – 1SD?

Prosthesis-patient mismatch:
  • Severity?: see Table 25-1
  • Asc. Ao. <3.0 cm?
    Yes: calculate ELI

Yes

← Table 25-4

Yes

Figure 25-15  Algorithm  for  interpreting  abnormally  high 
transprosthetic pressure gradients after mitral valve replace-
ment  (MVR).  BSA,  Body  surface  area;  DVI,  Doppler  velocity 
index; ELI, energy loss index; EOA, effective orifice area; FU, 
follow-up; SD, standard deviation. 

High gradient
after MVR

Projected EOA/BSA
<1.2 cm2/m2?

Leaflet morphology/
mobility abnormal?

Table 25-5
↓

Yes

No or
undetermined

DVI >2.2?

NoNo

Consider:
• High flow state
• Aortic regurgitation
• Flow acceleration in LVOT
• Technical error

Bileaflet valve?

Yes

Consider:
• Occult mitral
  regurgitation
• Technical error

Consider:
• Central jet
  artifact
• Occult mitral
  regurgitation

Consider dysfunction:
EOA decreased and DVI increased
during FU?
EOA < reference value – 1SD?

Prosthesis-patient mismatch:
  • Severity?: see Table 25-1

Yes

← Table 25-5

Yes
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or months after valve replacement as the healing process evolves. 
Moderate or severe paravalvular regurgitation is rare (1% to 
2%) following aortic or mitral valve replacement and requires 
returning to cardiopulmonary bypass for immediate 
correction.

Because of LV remodeling, relative high output states, and 
the frequent occurrence of tachycardia, hemodynamic assess-
ment of the prosthetic valve done in the immediate postopera-
tive period cannot be considered as definitive. Moreover, the 
echocardiograms are technically challenging because of the 
location of the various incisions, and the quality of the images 
is often suboptimal. The main objective of a perioperative echo-
cardiogram is to detect the presence of paravalvular or trans-
valvular regurgitation and obtain accurate measurements of 
peak and mean gradients as well as the EOA and DVI, when 
feasible and reliable. Several pitfalls may be encountered when 
performing these measurements in the immediate postopera-
tive period: (1) Poor-quality images may yield to erroneous 
measurement of LVOT diameter; (2) LVOT flow velocity may 
be abnormally increased by high cardiac output or dynamic 
obstruction from temporary remodeling of the LVOT, hypovo-
lemia, and/or perioperative use of inotropes; or (3) the presence 
of perivalvular edema or hematoma in a stentless bioprosthesis 
implanted with the subcoronary technique may result in a lower 
than expected EOA and higher gradient during the first few 
months after operation.

For these reasons, the recording of relatively high gradients 
in the immediate postoperative period should not be viewed 
with undue concern. The first step is to assess the presence and 
severity of PPM by calculating the projected indexed EOA (see 
Figs. 25-14 and 25-15). This step does not require any Doppler-
echocardiographic measurement and can thus be done irre-
spective of the image quality and the patient’s hemodynamic 
condition. If PPM is present, it may explain, in part or in total-
ity, the high transprosthetic gradient. If PPM is absent, several 
of the aforementioned conditions and technical pitfalls must 
first be ruled out before concluding that prosthesis dysfunction 
has occurred. In particular, one must first determine if the 
gradient is not partially or principally related to a high flow 
velocity in the LVOT. Relief of the valvular obstruction in 
patients operated for aortic stenosis may result in some remod-
eling and temporary narrowing of the LVOT. The administra-
tion of inotropic agents during weaning from cardiopulmonary 
bypass may also contribute to this phenomenon. Therefore, 
unless the transvalvular gradients are very high or are associated 
with abnormality of leaflet motion, significant symptoms, or 
deterioration in LV function, a conservative approach with 
observation and repeat assessment 3 to 6 months later is 
advocated.

Utility of Doppler Echocardiography for 
Management of Specific Prosthetic 
Valve–Related Complications
PROSTHETIC VALVE THROMBOSIS

If prosthetic valve thrombosis is suspected, echocardiography 
should be performed promptly and include TEE (see Clinical 
Case 25-2).20 A comprehensive TTE is performed first, with 
particular attention directed at evaluation of leaflet mobility 
and valve hemodynamic function and identification of throm-
bus and/or pannus. In the rare case of massive prosthetic valve 
thrombosis with hemodynamic instability, TEE will not be 

It should be noted that technical errors, particularly with regard 
to measurements in the LV outflow tract diameter, are frequent, 
and that this possibility should never be neglected.

Prosthetic Mitral Valves
A similar algorithm can be used when confronted to a high 
gradient or velocity across a mitral prosthesis (see Fig. 25-15 
and Clinical Cases 25-2 and 25-3). It should, however, be noted 
that the cutoff values of indexed EOA and DVI are different 
from those used for aortic prostheses. In the last step of the 
algorithm, if the leaflet mobility is considered to be normal or 
is undetermined and the DVI is less than 2.2, one should also 
suspect occult mitral transvalvular or paravalvular regurgita-
tion, and TEE should be performed. This situation may also be 
related to the recording of a localized high gradient within the 
central orifice in the case of bileaflet mechanical valves (see Figs. 
25-5 and 25-6).

SPECIAL CONSIDERATIONS FOR LOW–FLOW-
STATE CONDITIONS

It should be remembered that in patients with low flow states 
due to LV dysfunction, transprosthetic gradients may be only 
slightly or moderately elevated despite the presence of signifi-
cant PPM or prosthesis dysfunction.20,42 Gradients are indeed 
highly flow dependent and may thus be “pseudonormalized” in 
the presence of low flow states. The measurement of a low 
gradient in concomitance with a small EOA (less than 1.2 cm2 
and/or less than reference minus one standard deviation) 
should prompt further evaluation. As for the management of 
low-flow, low-gradient native aortic or mitral stenosis, dobuta-
mine stress echocardiography (DSE) may be useful to differen-
tiate a true from a pseudostenosis or mismatch in patients with 
prosthetic valves and low cardiac output. In the situation of 
pseudostenosis/PPM, the resting transprosthetic flow rate and 
thus the force applied on the leaflets are too low to completely 
open the valve. On DSE, these patients nonetheless have a sub-
stantial increase in valve EOA and no or minimal elevation in 
gradients with increasing flow rate. On the other hand, true 
stenosis or PPM is associated with no or minimal increase in 
EOA, a marked increase in gradient, and most often the occur-
rence of indirect signs (LV dysfunction, marked elevation in 
pulmonary arterial pressure, etc.) and symptoms. It should, 
however, be considered that DSE does not allow for the distinc-
tion between prosthesis stenosis and PPM. For this purpose, 
one should apply the algorithm presented in Figures 25-14 and 
25-15 to the EOA and DVI values obtained after normalization 
of cardiac output on stress echocardiography.

SPECIAL CONSIDERATIONS FOR  
PERIOPERATIVE EVALUATION

The most frequent causes of prosthesis dysfunction in the peri-
operative period are prosthetic valve thrombosis, entrapment 
of a valve leaflet by preserved chordae in mitral mechanical 
prosthesis, or entrapment or perforation/tear of a prosthetic 
valve leaflet by a suture. In transcatheter bioprostheses, subop-
timal deployment, malpositioning, or migration of the prosthe-
sis stent may cause prosthetic valve stenosis or regurgitation.

Small paravalvular regurgitant jets are frequently (10% to 
25% of cases) seen on intraoperative TEE before cardiopulmo-
nary bypass weaning30,75 and may significantly decrease or 
resolve after the injection of protamine or in the days, weeks, 
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The most important factors to consider for therapeutic 
decision making (Fig. 25-17) are: (1) the presence of pros-
thetic valve obstruction; (2) the size and mobility of the 
thrombus; and (3) the clinical and hemodynamic condition of 
the patient.

In nonobstructive left-sided prosthetic valve thrombosis con-
firmed by TTE or TEE, first-line treatment consists of a short 
course of IV heparin with close echocardiographic follow-up 
plus adjustment of warfarin therapy and addition of aspirin 
(81 mg per day) (see Fig. 25-17).20 However, if the medical 
treatment is unsuccessful, surgery should be considered in 
patients with large (length greater than 5 to 10 mm and/or area 
greater than 0.8 cm2 as determined by TEE) or mobile thrombi. 
Thrombolysis with urokinase, streptokinase, or recombinant 
tissue plasminogen activator is recommended in other 
patients.20,26,76 The presence of a large thrombus has been associ-
ated with a major increase in the risk of embolic complications 
following lytic treatment in the PRO-TEE registry.77

Urgent or emergent surgery (i.e., thrombectomy or valve 
replacement) is the treatment of choice in patients with obstruc-
tive valve thrombosis (see Fig. 25-17).20 However, rescue throm-
bolysis should be considered in patients unlikely to survive 
surgery or when surgical treatment is unavailable and the 
patient cannot be transferred.20,26,76 Thrombolysis may also be 
considered in patients with mild to moderate prosthetic valve 

needed, as this dramatic presentation constitutes a surgical 
emergency.20 In most other cases, TEE will provide important 
incremental diagnostic information, which will also guide ther-
apeutic management (Fig. 25-16; also see Clinical Case 25-2). 
TEE also has some limitations: aortic prostheses are more dif-
ficult to evaluate than mitral prostheses, and the ventricular side 
of a mitral prosthesis is more difficult to visualize than the atrial 
side.

Direct signs of prosthetic valve thrombosis include immobil-
ity or reduced leaflet mobility, and the presence of thrombus 
on either side of the prosthesis, with or without obstruction (see 
Fig. 25-4, A, and Fig. 25-16). It is important to differentiate 
thrombi from a fibrous pannus, which is usually annular in 
location and typically appears as a very dense immobile echo 
(see Fig. 25-16). Pannus formation is more frequent on aortic 
than on mitral prostheses and when observed on mitral pros-
thetic valves, they most often occur on the atrial side of the 
prosthesis (see Fig. 25-16, A, B). It is also important to differ-
entiate small thrombi from strands or sutures. Strands are 
believed to be fibrin filaments, which appear as fine (1-mm), 
filamentous, mobile echoes of variable length (5 to 15 mm), 
most often observed on the atrial side of mitral prostheses.20 
Although the clinical relevance of these strands remains unde-
termined, there is no evidence that they are associated with an 
increased embolic risk.20

Figure 25-16  Utility of TEE for diagnosis and treatment of prosthetic valve thrombosis. Patient with obstructed mitral bileaflet mechanical 
valve in systole (A) and diastole (B). Yellow arrow: large thrombus; white arrow: pannus; blue arrow: mobile leaflet; green arrow: immobile leaflet. 
C, Mitral bileaflet mechanical valve obstructed by very large thrombus (yellow arrow). Green arrow: reverberation of immobile leaflet surrounded 
by thrombus; blue arrow: mobile leaflet with reverberation underneath. D, Multiple thrombi (yellow arrows) attached to mitral monoleaflet mechani-
cal valve. (A and B, Courtesy Steven A. Goldstein, MD, Washington Hospital Center. C and D, Courtesy John Chambers, MD, Guy’s and St. Thomas 
Hospitals, London.)
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endocarditis is characterized by a lower incidence of vegetations 
and higher incidence of abscesses and paravalvular complica-
tions. The sensitivity and specificity of both TTE and TEE are 
lower in prosthetic valve endocarditis than in native valve endo-
carditis.28 Indeed, the components of the prosthetic valve may 
hinder the detection of vegetations and abscesses. Moreover, it 
may be difficult to differentiate a thrombus from a vegetation 
or bioprosthetic valve degeneration from infective lesions. Con-
sequently, a negative echocardiogram is often observed in pros-
thetic valve endocarditis and does not rule out the diagnosis of 
infective endocarditis. If the initial TEE is negative but 

obstruction who are hemodynamically stable and have a small 
clot burden (see Fig. 25-17 and Clinical Case 25-2).

PROSTHETIC VALVE ENDOCARDITIS

Prosthetic valve endocarditis represents one of the most fre-
quent and severe form of infective endocarditis.28 TEE is man-
datory in prosthetic valve endocarditis because of its better 
sensitivity and specificity for the detection of vegetations, 
abscesses, and paravalvular lesions in this setting (Fig. 25-18).36 
When compared to native valve endocarditis, prosthetic valve 

Figure 25-17  Algorithm for the management of 
patients with left-sided prosthetic valve thrombosis 
(PVT ) .  (Adapted with permission of American Heart 
Association from Pibarot P, Dumesnil JG: Prosthetic 
heart valves: selection of the optimal prosthesis and 
long-term management.  Circulation  119[7]:1034-1048, 
2009.)

Left-sided prosthetic
valve thrombosis (PVT)

Nonobstructive
PVT

TTE-TEE Obstructive
PVT

Short course IV
heparin + TEE

repeated TEE

Success No
success

Clot burden?

Prohibitive surgical
risk or surgical

treatment not available

NO YES

Rescue thrombolysis
+TEE repeated

No
success

Success?

Large (>5-10 mm
or 0.8 cm2) or

mobile thrombus

Surgery:
thrombectomy

or valve
replacement

Success No
success

Thrombolysis

Small thrombus

Figure 25-18  Utility of TEE for diagnosis and treatment of prosthetic valve endocarditis. A, Large vegetation  (arrow) attached to a mitral 
bioprosthetic valve cusp and prolapsing in the LA during systole. B, Pseudoaneurysm (arrow) of aortic root in patient with bioprosthetic aortic valve. 
Color Doppler shows flow entering the pseudoaneurysm. Ao, Aorta. (Courtesy Dr. Gilbert Habib, Hôpital La Timone, Marseille, France.)
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prosthetic valve regurgitation, but the high cost and limited 
availability of this modality remains an important limitation.

EVALUATION OF PROSTHETIC VALVE  
LEAFLET MOBILITY

One of the main limitations of TTE and to a lesser extent of 
TEE is the limited sensitivity for the detection of abnormalities 
of leaflet morphology and mobility, especially in the context of 
mechanical valves. The assessment of leaflet mobility is crucial 
to make the differential diagnosis between intrinsic valve dys-
function versus central localized high gradient in bileaflet 
mechanical valves (see Figs. 25-14 and 25-15). It is also helpful 
to differentiate prosthetic valve dysfunction versus PPM when 
the measurement of valve EOA is not feasible or not reliable. 
Cinefluoroscopy is a simple, fast, and noninvasive method that 
allows adequate visualization of leaflets and measurements of 
leaflets opening and closing angles in patients with mechanical 
valves (Table 25-8; also see Clinical Case 25-2). When a patient 
with a bileaflet mechanical valve presents with a high transpros-
thetic gradient that cannot be explained based from the findings 
of TTE, it is recommended to proceed to cinefluoroscopic 
examination of leaflet mobility. If it is normal, the high gradient 
is most likely due to localized high gradient across the central 
orifice (artifact), and prosthesis dysfunction can be excluded. If 
it is abnormal, the presence of prosthesis dysfunction is con-
firmed, and TEE should be performed to detect the presence of 
thrombus, pannus, vegetation, and/or occult regurgitation. 
Multislice computed tomography may also be used to evaluate 
leaflet mobility (Fig. 25-19, A).

EVALUATION OF PROSTHETIC  
VALVE ENDOCARDITIS

Early diagnosis of prosthetic valve endocarditis is crucial to 
improve the success of therapy and the survival of patients. 
Unfortunately, some patients may have negative blood cultures 
and negative TTE and TEE despite presence of active prosthetic 
valve endocarditis, especially in the initial stages of the patho-
logic process. Enhanced uptake of fluorine-18-fluorodeoxyglu-
cose in the region of the valve documented by positron emission 
tomography–computed tomography may help to confirm the 
presence of endocarditis and prompt the initiation of therapy 
(see Fig. 25-19, B).81

EVALUATION OF TRANSCATHETER  
VALVE IMPLANTATION

It is expected that the number of these procedures will rise 
dramatically in the near future. TTE and TEE, including real-
time 3D, will play a major role in patient selection, procedure 

suspicion for infective endocarditis remains, one should repeat 
within 7 to 10 days and/or use alternative imaging modality 
such as positron emission tomography or computed tomogra-
phy (see Evaluation of Prosthetic Valve Endocarditis, later).

Infective endocarditis must be suspected in the presence of a 
new paraprosthetic regurgitation, even in the absence of a veg-
etation or abscess. TEE has a better sensitivity than TTE for this 
diagnosis, especially in mitral prosthetic valve endocarditis. 
Paravalvular complications are more frequent in aortic pros-
thetic valve endocarditis.28 The anatomic involvement of infec-
tive endocarditis differs according to the type of prosthetic 
valve. In mechanical valves, the infection usually involves the 
junction between the sewing ring and the annulus, leading to 
paravalvular abscess, dehiscence, pseudoaneurysms, and fistula, 
whereas in bioprosthetic valve endocarditis, infection is more 
frequently located on the leaflets, leading to cusp tear, perfora-
tion, and vegetations (see Fig. 25-18).

Surgery should be considered in the following situations: 
failure of medical treatment; hemodynamically significant 
prosthesis regurgitation or obstruction, especially if associated 
with deterioration of LV function; large vegetations; para-
prosthetic complications; and development of intracardiac  
fistulas.22,26,29 Echocardiography is recommended for the peri-
operative and postoperative assessment of operated patients 
and for the follow-up of patients treated by medical therapy 
alone, because of the risk of late prosthetic dysfunction.28

PARAVALVULAR REGURGITATION

Paravalvular regurgitation associated with development of 
symptoms, LV dysfunction, or hemolysis generally requires 
surgery. The paravalvular leaks can be repaired without valve 
replacement in approximately 50% of cases. Intraoperative TEE 
is mandatory to assess the results of leak correction. In patients 
with severe paravalvular mitral regurgitation refractory to 
aggressive medical therapy who are not candidates for surgical 
intervention, percutaneous implantation of an Amplatzer septal 
occluder device offers an alternative therapeutic option.78 Con-
traindications to this alternative transcatheter procedure include 
very large paravalvular leak, valve rocking, more than two sig-
nificant leaks, and active endocarditis. TEE is crucial to describe 
the location and extension of the paravalvular leak(s) and to 
guide and monitor the procedure.

Limitations, Alternative Approaches, 
and Future Directions
QUANTITATION OF PROSTHETIC  
VALVE REGURGITATION

One of the most difficult challenges in the Doppler-
echocardiographic assessment of prosthetic valve function is 
the quantitation of prosthetic valve regurgitation, particularly 
when it is paravalvular, eccentric, and/or multijet. There is  
an urgent need for the development of new Doppler-
echocardiographic methods that would allow accurate and reli-
able estimation of regurgitation severity, regardless of the 
location, direction, and number of regurgitant jet(s). The analy-
sis of 3D color Doppler images and/or of the backscattered 
Doppler power signal may provide interesting avenues for 
future research in this regard.79,80 Measurement of transpros-
thetic forward and backward flow by velocity-encoded cardiac 
magnetic resonance imaging may also be useful to quantitate 

Normal Maximum Opening Angles for Mechanical 
Prosthetic Valves

Valve Opening Angle (°)

Medtronic-Hall 75

St. Jude Medical Standard 85

St. Jude Medical Regent 85

MCRI On-X 85

Carbomedics Standard and Top Hat 78

ATS Medical 85

TABLE 
25-8 
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guidance, and follow-up. Recently, transcatheter valves have 
also been implanted within failed bioprosthetic valves implanted 
surgically in the aortic, mitral, or pulmonary positions.82 These 
emerging “valve-in-valve” procedures bring new challenges 
with regard to the role and use of Doppler echocardiography 
for selection of the appropriate size and model of transcatheter 
valve, and the assessment of prosthetic valve function in this 
particular context.

Conclusion
Owing to its versatile, noninvasive, radiation-free nature and its 
low cost, Doppler echocardiography is undoubtedly the method 
of choice to identify and quantitate prosthetic valve dysfunction 
and assess its repercussions for cardiac function. However, the 
particular context of prosthetic valves poses some major chal-
lenges in terms of imaging and flow dynamics that push Doppler 
echocardiography to its limits. A comprehensive approach that 
integrates several direct and indirect parameters of valve func-
tion measured by TTE and TEE is key to appropriate assessment 
of prosthetic valve function, and other imaging modalities are 
often needed to complement or confirm the information 
obtained by Doppler echocardiography.
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Figure 25-19  Alternative imaging modalities to detect prosthetic valve dysfunction. A, Multislice computed tomography for assessment of 
mechanical valve leaflet mobility. White arrow: immobile leaflet; yellow arrow: thrombus. B, Positron emission tomography to confirm endocarditis 
in patient with stented bioprosthetic valve in pulmonary position. Sagittal fluorine-18-fluorodeoxyglucose attenuation corrected view shows increased 
focal uptake  in  the prosthetic  valve  location  (black arrow).  (A, Courtesy Dr. Steven A. Goldstein, Washington Hospital Center. B, Adapted with 
permission of the Society of Thoracic Surgeons from Yedidya I, Stein GY, Vaturi M, et al: Positron emission tomography/computed tomography for 
the diagnosis of endocarditis in patients with pulmonic stented valve/pulmonic stent. Ann Thorac Surg 91[1]:287-289, 2011.)
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KEY POINTS

 A comprehensive approach that integrates several direct 
and indirect Doppler-echocardiographic parameters of 
valve function is key to appropriately detect, quantitate, 
and manage prosthetic valve dysfunction

 Besides TTE, TEE provides important incremental infor-
mation for the assessment and therapeutic management 
of prosthetic valve dysfunction and complications.

 Assessment of high transprosthetic gradient or velocity is 
much more complex than in native valves because there 
are several potential etiologies including PPM, prosthetic 
valve dysfunction, and localized high gradient.

 Assessment of severity of prosthetic valve regurgitation 
is generally much more complex than in native valves 
because of the high prevalence of paravalvular regurgita-
tion and eccentric jets

 A high transprosthetic gradient or velocity does not nec-
essarily imply prosthetic valve dysfunction. Conversely, 
a low gradient/velocity does not necessarily indicate 
absence of valve dysfunction.

 Evaluation of prosthetic leaflet morphology and mobil-
ity by TTE, TEE, or cinefluoroscopy is fundamental in 
making the differential diagnosis between prosthetic 
valve dysfunction and other potential causes of increased 
transprosthetic gradient.

 PPM is the most frequent cause of high gradient across 
prosthetic valves.

 TTE may underestimate the presence and severity of 
prosthetic mitral thrombosis and/or regurgitation 
because of reverberations and shadowing caused by the 
valve components. TEE is useful to unmask these “occult” 
abnormalities.

REFERENCES

1. Rahimtoola SH: The problem of valve prosthesis-
patient mismatch. Circulation 58:20-24, 1978.

2. Dumesnil JG, Honos GN, Lemieux M, Beauche-
min J: Validation and applications of mitral 
prosthetic valvular areas calculated by Doppler 

echocardiography. Am J Cardiol 65:1443-1448, 
1990.

3. Dumesnil JG, Honos GN, Lemieux M, Beauche-
min J: Validation and applications of indexed 
aortic prosthetic valve areas calculated by 

Doppler echocardiography. J Am Coll Cardiol 
16:637-643, 1990.

4. Pibarot P, Dumesnil JG: Prosthesis-patient mis-
match: definition, clinical impact, and preven-
tion. Heart 92:1022-1029, 2006.



  25  Echocardiographic Recognition and Quantitation of Prosthetic Valve Dysfunction 493

5. Pibarot P, Dumesnil JG: Hemodynamic and 
clinical impact of prosthesis-patient mismatch 
in the aortic valve position and its prevention,  
J Am Coll Cardiol 36:1131-1141, 2000.

6. Magne J, Mathieu P, Dumesnil JG, et al: Impact 
of prosthesis-patient mismatch on survival after 
mitral valve replacement. Circulation 115:
1417-1425, 2007.

7. Lam BK, Chan V, Hendry P, et al: The impact of 
patient-prosthesis mismatch on late outcomes 
after mitral valve replacement. J Thorac Cardio-
vasc Surg 133:1464-1473, 2007.

8. Blais C, Dumesnil JG, Baillot R, et al: Impact of 
valve prosthesis-patient mismatch on short-
term mortality after aortic valve replacement. 
Circulation 108:983-988, 2003.

9. Tasca G, Brunelli F, Cirillo M, et al: Impact of 
valve prosthesis-patient mismatch on left ven-
tricular mass regression following aortic valve 
replacement. Ann Thorac Surg 79:505-510, 
2005.

10. Ruel M, Rubens FD, Masters RG, et al: Late inci-
dence and predictors of persistent or recurrent 
heart failure in patients with aortic prosthetic 
valves. J Thorac Cardiovasc Surg 127:149-159, 
2004.

11. Tasca G, Mhagna Z, Perotti S, et al: Impact of 
prosthesis-patient mismatch on cardiac events 
and midterm mortality after aortic valve 
replacement in patients with pure aortic steno-
sis. Circulation 113:570-576, 2006.

12. Bleiziffer S, Eichinger WB, Hettich I, et al: 
Impact of prosthesis-patient mismatch on exer-
cise capacity in patients after bioprosthetic 
aortic valve replacement. Heart 94:637-641, 
2008.

13. Bleiziffer S, Ali A, Hettich IM, et al: Impact of 
the indexed effective orifice area on mid-term 
cardiac-related mortality after aortic valve 
replacement. Heart 96:865-871, 2010.

14. Kohsaka S, Mohan S, Virani S, et al: Prosthesis-
patient mismatch affects long-term survival 
after mechanical valve replacement. J Thorac 
Cardiovasc Surg 135:1076-1080, 2008.

15. Mohty D, Malouf JF, Girard SE, et al: Impact of 
prosthesis-patient mismatch on long-term sur-
vival in patients with small St. Jude medical 
mechanical prostheses in the aortic position. 
Circulation 113:420-426, 2006.

16. Mohty D, Dumesnil JG, Echahidi N, et al: 
Impact of prosthesis-patient mismatch on long-
term survival after aortic valve replacement: 
influence of age, obesity, and left ventricular 
dysfunction. J Am Coll Cardiol 53:39-47, 2009.

17. Ennker J, Rosendahl U, Albert A, et al: Stentless 
bioprostheses in small aortic roots: impact of 
patient-prosthesis mismatch on survival and 
quality of life. J Heart Valve Dis 14:523-530, 
2005.

18. Castro LJ, Arcidi JMJ, Fisher AL, Gaudiani VA: 
Routine enlargement of the small aortic root: a 
preventive strategy to minimize mismatch. Ann 
Thorac Surg 74:31-36, 2002.

19. Bleiziffer S, Eichinger WB, Hettich I, et al: Pre-
diction of valve prosthesis-patient mismatch 
prior to aortic valve replacement: which is the 
best method? Heart 93:615-620, 2007.

20. Roudaut R, Serri K, Lafitte S: Thrombosis of 
prosthetic heart valves: diagnosis and therapeu-
tic considerations. Heart 93:137-142, 2007.

21. Vesey JM, Otto CM: Complications of pros-
thetic heart valves. Curr Cardiol Rep 6:106-111, 
2004.

22. Butchart EG, Gohlke-Barwolf C, Antunes MJ, et 
al: Recommendations for the management of 
patients after heart valve surgery. Eur Heart J 
26:2463-2471, 2005.

23. Schoen FJ, Levy RJ: Calcification of tissue heart 
valve substitutes: progress toward understand-
ing and prevention. Ann Thorac Surg 79:1072-
1080, 2005.

24. Ruel M, Kulik A, Rubens FD, et al: Late inci-
dence and determinants of reoperation in 
patients with prosthetic heart valves. Eur J Car-
diothorac Surg 25:364-370, 2004.

25. Jamieson WR, Cartier PC, Allard M, et al: Surgi-
cal management of valvular heart disease 2004. 
Can J Cardiol 20(Suppl E):7E-120E, 2004.

26. Bonow RO, Carabello BA, Kanu C, et al: ACC/
AHA 2006 guidelines for the management of 
patients with valvular heart disease: a report of 
the American College of Cardiology/American 
Heart Association Task Force on Practice Guide-
lines (writing committee to revise the 1998 
Guidelines for the Management of Patients 
With Valvular Heart Disease): developed in col-
laboration with the Society of Cardiovascular 
Anesthesiologists: endorsed by the Society for 
Cardiovascular Angiography and Interventions 
and the Society of Thoracic Surgeons. Circula-
tion 114:e84-231, 2006.

27. Flameng W, Herregods MC, Vercalsteren M, et 
al: Prosthesis-patient mismatch predicts struc-
tural valve degeneration in bioprosthetic heart 
valves. Circulation 121:2123-2129, 2010.

28. Habib G, Badano L, Tribouilloy C, et al: Recom-
mendations for the practice of echocardiogra-
phy in infective endocarditis. Eur J Echocardiogr 
11:202-219, 2010.

29. Horstkotte D, Follath F, Gutschik E, et al: Guide-
lines on prevention, diagnosis and treatment of 
infective endocarditis executive summary; the 
task force on infective endocarditis of the Euro-
pean society of cardiology. Eur Heart J 25:267-
276, 2004.

30. O’Rourke DJ, Palac RT, Malenka DJ, et al: 
Outcome of mild periprosthetic regurgitation 
detected by intraoperative transesophageal 
echocardiography. J Am Coll Cardiol 38:163-166, 
2001.

31. Akins CW, Bitondo JM, Hilgenberg AD, et al: 
Early and late results of the surgical correction 
of cardiac prosthetic paravalvular leaks. J Heart 
Valve Dis 14:792-799, 2005.

32. Clavel MA, Webb JG, Rodés-Cabau J, et al: Com-
parison between transcatheter and surgical 
prosthetic valve implantation in patients with 
severe aortic stenosis and reduced left ventricu-
lar ejection fraction. Circulation 122:1928-1936, 
2010.

33. Leon MB, Smith CR, Mack M, et al: Transcath-
eter aortic-valve implantation for aortic stenosis 
in patients who cannot undergo surgery. N Engl 
J Med vol 1-11, 2010.

34. Sherif MA, Abdel-Wahab M, Stocker B, et al: 
Anatomic and procedural predictors of paraval-
vular aortic regurgitation after implantation of 
the Medtronic core valve bioprosthesis. J Am 
Coll Cardiol 56:1623-1629, 2010.

35. Zoghbi WA, Chambers JB, Dumesnil JG, et al: 
Recommendations for evaluation of prosthetic 
valves with echocardiography and Doppler 
ultrasound: a report from the American Society 
of Echocardiography’s Guidelines and Stan-
dards Committee and the Task Force on Pros-
thetic Valves, developed in conjunction with the 
American College of Cardiology Cardiovascular 
Imaging Committee, Cardiac Imaging Commit-
tee of the American Heart Association, the 
European Association of Echocardiography,  
a registered branch of the European Society of 
Cardiology, the Japanese Society of Echocar-
diography and the Canadian Society of Echo-
cardiography, endorsed by the American College 

of Cardiology Foundation, American Heart 
Association, European Association of Echocar-
diography, a registered branch of the European 
Society of Cardiology, the Japanese Society of 
Echocardiography, and Canadian Society of 
Echocardiography. J Am Soc Echocardiogr 
22:975-1014, 2009.

36. Bach DS: Transesophageal echocardiographic 
(TEE) evaluation of prosthetic valves. Cardiol 
Clin 18:751-771, 2000.

37. Baumgartner H, Khan S, DeRobertis M, et al: 
Discrepancies between Doppler and catheter 
gradients in aortic prosthetic valves in vitro. A 
manifestation of localized gradients and pres-
sure recovery. Circulation 82:1467-1475, 1990.

38. Otto CM, Pearlman AS, Comess KA, et al: 
Determination of the stenotic aortic valve area 
in adults using Doppler echocardiography. J Am 
Coll Cardiol 7:509-517, 1986.

39. Chafizadeh ER, Zoghbi WA: Doppler echocar-
diographic assessment of the St-Jude medical 
prosthetic valve in the aortic position using the 
continuity equation. Circulation 83:213-223, 
1991.

40. Pibarot P, Honos GN, Durand LG, Dumesnil JG: 
Substitution of left ventricular outflow tract 
diameter with prosthesis size is inadequate for 
calculation of the aortic prosthetic valve area by 
the continuity equation. J Am Soc Echocardiogr 
8:511-517, 1995.

41. Bitar JN, Lechin ME, Salazar G, Zoghbi WA: 
Doppler echocardiographic assessment with the 
continuity equation of St. Jude medical mechan-
ical prostheses in the mitral valve position. Am 
J Cardiol 76:287-293, 1995.

42. Pibarot P, Dumesnil JG: Prosthetic heart valves: 
selection of the optimal prosthesis and long-
term management. Circulation 119:1034-1048, 
2009.

43. Fernandes V, Olmos L, Nagueh SF, et al: Peak 
early diastolic velocity rather than pressure half-
time is the best index of mechanical prosthetic 
mitral valve function. Am J Cardiol 89:704-710, 
2002.

44. Baumgartner H, Schima H, Kühn P: Discrepan-
cies between Doppler and catheter gradients 
across bileaflet aortic valve prostheses. Am J 
Cardiol 71:1241-1243, 1993.

45. Aljassim O, Svensson G, Houltz E, Bech-Hanssen 
O: Doppler-catheter discrepancies in patients 
with bileaflet mechanical prostheses or biopros-
theses in the aortic valve position. Am J Cardiol 
102:1383-1389, 2008.

46. Garcia D, Pibarot P, Dumesnil JG, et al: Assess-
ment of aortic valve stenosis severity: A new 
index based on the energy loss concept. Circula-
tion 101:765-771, 2000.

47. Baumgartner H, Steffenelli T, Niederberger J,  
et al: “Overestimation” of catheter gradients by 
Doppler ultrasound in patients with aortic ste-
nosis: a predictable manifestation of pressure 
recovery. J Am Coll Cardiol 33:1655-1661, 1999.

48. Garcia D, Dumesnil JG, Durand LG, et al:  
Discrepancies between catheter and Doppler 
estimates of valve effective orifice area can be 
predicted from the pressure recovery phenom-
enon: Practical implications with regard to 
quantification of aortic stenosis severity. J Am 
Coll Cardiol 41:435-442, 2003.

49. Bech-Hanssen O, Caidahl K, Wallentin I, et al: 
Aortic prosthetic valve design and size: relation 
to Doppler echocardiographic findings and 
pressure recovery—An in vitro study. J Am Soc 
Echocardiogr 13:39-50, 2000.

50. Zoghbi WA, Enriquez-Sarano M, Foster E,  
et al: Recommendations for evaluation of the 
severity of native valvular regurgitation with 



494 PART IV Valvular Heart Disease

two-dimensional and Doppler echocardiogra-
phy. J Am Soc Echocardiogr 16:777-802, 2003.

51. Rallidis LS, Moyssakis IE, Ikonomidis I, Nihoy-
annopoulos P: Natural history of early aortic 
paraprosthetic regurgitation: a five-year 
follow-up. Am Heart J 138:351-357, 1999.

52. Vitarelli A, Conde Y, Cimino E, et al: Assessment 
of severity of mechanical prosthetic mitral 
regurgitation by transoesophageal echocardiog-
raphy. Heart 90:539-544, 2004.

53. Effron MK, Popp RL: Two-dimensional echo-
cardiographic assessment of bioprosthetic valve 
dysfunction and infective endocarditis. J Am 
Coll Cardiol 2:597-606, 1983.

54. Tribouilloy C, Avinee P, Shen W, et al: End dia-
stolic flow velocity just beneath aortic isthmus 
assessed by pulsed Doppler echocardiography:  
a new predictor of aortic regurgitant fraction.  
Br Heart J 65:37-40, 1991.

55. Daniel LB, Grigg LE, Weisel RD, Rakowski H: 
Comparison of transthoracic and transesopha-
geal assessment of prosthetic valve dysfunction. 
Echocardiography 7:83-95, 1990.

56. Alton M, Pasierski TJ, Orsinelli DA, Eaton GM, 
Pearson AC: Comparison of transthoracic and 
transesophageal echocardiography in evalua-
tion of 47 Starr-Edwards prosthetic valves. J Am 
Coll Cardiol 20:1503-1511, 1992.

57. Lancellotti P, Moura L, Pierard LA, et al: Euro-
pean Association of Echocardiography recom-
mendations for the assessment of valvular 
regurgitation. Part 2: mitral and tricuspid regur-
gitation (native valve disease). Eur J Echocar-
diogr 11:307-332, 2010.

58. Dumesnil JG, Dion D, Yvorchuk K, et al: A new, 
simple and accurate method for determining 
ejection fraction by Doppler echocardiography. 
Can J Cardiol 11:1007-1014, 1995.

59. Hung J, Lang R, Flachskampf F, et al: 3D echo-
cardiography: a review of the current status and 
future directions. J Am Soc Echocardiogr 20:213-
233, 2007.

60. Picano E, Pibarot P, Lancellotti P, et al: The 
emerging role of exercise testing and stress 
echocardiography in valvular heart disease. J Am 
Coll Cardio 54:2251-2260, 2009.

61. Jaffe WM, Coverdale HA, Roche AHG, et al: Rest 
and exercise hemodynamics of 20 to 23 mm 
allograft, Medtronic Intact (porcine), and St. 
Jude medical valves in the aortic position.  
J Thorac Cardiovasc Surg 100:167-174, 1990.

62. Eriksson MJ, Brodin LA, Dellgren GN, Radegran 
K: Rest and exercise hemodynamics of an 
extended stentless aortic bioprosthesis. J Heart 
Valve Dis 6:653-660, 1997.

63. Pibarot P, Dumesnil JG, Jobin J, et al: Hemody-
namic and physical performance during 
maximal exercise in patients with an aortic bio-
prosthetic valve. Comparison of stentless versus 
stented bioprostheses. J Am Coll Cardiol 
34:1609-1617, 1999.

64. Pibarot P, Dumesnil JG, Jobin J, et al: Usefulness 
of the indexed effective orifice area at rest  
in predicting an increase in gradient during 
maximum exercise in patients with a biopros-
thesis in the aortic valve position. Am J Cardiol 
83:542-546, 1999.

65. Fries R, Wendler O, Schieffer H, Schäfers H-J: 
Comparative rest and exercise hemodynamics 

of 23-mm stentless versus 23-mm stented aortic 
bioprostheses. Ann Thorac Surg 69:817-822, 
2000.

66. Chambers J, Rimington H, Rajani R, et al: 
Hemodynamic performance on exercise: com-
parison of a stentless and stented biological 
aortic valve replacement. J Heart Valve Dis 
13:729-733, 2004.

67. Reis G, Motta MS, Barbosa MM, et al: Dobuta-
mine stress echocardiography for noninvasive 
assessment and risk stratification of patients 
with rheumatic mitral stenosis. J Am Coll 
Cardiol 43:393-401, 2004.

68. Maréchaux S, Hachicha Z, Bellouin A, et al: Use-
fulness of exercise stress echocardiography for 
risk stratification of true asymptomatic patients 
with aortic valve stenosis. Eur Heart J 31:1390-
1397, 2010.

69. Magne J, Lancellotti P, Pierard LA: Exercise pul-
monary hypertension in asymptomatic degen-
erative mitral regurgitation. Circulation 
122:33-41, 2010.

70. Bagur R, Rodés-Cabau J, Doyle D, et al: Useful-
ness of TEE as the primary imaging technique 
to guide transcatheter transapical aortic valve 
implantation. J Am Coll Cardiol 4:115-124, 2011.

71. Jayasuriya C, Moss RR, Munt B: Transcatheter 
aortic valve implantation in aortic stenosis: the 
role of echocardiography. J Am Soc Echocardiogr 
24:15-27, 2011.

72. Gurvitch R, Wood DA, Tay EL, et al: Transcath-
eter aortic valve implantation. Durability of 
clinical and hemodynamic outcomes beyond 3 
years in a large patient cohort. Circulation 
122:1319-1327, 2010.

73. Bach DS: Echo/Doppler evaluation of hemody-
namics after aortic valve replacement: Principles 
of interrogation and evaluation of high gradi-
ents. JACC Imaging 3:296-304, 2010.

74. Dumesnil JG, Pibarot P: Prosthesis-patient mis-
match: an update. Curr Cardiol Rep 13:250-257, 
2011.

75. Davila-Roman VG, Waggoner AD, Kennard ED, 
et al: Prevalence and severity of paravalvular 
regurgitation in the artificial valve endocarditis 
reduction trial (AVERT) echocardiography 
study. J Am Coll Cardiol 44:1467-1472, 2004.

76. Vahanian A, Baumgartner H, Bax J, et al: Guide-
lines on the management of valvular heart 
disease: The Task Force on the Management  
of Valvular Heart Disease of the European 
Society of Cardiology. Eur Heart J 28:230-268, 
2007.

77. Tong AT, Roudaut R, Ozkan M, et al: Trans-
esophageal echocardiography improves risk 
assessment of thrombolysis of prosthetic valve 
thrombosis: results of the international 
PRO-TEE registry. J Am Coll Cardiol 43:77-84, 
2004.

78. Sorajja P, Cabalka AK, Hagler DJ, et al: Success-
ful percutaneous repair of perivalvular pros-
thetic regurgitation. Catheter Cardiovasc Interv 
70:815-823, 2007.

79. Plicht B, Kahlert P, Goldwasser R, et al: Direct 
quantification of mitral regurgitant flow volume 
by real-time three-dimensional echocardiogra-
phy using dealiasing of color Doppler flow at the 
vena contracta. J Am Soc Echocardiogr 21:1337-
1346, 2008.

80. Buck T, Hwang SM, Plicht B, et al: Automated 
flow quantification in valvular heart disease 
based on backscattered Doppler power analysis: 
implementation on matrix-array ultrasound 
imaging systems. Int J Cardiovasc Imaging 
24:463-477, 2008.

81. Yedidya I, Stein GY, Vaturi M, et al: Positron 
emission tomography/computed tomography 
for the diagnosis of endocarditis in patients with 
pulmonic stented valve/pulmonic stent. Ann 
Thorac Surg 91:287-289, 2011.

82. Webb JG, Wood DA, Ye J, et al: Transcatheter 
valve-in-valve implantation for failed biopros-
thetic heart valves. Circulation 121:1848-1857, 
2010.

83. Botzenhardt F, Eichinger WB, Guenzinger R,  
et al: Hemodynamic performance and incidence 
of patient-prosthesis mismatch of the complete 
supraannular Perimount Magna bioprosthesis 
in the aortic position. Thorac Cardiovasc Surg 
53:226-230, 2005.

84. Edwards Lifesciences: Summary of safety and 
effectiveness data: Magna Ease Pericardial 
Aortic Bioprosthesis, U.S. Food and Drug 
Administration. April 2009.

85. Dellgren G, Eriksson MJ, Brodin LA, Radegran 
K: Eleven years’ experience with the Biocor 
stentless aortic bioprosthesis: clinical and 
hemodynamic follow-up with long-term rela-
tive survival rate. Eur J Cardiothorac Surg 
22:912-921, 2002.

86. St Jude Medical: Summary of safety and effec-
tiveness data: SJM Biocor Valve and SJM Biocor 
Supra Valve, U.S. Food and Drug Administra-
tion. 2005 August 5.

87. CarboMedics Inc: Summary of safety and effec-
tiveness data: Mitroflow aortic pericardial heart 
valve, U.S. Food and Drug Administration. 2007 
October 23.

88. Dossche K, Vanermen H, Daenen W, et al: 
Hemodynamic performance of the PRIMATM 
Edwards stentless aortic xenograft: early results 
of a multicenter clinical trial. Thorac Cardiovasc 
Surg 44:11-14, 1996.

89. Jin XY, Dhital K, Bhattacharya K, Pieris R, et al: 
Fifth-year hemodynamic performance of the 
prima stentless aortic valve. Ann Thorac Surg 
66:805-809, 1998.

90. Bach DS, Sakwa MP, Goldbach M, et al:  
Hemodynamics and early clinical performance 
of the St. Jude Medical Regent mechanical  
aortic valve. Ann Thorac Surg 74:2003-2009, 
2002.

91. Chambers J, Ely JL: Early postoperative echocar-
diographic hemodynamic performance of the 
On-X prosthetic heart valve: a multicenter 
study. J Heart Valve Dis 7:569-573, 1998.

92. Emery RW, Van Nooten GJ, Tesar PJ: The initial 
experience with the ATS Medical mechanical 
cardiac valve prosthesis. Ann Thorac Surg 
75:444-452, 2003.

93. Eichinger WB, Botzenhardt F, Gunzinger R,  
et al: European experience with the Mosaic bio-
prosthesis. J Thorac Cardiovasc Surg 124:333-
339, 2002.

94. Medical Carbon Research Institute. Summary of 
safety and effectiveness data On-X® prosthetic 
heart valve, models ONXM and ONXMC. Food 
and Drug Administration. 2002 March 6.



26 
Doppler Echocardiography in Heart 
Failure and Cardiac Resynchronization
MARTIN ST. JOHN SUTTON, MD | THEODORE PLAPPERT, CVT

Basic Principles
Definition of Heart Failure
Prevalence of Heart Failure
Etiology of Heart Failure

Echocardiographic Diagnosis of Left Heart Failure
Acute Left Heart Failure
Chronic Left Heart Failure
Left Ventricular Remodeling to Heart Failure
Systolic Versus Diastolic Heart Failure

Echocardiographic Diagnosis of Right Heart Failure
Acute Right Ventricular Heart Failure
Chronic Right Heart Failure
Right Ventricular Remodeling to Heart Failure

Echocardiography in Pharmacologic Therapy for Heart 
Failure
Pharmacologic Therapy

Echocardiography for Mechanical Therapies in 
Heart Failure
Intraaortic Counterpulsation
Ventricular Assist Devices
Surgical Valve Repair or Replacement
Cardiac Resynchronization Therapy
New Techniques for Detection of Left Ventricular 

Dyssynchrony
Heart Transplantation

Summary

Basic Principles
DEFINITION OF HEART FAILURE

Heart failure is a clinical syndrome characterized by easy fatigue, 
shortness of breath, exercise intolerance, fluid retention with 
lower extremity edema, and pulmonary congestion. Heart 
failure may be systolic as a result of abnormal myocardial 
excitation-contraction coupling or diastolic as a result of abnor-
mal relaxation and increased myocardial passive stiffness. The 
symptomatic presentations of systolic and diastolic heart failure 
may be indistinguishable clinically, but the two etiologies can be 
determined with Doppler echocardiography by differences in 
left ventricular (LV) architecture and function. Differentiation 
between systolic and diastolic heart failure is important because 
the respective treatments and prognoses are different. Tradition-
ally, diastolic heart failure has been regarded as a more benign 
form of heart failure than systolic heart failure. However, the 
annual mortality rate from diastolic heart failure is between 5% 
and 15%, and the hospitalization readmission rate for new onset 
heart failure is approximately 50% within the first 6 months.1-4

Systolic heart failure may be defined as the inability of the 
heart to supply the metabolic requirements of the body tissues. 
In systolic heart failure, myocardial shortening is impaired and 
results in a shift of the length-tension relationship to the right 
of the normal pressure-volume relationship (Fig. 26-1).1,5

Diastolic heart failure may be defined as the inability of the 
heart to receive blood from the body tissues at normal filling 
pressures.4 In diastolic heart failure, the myocardial passive or 
resting length-tension relationship is displaced upwards and 
leftwards of the normal relationship (see Fig. 26-1). Thus, sig-
nificant increases in LV diastolic pressure may occur with no 
detectable change in ventricular volume.4,6 Myocardial relax-
ation is delayed or incomplete at the time of minimal LV dia-
stolic pressure.6

The abnormal pressure-volume relations in systolic heart 
failure result in LV dilation and changes in both the composi-
tion and the material properties of the myocardium. This 
pattern of remodeling is known as “eccentric remodeling”  
and typifies systolic heart failure (Fig. 26-2). A chronically 
abnormal resting pressure-volume relationship is also associ-
ated with LV hypertrophy in which normal LV cavity size or 
volume is maintained, wall thickness is increased, and ejection 
performance is preserved. This latter form of “concentric 
remodeling” results in increased diastolic stiffness and incom-
plete or slowed relaxation that is characteristic of diastolic heart 
failure (see Fig. 26-2).

The purpose of this chapter is to show how Doppler echo-
cardiography can be used in the clinical diagnosis of heart 
failure, to determine the etiology of heart failure and to distin-
guish systolic from diastolic heart failure. A second purpose of 
this chapter is to show how Doppler echocardiography can be 
used to assess of the efficacy of new treatments for heart failure 
and to guide the selection of novel pharmacologic agents or 
devices to optimize therapy.

PREVALENCE OF HEART FAILURE

An estimated 30 million people worldwide are affected with 
chronic heart failure. Between five and six million patients with 
heart failure reside in the United States, and an additional 
500,000 to 600,000 new cases are diagnosed each year.7 This 
increase is the result of the greater availability of advanced 
diagnostic cardiac imaging capabilities. In a large proportion of 
these patients, the initial diagnosis of heart failure is made or 
confirmed by noninvasive imaging with Doppler echocardiog-
raphy. Systolic heart failure is almost twice as common as dia-
stolic heart failure and portends a much worse prognosis.8 
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The total costs for the diagnostic related group for heart 
failure nationwide already exceeds 30 billion dollars per year. 
Included in this price tag are multiple hospital admissions, 
drugs, internal cardiac defibrillators, ventricular assist devices, 
cardiac resynchronization therapy (CRT), and heart trans-
plants. These striking population statistics underscore the size 
of the problem of heart failure worldwide and the reason that 

Heart failure increases with age so that currently 6% to 10% of 
persons older than 65 years have heart failure. Although the 
survival rate for women with heart failure has improved in the 
last two decades, the survival rate for men is unchanged in the 
same time period. The overall 5-year and 10-year survival rates 
in New York Heart Association Symptom Class III are 50% and 
30%, respectively.

Figure 26-1  LV pressure-volume loops in systolic 
heart failure (left), a normal control (center), and 
diastolic heart failure (right). In systolic heart failure, 
a  decrease  is  seen  in  the  slope  of  the  end-systolic 
pressure-volume relationship (decreased LV contractil-
ity);  whereas  in  diastolic  heart  failure,  the  pressure-
volume  loop  is  shifted  up  and  to  the  left  (increased 
stiffness). (From Aurigemma GP, Zile MR, Gaasch WH: 
Circulation 113:296-304, 2006.)Left ventricular volume
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Figure 26-2  LV short-axis (top left) and the apical four-chamber view (bottom left) of a patient with “eccentric” hypertrophy. This is the 
result of a primary volume overload with a compensatory increase in wall thickness that fails to meet the increase in cavity radius. On the right, LV 
short axis (top) and apical four-chamber view (bottom) of a patient with “concentric” hypertrophy. This is the result of a primary pressure overload 
with an increase in wall thickness without significant increase in cavity radius. SAX, Short axis view; 4CH, four-chamber view. 
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primary dilated, hypertrophic, and restrictive cardiomyopathies 
from genetically determined abnormalities of the sarcomeric 
contractile proteins or infiltrative diseases that change the 
extracellular matrix. Cardiac toxins are an infrequent cause of 
heart failure that include chronic excessive ingestion of alcohol 
and chemotherapeutic agents such as cytoxan and adriamycin, 
even in therapeutic doses for primary malignant solid and 
liquid tumors and as pretreatment for bone marrow transplant. 
Some of these conditions express consistent phenotypes that are 
pathognomonic and readily diagnosed with Doppler echocar-
diography (e.g., cardiac amyloid, hypertrophic cardiomyopathy, 
and dilated cardiomyopathy; Fig. 26-4).

Echocardiographic Diagnosis of Left 
Heart Failure
ACUTE LEFT HEART FAILURE

“The single most useful diagnostic test” in the evaluation of 
patients with heart failure is Doppler echocardiography for 
determination of whether abnormalities of the myocardium, 

heart failure has become a high priority health care policy 
initiative.

ETIOLOGY OF HEART FAILURE

Heart failure has many divergent causes, and their individual 
prevalence varies geographically. In the United States, Canada, 
and Europe, atherosclerotic coronary artery disease and myo-
cardial infarction (MI) is the most common etiology, account-
ing for more than two thirds of all cases of chronic heart failure.9 
In West Africa, restrictive cardiomyopathy is the predominant 
etiology of heart failure. In Central and South America, heart 
failure is most frequently the result of an immunologic response 
to chronic infection with Trypanosoma cruzi. These three widely 
different etiologies of heart failure have their own individual 
structural and functional stigmata that can be easily recognized 
with Doppler echocardiography (Fig. 26-3). Other major causes 
of heart failure that can be diagnosed echocardiographically 
include chronic pressure overload from systemic hypertension; 
pressure or volume overload from valvular heart disease; and 

Figure 26-3  Comparative imaging findings in restrictive cardiomyopathy (RCM ), dilated cardiomyopathy (DCM) and coronary artery disease 
(CAD). Apical four-chamber view of a patient with restrictive cardiomyopathy (left) that shows a small LV and biatrial dilation; apical four-chamber 
view of a dilated cardiomyopathy (center) with a dilated LV; and an apical four-chamber view of a patient with coronary artery disease (right) that 
shows apical dilation. 
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Figure 26-4  Parasternal long-axis view of a patient with dilated cardiomyopathy shows an increase in internal diameter of the LV with normal wall 
thickness (left); parasternal long-axis view of a patient with amyloid restrictive cardiomyopathy (center; the walls are thick and highly reflective, and 
the LV diameter is normal); and parasternal long-axis view of a hypertrophic cardiomyopathy with asymmetric septal hypertrophy (right; the upper 
interventricular septum measures 4 cm with a small LV diameter). Ao, Aorta; DCM, dilated cardiomyopathy; RCM, restrictive cardiomyopathy; HCM, 
hypertrophic cardiomyopathy. 
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cause perforation or avulsion of native mitral or aortic valves 
(see Chapters 22 and 25) or dehiscence of a mechanical or 
biological aortic or mitral prosthesis. Transthoracic and trans-
esophageal echocardiography are often necessary for diagnosis 
of acute severe MR associated with degenerative mitral valve 
disease as a result of rupture of redundant chordae that causes 
flail leaflets that fail to coapt normally and result in acute severe 
MR (see Chapter 18). The thickened yet highly mobile prolaps-
ing myxomatous leaflets of degenerative mitral valve disease are 
easily recognized. Transesophageal echocardiography is invalu-
able for determining whether the valve can be repaired rather 
than replaced.

Acute left heart failure from use of high doses of oncologic 
agents results in severe global dysfunction that has a temporal 
cause-and-effect relationship to drug administration. In acute 
heart failure caused by adriamycin, transthoracic echocardiog-
raphy shows that LV end-diastolic size is usually normal but  
the end-systolic size is increased so that resting sinus tachycar-
dia is a prerequisite for maintaining resting cardiac output  
(Fig. 26-5).

CHRONIC LEFT HEART FAILURE

The common causes of chronic left heart failure are coronary 
artery disease and MI, hypertensive heart disease, valvular 
disease, and cardiomyopathies. The different pathoetiologies  
in their late stages progress down a final common pathway to 
left-sided systolic heart failure characterized by structural and 
functional remodeling changes that lend themselves well to 
echocardiographic imaging. One finding that is almost univer-
sal in chronic systolic heart failure is the presence of LV dilation, 
which can be quantified echocardiographically either as cavity 
diameter at end-diastole and end-systole or as end-diastolic and 
end-systolic volumes with the modified Simpson’s rule. The 
importance of LV volumes after infarction is their predictive 
value for adverse clinical outcome.11 Increasing evidence shows 
that measurements of global longitudinal, radial, and circum-
ferential myocardial strain with speckle tracking provide even 
greater predictive information regarding clinical outcomes after 
infarction and in dilated cardiomyopathies. Transthoracic 2D 
echocardiography has shown that progressive LV dilation occurs 
by a disproportionately greater increase in LV short-axis diam-
eter than in LV long-axis diameter as exemplified by idiopathic 
dilated cardiomyopathy (Figs. 26-6 and 26-7). This pattern of 
remodeling confers on the LV a mechanically disadvantageous 
cavity shape that is more spherical compared with the configu-
ration of the normal heart.11 This change in LV shape is readily 
discernible with echocardiographic images of the LV in the 
apical two-chamber and apical four-chamber views (see Fig. 
26-7). As the LV remodels to a larger volume, contractile func-
tion deteriorates because of inadequate hypertrophy that is 
unable to normalize end-systolic wall stress and leads to heart 
failure. In healthy subjects, the end-diastolic mass-to-volume 
relationship is virtually constant in normotensive hearts from 
early infancy through old age.

There are three important sequelae of the abnormal LV size 
and shape. First is the increase in loading conditions with  
the disproportionate LV mass-volume ratio associated with 
decreased contractile function. Second, LV dilation combined 
with the decreased contractile function results in low blood flow 
velocities within the LV, which predisposes to thrombus forma-
tion, especially in the apex of the LV cavity with regional wall 
motion abnormalities (Fig. 26-8). Thrombus may also occur in 

heart valves, or pericardium are present and which cardiac 
chambers are involved.10 In patients with new-onset heart 
failure, the American College of Cardiology/American Heart 
Association practice guidelines recommend an initial Doppler 
echocardiographic algorithm to resolve three important issues.10 
The first issue is establishment of whether the LV ejection frac-
tion is normal or decreased. The second issue is determination 
of whether LV structure is normal or abnormal and whether 
the LV is dilated, hypertrophied, or of normal size. The third 
issue is assessment of whether other structural abnormalities, 
such as valvular heart disease, pericardial disease, right ven-
tricular (RV) abnormalities, or chronic pulmonary disease, 
could account for the clinical presentation of heart failure.

Common causes of acute onset of LV systolic heart failure 
include: (1) extensive acute MI; (2) acute LV volume overload 
from severe mitral regurgitation (MR) as a result of rupture of 
a papillary muscle after infarction (see Chapter 14); (3) severe 
ischemic MR with flash pulmonary edema from acute elevation 
of LV end-diastolic pressure; (4) postinfarction rupture of the 
interventricular septum (ventricular septal defect) with a large 
left-to-right shunt after infarction (see Chapter 14); (5) chordal 
rupture after MI or from endocarditis that causes a flail leaflet 
and severe MR; (6) acute severe MR as a result of rupture of a 
native valve or dehiscence of a prosthetic valve from vegetative 
endocarditis (see Chapter 25); (7) acute severe aortic regurgita-
tion that results from avulsion of the aortic valve or dehiscence 
of a prosthetic aortic valve from endocarditis (see Chapter 22); 
(8) thrombotic encapsulation and occlusion of a mechanical 
aortic or mitral prosthetic valve as a result of inadequate oral 
anticoagulation status (see Chapter 25); (9) acute myocarditis; 
(10) exposure to oncologic cardiotoxic chemotherapeutic 
agents; and (11) acute destabilization of previously known or 
unknown chronic severe dilated cardiomyopathy. All of these 
conditions, except for the latter, present with either sudden 
massive increase in LV loading conditions, acute loss of con-
tracting cardio-myocytes, or severe injury to the full comple-
ment of working myocardium.

Acute MI is diagnosed by history and confirmed with elec-
trocardiographic changes and elevated cardiac enzymes. Echo-
cardiography early after MI shows normal LV size with decreased 
global function and a variable sized regional wall motion 
abnormality in the territory of the occluded culprit coronary 
artery. Infarct size can be assessed with two-dimensional  
(2D) or three-dimensional (3D) echocardiography using a 
17-segment model of the LV and scoring of regional wall 
motion in each segment from normal to akinetic. The average 
wall motion is calculated as a wall motion score index that cor-
relates with the magnitude of the elevation of cardiac enzymes.

Sudden exacerbation of heart failure in the early periinfarc-
tion period may result from either rupture of the interventricu-
lar septum or acute severe MR from papillary muscle dysfunction 
or rupture. Although these two different lesions cannot be  
reliably distinguished clinically, Doppler echocardiography  
can unequivocally differentiate between the two lesions. These 
structural changes can be localized with color flow Doppler 
scan and their severity quantified as MR volume, the ratio of 
pulmonary blood flow to systemic blood flow (Qp/Qs), and the 
magnitude of shunt flow through the ventricular septal defect 
(see Chapter 14).

The remaining causes of acute heart failure listed previously 
are usually readily recognized with transthoracic Doppler  
echocardiography. Transesophageal echocardiography may be 
needed for diagnosis of vegetative endovascular infections that 
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Figure 26-6  Short-axis  and  four-chamber  views  of  a  dilated  cardiomyopathy  at  end-diastole  (left)  and  short-axis  and  four-chamber  views  of  a 
dilated cardiomyopathy (right). Note the greater increase in the short-axis diameter as compared with the LV long-axis length in the four-chamber 
views. 
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Figure 26-5  Apical four-chamber view of a patient with adriamycin-induced cardiomyopathy that shows minimal LV dilation and little change in 
LV size from diastole (left panel ) to systole (right panel ), consistent with a very low stroke volume. 
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the left atrial appendage as a result of low flow velocities. Both 
LV (see Fig. 26-8) and left atrial (LA) thrombus (Fig. 26-9) are 
potential sources of systemic embolism and especially stroke. 
Thrombus formation may be subtle and necessitate echocardio-
graphic imaging with increased gain in orthogonal planes of the 
LV long axes with serial short-axis views with a high-frequency 
near-focus transducer. When doubt still remains as to the pres-
ence of LV thrombus, echocontrast studies are recommended 
to enhance endocardial definition (Fig. 26-10) so that the diag-
nosis of LV thrombus is unequivocal. The morphologic features 
of LV thrombus that correlate with increased embolic potential 
include mobility, large size, and convexity of the thrombus 
toward the LV cavity.

The third important consequence of LV dilation and change 
in LV shape is enlargement of the mitral annulus and distortion 
of the mitral valve and subvalve geometry. The spatial separa-
tion of the two papillary muscles caused by LV dilation increases 

Figure 26-7  Schematic representation of a normal LV shape (A) and 
a more spherical  shape as a  result of a greater  increase of  the minor 
diameter than in LV length (B) in dilated cardiomyopathy. 
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Figure 26-8  Echocardiographic appearance of LV thrombus. Transthoracic apical four-chamber view that shows a large sessile LV cavity throm-
bus (white arrow) attached to the apical septum in an area of akinesis. A defibrillator electrode is present in the RV. 
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the angle they subtend to the midpoint of the plane of the 
mitral annulus. This occurs without lengthening of the chordae 
and therefore reduces the area of leaflet coaptation that results 
in MR even though the mitral valve is intrinsically normal (Fig. 
26-11). The anatomic relationships between the various com-
ponents of the mitral valve apparatus are best appreciated with 
real-time 3D echocardiography in the short-axis and apical 
long-axis or four-chamber views (Fig. 26-12).

A different yet frequent cause of MR in heart failure relates 
to the presence of provocable ischemia in patients with advanced 
coronary artery disease. Serial quantitative Doppler echocardio-
graphic studies of ischemic MR show its important adverse 
impact on survival.12 MR is significantly more common and 
more severe in eccentric remodeling that occurs in systolic heart 
failure than in concentric remodeling in diastolic heart failure, 
in which LV cavity size is typically normal.

The severity of MR can be semiquantified with 2D transtho-
racic echocardiography as the ratio of color flow MR jet area 
averaged from orthogonal views and left atrial area. MR severity 
can be quantified as the effective regurgitant orifice area or 
regurgitant volume with proximal isovelocity surface area tech-
nique or with the diameter of the vena contracta (see Chapter 
18). The significance of MR in systolic heart failure is that it 
results in an additional increase in load when loading condi-
tions are already increased. Quantification of MR with proximal 
isovelocity surface area is advised.

After posteroinferior infarction, residual ischemia of the 
inferomedial papillary muscle may interfere with the timing 
and extent of shortening and cause MR. Hemodynamically 
important MR may escalate deterioration in contractile func-
tion. Ischemic MR may cause flash pulmonary edema trig-
gered by transient increases in afterload associated with 
physical exertion. The poor prognosis of ischemic MR corre-
lates closely with the severity of MR with Doppler echocar-
diography.12 Rupture of a papillary muscle after MI may not be 
diagnosed initially but is usually suggested by the discrepancy 
between relatively normal LV size and function and the torren-
tial MR. A search should be made to identify the papillary 
muscle heads and primary chordae that are disconnected from 
the muscle. This is a “must diagnose” because the severity of 
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MR is poorly tolerated and irreversible cardiogenic shock may 
supervene.

LEFT VENTRICULAR REMODELING TO  
HEART FAILURE

Left ventricular remodeling is a dynamic process that includes 
progressive LV dilation, distortion of LV shape, disruption of 
mitral valve geometry, development of MR, and deterioration 
in LV function. This type of remodeling is known as eccentric 
remodeling. These structural and functional changes and the 
transition to heart failure have been characterized by Doppler 
echocardiography.

Left ventricular remodeling is triggered by an imbalance 
between myocardial wall stress and the normal restraining 
forces exerted by the viscoelastic collagen matrix. Increased wall 
stress activates cell surface mechanoreceptors (integrins) that in 

Figure 26-9  Valvular heart disease with ventricular dysfunction.  Transthoracic  echocardiogram  of  the  four-chamber  view  of  a  patient  with 
moderate  LV  dysfunction  and  heart  failure  symptoms  with  degenerative  and  calcific  aortic  and  mitral  valve  disease  (left panel ).  Note  the  large 
thrombus adherent to the roof of the markedly enlarged LA (left panel ). A discrete immobile thrombus is visualized in the left atrial appendix that 
is a repository for the development of thrombus (white arrow). Calcification and narrowing of the aortic valve leaflets are also seen, consistent with 
at least mild aortic stenosis. 
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Figure 26-10  Apical aneurysm. Transthoracic 2D echocardiogram of an apical four-chamber view from a patient with ischemic cardiomyopathy 
that  shows  an  apical  aneurysm  without  any  obvious  thrombus  present  (left  panel ).  However,  when  the  endocardial  definition  is  improved  with 
intravenous contrast, a laminar thrombus becomes apparent (right panel ). TH, Thrombus. 

RV LV
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turn activate myocardial matrix metalloproteinases that degrade 
the extracellular collagen matrix, thereby facilitating LV dila-
tion. A new equilibrium is established between collagen degra-
dation and collagen synthesis that stabilizes LV size and function. 
Progressive LV dilation leads to chronically elevated wall stress, 
which, if unchecked, results in heart failure. Thus, LV dilation 
begets increased wall stress that begets further LV dilation. LV 
dilation results in an increase in loading conditions that can be 
assessed as meridional and circumferential midwall stresses 
from echocardiographic measurements of LV cavity radius, 
length, and wall thickness. Cuff systolic blood pressure can be 
used to represent LV peak pressure.13 A strong inverse relation-
ship exists between end-systolic wall stress and ejection frac-
tion, such that the greater the wall stress, the lower the LV 
ejection fraction. Increased myocardial wall stress is also a 
major stimulus for ventricular hypertrophy mediated by the 
angiotensin I receptor. When the hypertrophic response is 
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sufficient to normalize wall stress, the progressive deterioration 
in LV function is attenuated, LV geometry is stabilized, and 
function is preserved.

Insight into the structural and functional eccentric remodel-
ing process and transition from stable LV function to systolic 
heart failure has been provided by Doppler echocardiography 
in a number of post-MI and heart failure clinical trials (SAVE 
and SOLVD).11,14 Speckle tracking with 2D and 3D echocar-
diography provides a means of quantifying regional and global 
longitudinal, radial, and circumferential strain (Figs. 26-13 and 
26-14) and also assessment of the temporal development of 
peak systolic velocities in opposing walls as a measure of 
dyssynchrony.

SYSTOLIC VERSUS DIASTOLIC HEART FAILURE

The diagnostic criteria for diastolic heart failure are the combi-
nation of symptomatic heart failure and an LV ejection fraction 
of 50% or more to distinguish LV diastolic from systolic heart 
failure. Controversy exists with regard to nomenclature: 

Figure 26-11  Mechanism of functional mitral regurgitation. Sche-
matic that shows the LV architecture, the relations between the diam-
eter and length of the LV and the geometry of the normal mitral valve 
(A),  and  the  greater  increase  in  LV  diameter  than  the  increase  in  LV 
length that confers an abnormal shape on the LV and also disrupts the 
mitral valve geometry that alters mitral leaflet coaptation area, leading 
to mitral regurgitation (B). 
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Figure 26-12  Mitral valve prolapse. Mitral valve visualized with 3D transesophageal echocardiography  that shows prolapse of  the P2 and A2 
scallops (left panel ) and the Doppler color flow jet of mitral regurgitant flow (right panel ). 
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“diastolic heart failure” versus “heart failure with preserved 
ejection fraction.” There was concern initially as to whether 
Doppler indices provided sufficiently specific information 
about intrinsic passive diastolic properties of the myocardium 
and whether the information derived from LV filling dynamics 
equated with intrinsic myocardial diastolic dysfunction.15 Other 
investigators have indicated that diastolic heart failure can be 
confidently diagnosed with the combined presence of impaired 
relaxation, decreased compliance, and increased LV filling 
pressures.16

Diastolic heart failure has been less well characterized than 
systolic heart failure, until the last decade, when it became clear 
that LV diastolic dysfunction was responsible for 30% to 50% 
of all patients with heart failure and had an annual mortality 
rate of 5% to 15%. Patients with diastolic heart failure are 
similar to patients with systolic heart failure with regards to 
impaired quality of life, exercise capacity, demographic profil-
ing, and neurohormonal activation. Neurohormonal activation 
in diastolic heart failure is similar to systolic failure with regard 
to norepinephrine levels, but plasma levels of brain natriuretic 
peptide and atrial natriuretic peptides are consistently greater 
in systolic heart failure.17

Diastolic dysfunction often precedes the onset of systolic dys-
function in hypertensive heart disease and in coronary artery 
disease. Factors that determine which patients have diastolic 
rather than systolic heart failure develop are largely unknown. 
Furthermore, diastolic heart failure may transition into systolic 
failure in its terminal stages, which confounds the arbitrary 
division between diastolic and systolic heart failure.

Diastolic heart failure occurs more commonly in elderly 
women, of whom more than 75% have a history of hypertension 
and approximately 40% have LV hypertrophy defined as a LV 
mass of more than 125 g/m2.2,16 The structural and functional 
concentric pattern of LV remodeling in diastolic heart failure is 
characterized echocardiographically by normal or near-normal 
LV end-diastolic volume, normal cavity shape, increased abso-
lute and increased relative wall thicknesses (wall thickness/LV 
cavity radius), increased LV mass-volume ratio from a dispro-
portionately greater increase in LV mass than volume, and pre-
served ejection fraction (more than 50%).17 More specific 
Doppler echocardiographic findings in chronic diastolic heart 
failure include abnormal LV filling patterns (larger A wave 
velocity, a normal E wave deceleration time); prolonged 



504 PART V Cardiomyopathies and Pericardial Disease

slowing of the rate of LV diastolic pressure decay. This early 
evidence for diastolic dysfunction can be detected noninvasively 
with prolongation of isovolumic relaxation time. Isovolumic 
relaxation time can be measured with the echocardiography 
transducer at the apex of the heart angled to record both aortic 
and mitral valve leaflet motion with Doppler scan and formerly 
with M-mode echograms recorded at a sweep speed of 200 cm/s.

Slow and prolonged myocardial relaxation are also detectable 
as altered mitral inflow velocities with a decreased peak velocity 
during passive filling (E wave), an increased E wave deceleration 
time, and an augmented peak velocity during active atrial  
systolic contraction (A wave) with a shortened duration. As the 

isovolumic relaxation time, which is the period between aortic 
valve closure and mitral valve opening; decreased propagation 
velocity in the LV inflow tract; and abnormal myocardial dia-
stolic velocities with tissue-Doppler imaging (TDI); (see Chapter 
11). TDI myocardial velocities and myocardial displacement 
reported in small cohorts of patients with diastolic heart failure 
are normal in more than 50%. Not all of the more specific 
Doppler echocardiographic parameters listed previously are 
abnormal in every patient with diastolic heart failure.

Detection of diastolic dysfunction is important because it is 
associated with a five-fold increase in mortality.18 The earliest 
sign of diastolic dysfunction is impairment of relaxation from 

Figure 26-13  Speckle tracking longi-
tundinal strain.  Transthoracic  echocar-
diogram in the apical four-chamber view 
with speckle tracking to quantify longitu-
dinal  strain  with  the  average  values  in 
each myocardial segment (right panels). 
Continuous  longitudinal  myocardial 
strain  recorded  from  four  myocardial 
segments shows the high level of concor-
dance between the segments that peak 
at the same time. 

Figure 26-14  Tissue Doppler myocardial velocity imaging. A, Transthoracic echocardiogram of a normal LV with sample volumes placed in the 
proximal septum and in the lateral wall at the level of the mitral annulus (left panel ) to obtain continuous myocardial velocities with tissue-Doppler 
imaging. Notice  that  the  two tracings have similar magnitude throughout  the whole cardiac cycle and track  together  in  time such that  the  time 
interval between the onset of the QRS and acquisition of peak systolic myocardial velocity for the two sample volumes are virtually identical, occur-
ring during ejection between aortic valve opening (AVO) and aortic valve closure (AVC; right panel ). B, This recording has an identical format as 
the previous computer output but in an abnormal heart that shows the significant delay in the peak myocardial velocity in the lateral wall compared 
with the septum by more than 65 ms, a delay that defined the presence of ventricular dyssynchrony. 

A B
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the restrictive physiology in the final stages of the disease (see 
Fig. 26-15).

Hypertrophic cardiomyopathy may present with classic 
symptoms of heart failure with supranormal systolic function 
and an ejection fraction of more than 70%. The LV cavity is 
small or normal with severe LV hypertrophy and asymmetric 
septal hypertrophy (see Chapter 27) or concentric hypertrophy 
typical of concentric remodeling. In cases with resting LV 
outflow tract obstruction, two echocardiographic features assist 
in diagnosis. Systolic anterior motion of the mitral valve narrows 
the LV outflow tract. The site of obstruction is shown by the 
onset of flow acceleration with color flow Doppler scan (see 
Chapter 27). Of note, diastolic septal thickness of more than 
3.0 cm is associated with increased risk of sudden death and is 
one of the criteria for internal cardiac defibrillator placement. 
The second echocardiographic finding is the early systolic 
closure of the aortic valve that occurs at the end of ejection but 
may happen within the first half of systole. The peak and mean 
systolic LV outflow tract gradients should be measured at rest 
and after Valsalva’s maneuver or isometric exercise (i.e., hand 
grip that usually increases the gradients to more than their 
resting values).

Ischemic cardiomyopathy can be detected with echocar-
diography because of: (1) the enlarged LV cavity; (2) the ejec-
tion fraction of less than 40%; (3) regional wall motion 
abnormalities; (4) loss of the normal uniform wall thickness; 
and (5) the near ubiquitous presence of MR.

Echocardiographic Diagnosis of Right 
Heart Failure
ACUTE RIGHT VENTRICULAR HEART FAILURE

Acute right heart failure and RV remodeling may occur over 
hours as compared with the time course of weeks to months in 
chronic RV failure. A sudden increase in RV afterload from a 
major pulmonary embolus causes acute RV dilation and usually 
severe reduction in systolic contractile function with hemody-
namic compromise. This constellation of findings can be shown 
with Doppler echocardiography and the pathoetiologic mecha-
nism ascertained (Fig. 26-16). Occasionally, mobile thrombus 
can be seen in transit through the right heart chambers or in 
the proximal pulmonary arteries (Fig. 26-17) with transthoracic 
or transesophageal echocardiography. RV function in major 
pulmonary embolism is severely depressed globally but usually 
recovers if reperfusion of the pulmonary circulation is reestab-
lished and the increased load is rapidly attenuated with throm-
bolytic therapy, intravenous high-dose heparin, or acute surgical 
pulmonary arterial thrombectomy.

Acute RV dilation is associated with mild to moderate tricus-
pid regurgitation from disruption of the normal tricuspid valve 
geometry as a result of RV dilation. Pulmonary arterial systolic 
pressure can be estimated with the modified Bernoulli’s formula 
(4 × peak [tricuspid regurgitation jet velocity]2 + right atrial 
pressure). Right atrial pressure can be estimated from the degree 
of inferior vena cava collapse during normal respiration. The 
increase in pulmonary arterial systolic pressure is moderate 
rather than severe and characteristically does not exceed 
55 mm Hg. Doppler echocardiography shows the time-
dependent changes in RV remodeling in right heart systolic 
failure, the degree of secondary pulmonary hypertension, and 
often the pathoetiology of the RV failure.

Isolated RV infarction is a relatively rare cause of acute  
right heart failure that is important to recognize early and  

duration of the peak A wave of the mitral inflow shortens, so 
the duration of the flow reversal in the pulmonary venous 
velocity profile increases until it finally exceeds the mitral peak 
A wave duration. Slowed or delayed LV relaxation can be diag-
nosed with TDI as reduced and delayed E′ velocity of the mitral 
annulus most frequently obtained from the septum and lateral 
wall.

The mitral diastolic flow propagation velocity recorded with 
color flow Doppler scan at the LV inflow correlates with tau (τ) 
and decreases progressively with increasing LV diastolic dys-
function. LV filling pressure or pulmonary capillary wedge pres-
sure can be derived from the deceleration time of the E wave of 
the mitral inflow, and a value of less than 140 ms indicates a 
mitral inflow velocity profile consistent with restrictive physiol-
ogy. Alternatively, LV diastolic pressure can be estimated from 
the ratio of E/E′ over a wide range of filling pressures and LV 
ejection fractions.19 Chronic LV diastolic dysfunction may tran-
sition to heart failure, and in doing so, the mitral inflow, pul-
monary venous, and TDI flow velocity profiles change from a 
pseudonormal pattern, which is reversible, to a restrictive physi-
ology, which is irreversible (Fig. 26-15). Thus, diastolic heart 
failure can be diagnosed in symptomatic patients with normal 
LV size and ejection fraction and evidence for abnormal relax-
ation, diminished compliance, and increased LV diastolic filling 
pressure.16

Cardiac amyloid exemplifies the changes in cardiac architec-
ture, LV diastolic function, and preservation of systolic function 
until late in the course of the disease. The LV cavity is typically 
normal size, and wall thickness is moderately to severely 
increased by deposition of noncontractile amyloid protein 
(immunoglobulin light chains) in the myocardial interstitium 
between the myofilaments. This protein deposition alters the 
material properties of the myocardium and causes increased 
chamber stiffness and abnormal mitral inflow velocity pattern 
consistent with restrictive physiology. The deceleration time is 
dramatically shortened, and the A wave of the mitral inflow is 
abbreviated and of low amplitude. The duration of the E wave 
deceleration time in cardiac amyloid is strongly predictive of 
clinical outcome.20 In addition, the pulmonary venous velocity 
spectra show attenuation of the systolic wave. Marked reduction 
in the E′ wave of the mitral annulus is usually seen in the 
septum and in the lateral wall. These abnormal Doppler echo-
cardiographic findings progress from the time of diagnosis to 

Figure 26-15  Transmitral  Doppler  flow  velocity,  tissue  Doppler 
imaging (TDI), pulmonary vein Doppler velocity and propagation veloc-
ity  showing  transition  from  abnormal  relaxation  through  pseudo-nor-
malization  to  restrictive  physiology.  (From Zile MR, Brutsaert DL: 
Circulation 105:1387-1393, 2002.)
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hypertrophy may be concentric or eccentric depending on 
whether the stimulus is pressure or volume overload. As the 
loading conditions increase, the interventricular septum bulges 
into the LV outflow tract and the RV shape changes to a more 
spherical configuration (see Chapter 33). RV diastolic pressure 
exceeds that in the LV and may result in abnormal LV diastolic 
filling and intracardiac shunting from right to left if a patent 
foramen ovale is present. Tricuspid regurgitation develops as 
the tricuspid subvalve geometry is disrupted by chamber dila-
tion and accelerates the deterioration in RV function with pro-
gressive enlargement of the right atrium. As RV failure 
progresses, the RV continues to enlarge until it forms the apex 
of the heart. Echocardiographic measurements of RV end-
systolic dimension and percent fractional area change in the 
apical four-chamber or subcostal four-chamber views are 
important predictors of adverse cardiovascular events.21

The configuration and internal architecture of the RV is not 
designed to generate chronically elevated systolic pressures. 
When RV systolic pressure exceeds 40 mm Hg, tricuspid regur-
gitation supervenes, which is associated with further RV dila-
tion, such that a vicious cycle occurs that culminates in right 
heart failure. Echocardiography plays a key role not only in 
detection of right heart failure but also in differentiation of 
acute from chronic right heart failure in terms of LV cavity 
architecture and function.

Recently, echocardiographic measurements of the tricuspid 
annulus peak systolic excursion that reflect RV long-axis short-
ening have been shown to correlate with RV ejection function 
and predict clinical outcome.22

RIGHT VENTRICULAR REMODELING  
TO HEART FAILURE

Until recently, few attempts were made to study RV remodeling 
because the unusual RV architecture cannot be represented by 
a simple or compound geometric algorithm that enables repro-
ducible assessment of RV volumes and RV ejection fraction. 
Right ventricular remodeling is usually triggered by LV disease 
transmitted to the right heart chambers via the pulmonary 
venous circulation. The pulmonary arterioles react to chronic 
pressure and volume overload by developing medial hypertro-
phy that increases pulmonary vascular resistance and in turn 

begin treatment with intravenous fluid resuscitation and coro-
nary reperfusion. The echocardiographic hallmark for diagno-
sis of RV infarction is unequivocal evidence of RV segmental 
wall motion abnormality. Usually, RV infarction is an extension 
of an inferoposterior LV MI as a result of proximal occlusion 
of a dominant right coronary artery (Fig. 26-18).

CHRONIC RIGHT HEART FAILURE

In chronic systolic right heart failure, the RV dilates in response 
to chronically increased loading conditions when hypertrophy 
can no longer normalize the increase in wall stress. RV 

Figure 26-16  Acute RV failure. Transthoracic echocardiogram of the four-chamber view from a patient with acute RV strain at end-diastole (left) 
that shows a dilated overloaded RV. The RA is also dilated, and the interatrial septum bulges to the left at end systole (center). Color flow Doppler 
scan (right) shows severe tricuspid regurgitation (TR ). 
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Figure 26-17  Pulmonary embolus.  Transthoracic  echocardiogram 
shows the main pulmonary artery in long-axis view and the bifurcation 
across which was a moderately large saddle embolus (white arrow). 
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individuals at increased risk for major complications in several 
randomized clinical trials. Echocardiography has clearly shown 
that serious adverse cardiovascular events, namely recurrent 
infarction, heart failure exacerbation, ventricular arrhythmias, 
and death, predominate in patients with progressive LV 
dilation.23,24

Serial echocardiography in patients with acute heart failure 
after MI provides unique information that is unattainable rou-
tinely with any other imaging technique and allows early risk 
stratification for optimization of individualized therapy. Numer-
ous clinical post-MI and heart failure trials have shown that 
echocardiographic measurements of LV volumes, ejection frac-
tion, and infarct size and RV systolic shortening predict clinical 
outcome (Fig. 26-19).24-26 The prevalence of these adverse car-
diovascular events increases directly with LV dilation assessed 
with echocardiography. Prevention of LV dilation and remodel-
ing with angiotensin-converting enzyme inhibitors reduces the 
recurrence rate of heart failure. Echocardiographically deter-
mined LV volumes and percentage changes in systolic cavity area 
are powerful predictors of ventricular arrhythmias from the 
early postinfarction period through the 2-year follow-up (see 
Fig. 26-19).21

Serial echocardiographic measurements of LV size and  
function have shown the efficacy of angiotensin-converting 
enzyme inhibitors in infarct-related heart failure that is medi-
ated through attenuating LV dilation by structural and func-
tional reverse remodeling and blocking the neurohormonal 
activation.23-26 Logistic regression analysis of baseline demo-
graphics for predictors of survival in post-MI and heart failure 
trials showed that echocardiographic LV end-systolic size was 
the most powerful predictor of survival after MI, even more 
than ejection fraction.24 Similar randomized controlled trials of 
β-adrenergic receptor blocking agents in chronic systolic heart 
failure have used quantitative echocardiography to document 
efficacy.

Echocardiography for Mechanical  
Therapies in Heart Failure
Surgical treatment has an important role in the management of 
acute heart failure and, similar to medical treatment, is based 
on two strategies. The first strategy is augmentation of cardiac 
output either with intraaortic balloon counterpulsation, LV or 

results in pulmonary arterial hypertension. Pulmonary hyper-
tension induces RV hypertrophy that may temporarily normal-
ize RV loading conditions and preserve near-normal RV cavity 
geometry and function for a prolonged period of time. However, 
unchecked RV afterload excess from chronic pulmonary hyper-
tension causes progressive RV remodeling with dilation and 
hypertrophy in similar fashion to that which occurs in the LV 
(see Chapter 33).

Echocardiography in Pharmacologic 
Therapy for Heart Failure
The primary aims in the treatment of chronic systolic heart 
failure are to provide symptomatic relief, improve quality of life, 
and ideally increase longevity. These aims may be achieved in 
part with prevention of progressive LV dilation, promotion of 
reverse remodeling, and improvement in ventricular function. 
Doppler echocardiography is the ideal method for tracking lon-
gitudinal changes in LV volume, shape, and function that result 
from treatment interventions. This technique has been used 
successfully in numerous prospective randomized chronic heart 
failure trials. New advanced technology with speckle tracking 
of the myocardium has provided a method for assessment of 
longitudinal, radial, and circumferential regional and global 
strain. Strain provides incremental information about myocar-
dial function over and above that of LV volumes and LV ejection 
fraction.

PHARMACOLOGIC THERAPY

Contemporary management of acute heart failure involves 
three fundamental principles. The first is aimed at maintenance 
of a normal blood pressure for organ perfusion with an increase 
in contractile performance (myocardial systolic shortening) 
with intravenous catecholamines in patients with hemody-
namic compromise. The second medical strategy is reduction 
of LV loading conditions with vasodilator therapy. The third 
medical treatment strategy involves blocking neurohormonal 
activation with β-adrenergic receptor blockers plus angiotensin 
receptor blockers or angiotensin-converting enzyme inhibitors 
in combination with aldosterone antagonists.

Echocardiography has played a pivotal role in showing  
the efficacy of pharmacologic interventions and identifying 

Figure 26-18  RV infarction.  Parasternal  LV  short-axis  view  of  a  patient  with  a  RV  myocardial  infarction  in  diastole  (left)  and  in  systole  (right). 
Contiguous posterior infarction with RV involvement is seen (white arrows). 
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estimates of flow, the Doppler flow is invariably lower; but if 
this occurs across a range of flow settings, it suggests partial 
obstruction of the LV outlet by thrombus either within or pro-
truding into the LV apical cannula (Fig. 26-21).28 Partial occlu-
sion of the LV outlet cannula by either apical thrombus or 
myocardial trabeculations is identified by the presence of flow 
acceleration with color flow Doppler scan and a large systolic 
gradient across the LV apical outflow cannula (see Fig. 26-20). 
Recently, long-term or so-called destination LVAD therapy has 
been instituted for patients who need obligatory mechanical 
support and are not suitable candidates for orthotopic heart 
transplantation. These patients need regular corroboration 
between the pump flows and Doppler echocardiographic esti-
mates of flow.

SURGICAL VALVE REPAIR OR REPLACEMENT

Other surgical interventions for acute heart failure aim for 
reduction in systolic loading conditions, including mitral valve 
repair or replacement for acute severe MR after chordal rupture 
that results in a flail leaflet or papillary muscle rupture after MI. 
Similar reduction in afterload is the aim in patients with acute 
severe aortic regurgitation either from aortic valve endocarditis 
or from acute type A aortic dissection. In addition to establish-
ing these individual diagnoses with either transthoracic or 
transesophageal assessment, baseline echocardiographic ejec-
tion fraction and LV size are the major determinants of survival 
and clinical outcome. Furthermore, Doppler echocardiography 
has been used to compare LV architecture (LV volume and 
mass) and function (ejection fraction) before and after surgery 
to determine whether any favorable structural changes have 
occurred that might explain the symptomatic improvement 
that occurs after successful surgery.

CARDIAC RESYNCHRONIZATION THERAPY

Cardiac resynchronization therapy is a newly established 
therapy for patients with New York Heart Association symptom 
class II through IV heart failure, a prolonged QRS duration 
(more than 120 ms), and LV dyssynchrony. Prolonged QRS 
duration occurs in 30% to 50% of patients with heart failure 
and correlates directly with mortality.29 The specific aim of 
CRT in heart failure is to alleviate symptoms and promote 
structural and functional reverse LV remodeling. This result  
is achieved with optimizing atrioventricular conduction,  

RV assist device (Fig. 26-20), or acute heart transplantation. 
The second strategy is reduction of the acute elevation in LV 
loading conditions from MR with mitral valve repair or replace-
ment and with aortic valve replacement for heart failure from 
acute or chronic severe valvular regurgitation.

INTRAAORTIC COUNTERPULSATION

No randomized clinical trials with Doppler echocardiography 
have assessed the efficacy of intraaortic balloon counterpulsa-
tion in acute heart failure after MI where echocardiographic 
assessment was a primary or secondary endpoint. However, 
Doppler echocardiographic assessment of cardiac output is 
used routinely to measure the impact of intraaortic balloon 
counterpulsation on LV volumes, ejection fraction, and cardiac 
output. Forward stroke volume can be estimated as the product 
of the cross-sectional area of the flow stream and the  
time-velocity integral recorded from the LV outflow tract. Reli-
able Doppler echocardiographic measurements are critically 
important before and immediately after deployment of an 
intraaortic balloon counterpulsation and also during weaning 
from intraaortic balloon counterpulsation support, as the 
counterpulsation–to–native heart ratio is downgraded from 
1 : 1 to 1 : 2 and 1 : 3. When cardiac output remains stable,  
withdrawal of intraaortic balloon counterpulsation can be 
achieved safely.

VENTRICULAR ASSIST DEVICES

Placement of LV assist devices (LVAD) for severe acute heart 
failure or acute hemodynamic decompensation of chronic heart 
failure is becoming increasingly frequent.27 Echocardiographic 
screening for significant aortic regurgitation and LV apical 
thrombus before insertion is important to avoid systemic 
embolization during insertion of the LV cannula. After inser-
tion of a LVAD, which may provide pulsatile or nonpulsatile 
flow, the presettings of the LVAD pump are routinely evaluated 
with Doppler echocardiography over a range of flows. LV 
output is assessed by aligning the continuous wave Doppler 
scan parallel with the direction of blood flow through the sump 
drain at the LV apex. Stroke output is calculated as the product 
of the time-velocity integral and the cross-sectional area of the 
outlet cannula (see Fig. 26-20). Doppler echocardiographic 
assessment of LV outputs is reliable and correlates closely with 
LVAD flow rates. When divergence is found between the two 

Figure 26-19  Ventricular tachycardia after myocardial 
infarction. A strong relationship is shown between LV size 
in diastole (left) and in systole (right) and ventricular tachy-
cardia  early  after  myocardial  infarction.  The  same  robust 
relationship was present at 2 years after myocardial infarc-
tion. (From unpublished data.)  Diastolic LV cavity area
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Figure 26-20  Transesophageal echocardiogram of a patient with LV assist device. The cannula is seen at the LV apex (A and B). A thrombus 
can be seen in the LV assist device cannula with color flow Doppler scan that shows obstruction (C and D). A systolic gradient was detected across 
the sump drain at the LV apex, corroborating the gradient obtained previously (E). 
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A B

C D
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LV

prolonging LV filling time, and synchronizing RV and LV con-
traction by minimizing interventricular and intraventricular 
mechanical delay.

Symptomatic benefit and improved exercise capacity  
have been consistent findings in CRT trials in most patients 

(65%)30-36 already undergoing optimal medical heart failure 
therapy. Doppler echocardiography has played a crucial role in 
elucidating the mechanism of structural and functional LV 
reverse remodeling with CRT. Doppler echocardiography has 
also been used in an attempt to identify the 60% to 70% of 
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Serial echocardiographic studies have shown that the sus-
tained reductions in LV volume and mass with CRT result in 
alterations in LV architecture and restoration of mitral annular 
and subvalve geometry towards normal. Changes in the geom-
etry of the mitral valve apparatus are associated with decreased 
MR. The severity of MR decreased significantly by 3 months 
and was maintained at 6 and 12 months (see Fig. 26-22). The 
favorable changes in LV load and architecture, together with the 
decrease in MR, are associated with progressive increase in  
LV ejection fraction at 3 and 6 months from baseline (see  
Fig. 26-22). Continuous CRT is required to sustain reverse LV 
remodeling.44

Changes in Diastolic Ventricular Function with 
Cardiac Resynchronization Therapy
Cardiac resynchronization therapy studies have been conducted 
almost exclusively in patients with advanced systolic heart 
failure, but Doppler echocardiography has shown concomitant 
improvements in diastolic function.43 CRT prolongs the dura-
tion of LV filling, separates the rapid filling phase from atrial 
systolic contraction, shortens interventricular mechanical delay, 
and coordinates regional and global ventricular contraction and 
relaxation. The prolonged LV diastolic filling time induced by 
CRT is not associated with changes in transmitral peak flow 
velocities during passive filling (E wave), during atrial contrac-
tion (peak A wave), the E/A ratio, or isovolumic relaxation time. 
The E wave deceleration time and the myocardial performance 
index improve by 3 months and improve further by 12 months.43 
However, patients with restrictive LV filling characterized by a 
short deceleration time and peak E wave velocity of more than 
1.0 m/s exhibit little or no response to CRT.

Historically, exercise capacity in systolic heart failure has  
not correlated with changes in LV volume or ejection fraction. 
However, in the MIRACLE trial, the symptomatic benefits asso-
ciated with CRT occurred predominantly in those patients with 
the greatest structural and functional LV remodeling.30

patients that are likely to respond to CRT before device implan-
tation. The PROSPECT trial used advanced Doppler echocar-
diographic technology with the specific aim of discovering 
which Doppler echocardiographic parameter reliably identified 
patients with heart failure who have an optimal response to 
CRT before device implantation.37 This trial failed to show that 
any single Doppler echocardiographic measurement predicted 
response to CRT. This negative PROSPECT trial resulted in a 
major loss of confidence in Doppler echocardiography by elec-
trophysiologists. However, a number of recent studies have 
shown that the major reasons for the lack of response in 30% 
of patients with heart failure have been attributed to inappro-
priate LV lead position, the absence of dyssynchrony, or both of 
these factors. Of note, nonresponders to CRT, when treated 
aggressively with programmed medical therapy, achieved the 
same degree of symptomatic improvement and reverse remod-
eling as did the positive responders.38 Internal cardiac defibril-
lator together with CRT affords additional survival benefit35,39,40 
by protecting against sudden death from ventricular 
arrhythmias.

Recently, large CRT trials37-41 have used serial Doppler echo-
cardiography to characterize LV structural and functional 
reverse remodeling and have shown for how long reverse 
remodeling is sustained. Most of these trials used echocardio-
graphic assessment of LV end-diastolic and end-systolic diam-
eters or LV volumes as secondary endpoints and showed that 
CRT results in significant decrease as early as 1 month42,43 com-
pared with control. Further reduction in LV volumes occurs by 
6 months (Fig. 26-22), and these changes are sustained for at 
least 18 months39-41 and potentially as long as 44 months when 
data are available from MADIT-CRT, RAFT, and REVERSE 
extension trials. The reduction in LV volumes with CRT results 
in a decrease in LV wall stress, which is a powerful stimulus for 
regression of LV mass. The decrease in LV mass was significant 
by 6 months but occurred at a slower rate than the reduction 
in LV volume.

Figure 26-21  Refractory right heart failure occurred 3 days after LV assist device placement.  At  baseline,  post  device  deployment  was 
unremarkable except  for  a  small mobile  thrombus  (A). On day 3,  an emergency echocardiogram was performed  that  showed almost  complete 
cardiac thrombosis from which the patient sustained a stroke and died soon after (B). 
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myocardial scar may be subjacent to the LV electrode or when 
electrode placement is constrained by the anatomy of the coro-
nary sinus. Prolonged QRS duration has been used as a surro-
gate for LV dyssynchrony even though the coefficient of 
correlation is weak (r = 0.26).46-48 The presence of LV mechani-
cal dyssynchrony is a prerequisite for optimal response to CRT, 
without which there is no substrate for improvement. However, 
prolonged QRS, and not ventricular dyssynchrony, is a guide-
line for use of CRT.

NEW TECHNIQUES FOR DETECTION OF LEFT 
VENTRICULAR DYSSYNCHRONY

New advanced noninvasive imaging technology has recently 
been introduced for detection and semiquantification of 
regional (spatial) and temporal LV mechanical dyssynchrony or 
incoordinate contraction for identification of responders to 
CRT before device placement. Baseline clinical demographics, 
QRS duration, and echocardiographic measures of LV size or 
end-systolic volume, which are normally powerful predictors of 
clinical outcome, do not reliably predict response to CRT. What 
appears to be fundamental for a positive response to CRT is the 
presence of regional and global LV dyssynchrony that is associ-
ated with delayed electrical activation (prolonged QRS).

In the healthy heart, electrical activation results in synchro-
nous long-axis and short-axis contraction. The concentric 

Responders and Nonresponders to 
Resynchronization Therapy
The proportion of patients with New York Heart Association 
III/IV heart failure who respond to CRT (60% to 65%) by 
exhibiting LV reverse remodeling measured with Doppler echo-
cardiography and symptomatic improvement is similar in 
patients with ischemic and nonischemic heart failure. Reduc-
tion in LV volumes and severity of MR and increase in LV ejec-
tion fraction are consistently two to three times greater in 
nonischemic than ischemic heart failure.44,45 However, in spite 
of the two-fold to three-fold difference in LV volume reduction 
in the nonischemic cases at 6 months, both ischemic and 
nonischemic heart failure have similar improvement in symp-
toms and exercise capacity.

Predictors of Optimal Response to 
Resynchronization Therapy
Between 60% and 70% of all patients for CRT exhibit reverse 
LV remodeling shown with echocardiography. The reasons  
for this short fall are not clear even 10 years after use  
was approved by the U.S. Food and Drug Administration. No 
baseline clinical demographics distinguish responders from 
non responders to CRT or predict an optimal response before  
device implantation. A number of possible mechanisms have 
been proposed. One theory is suboptimal placement of the RV 
or LV electrodes, especially in ischemic heart failure when 

Figure 26-22  Median changes in LV end-diastolic and end-systolic ventricular volumes, ejection fraction, and severity of mitral regurgita-
tion. All improved with cardiac resynchronization therapy as compared with optimized heart failure treatment at 3 and 6 months. (With permission 
from St. John Sutton MG, Lee D, Rouleau JL, et al: Left ventricular remodeling and ventricular arrhythmias after myocardial infarction. Circulation 
107:2577-2582, 2003.) 
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estimates of LV dyssynchrony than measurement of the QRS 
duration, which has been used erroneously as a surrogate for 
dyssynchrony.

Regional deformation or strain defined as change in length 
through the cardiac cycle expressed as a ratio of resting length 
can be computed in the LV short axis (radial strain) and in the 
LV long axis (longitudinal strain) with speckle tracking tech-
niques (Figs. 26-24 and 26-25). This can be used to detect LV 
dyssynchrony as delay in time to peak strain. These values can 
be displayed in simple graphics that enable dyssynchrony to be 
recognized. The topographic representation of dyssynchrony 
(see Figs. 26-14, 26-24, and 26-25) in terms of longitudinal and 
radial strain can be displayed in the format of a polar map. 
Speckle tracking of the myocardium and velocity vector imaging 
of the myocardium enable recording from multiple regions of 
myocardium simultaneously and analysis of timing of peak 
myocardial velocities (see Fig. 26-23). Strain rate imaging has 
thus far been disappointing as a measure of dyssynchrony on 
account of its limited reproducibility.

Real-time 3D echocardiography with the conventional 
16-segment or 17-segment models of the LV can show LV dys-
synchrony as regional variation in the timing of acquisition of 
minimal systolic and maximal diastolic volumes for each of the 
segments (Fig. 26-26). In addition, after resynchronization 
therapy, restoration of coordinated contraction occurs with 
minimal differences in the timing of onset of contraction and 
peak shortening among the 16 or 17 segments. Myocardial 
velocity information from real-time 3D echocardiography can 
also be displayed in a polar map format of the 16 or 17 LV seg-
ments, which when color-coded for time, provides a velocity 
map in real time that enables dyssynchrony to be easily identi-
fied visually (Fig. 26-27).

HEART TRANSPLANTATION

Orthotopic heart transplantation is performed in patients with 
chronic and occasionally acute heart failure, which is refractory 
to medical therapy in approximately 2000 patients annually in 

inward wall motion can be appreciated visually in 2D and 3D 
echocardiograms of LV short-axis and LV apical four-chamber 
and two-chamber echocardiograms. Alternatively, myocardium 
can be tracked with velocity vector imaging or speckle tracking 
techniques (Fig. 26-23). LV dyssynchrony is the result of pre-
mature regional contraction before ejection or delayed regional 
contraction that stretches already contracting myocardium and 
thereby disrupts the normal coordinated sequence of activation 
and contraction that results in reduction in ejection fraction. 
The time interval between maximal posterior excursion of the 
septum and peak anterior excursion of the posterior LV wall 
with M-mode echocardiography LV wall has been used to iden-
tify dyssynchrony defined as a time delay of more than 130 ms.49 
This method is restricted to two opposing walls of the LV, and 
measurement of this time delay may not be possible when the 
septum is infarcted and does not thicken or move posteriorly. 
Several Doppler echocardiographic methodologies have been 
advocated for the diagnosis of dyssynchrony.

One of the most frequently used TDI methods for detection 
of LV dyssynchrony is measurement of the time interval from 
the onset of the QRS to the peak myocardial longitudinal sys-
tolic velocities in the basal and middle wall segments of oppos-
ing walls from the apical four-chamber, apical two-chamber, 
and apical long-axis views with color-coded or pulsed TDI (see 
Fig. 26-14). A delay in the time from the QRS to the peak veloc-
ity between segments in opposing walls of more than 65 ms is 
evidence for LV dyssynchrony and moreover predicts a favor-
able response to CRT. A more comprehensive assessment of LV 
dyssynchrony is the mechanical dyssynchrony index, which 
requires measurement of all six basal and middle segments in 
the three apical views and computation of the standard devia-
tion of the time to peak systolic myocardial velocity that occurs 
during LV ejection. LV dyssynchrony can be detected through-
out the LV as regional variation in the relative timing of con-
traction and automated time to peak velocities registered on the 
2D echocardiographic images as color-coded overlays. This 
technique is commercially available and known as tissue syn-
chronization imaging. These parameters are more robust 

Figure 26-23  Myocardial tracking in the four-chamber view from a healthy subject. The continuous velocities of all LV segments should be 
aligned  in  time  at  the  acme,  the  zero  crossing  point,  and  the  nadir,  indicating  that  the  opposing  walls  in  healthy  subjects  are  completely 
synchronous. 
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the United States. This number of heart transplants has not 
increased in the last 5 years nationwide because of the scarcity 
of donors, the logistics and expense of organ procurement, and 
the subsequent immunosuppression therapy. Doppler echocar-
diography plays an important role in heart transplantation. The 
first role is in assessment of the donor heart for global and 
regional function and exclusion of all pathology. Second, after 
transplantation, Doppler echocardiography is used in the early 
postoperative period in all patients, especially those in whom 
early complications develop from rejection or severe pump 
failure and who need LVAD placement. The dramatic temporal 
and spatial changes in LV and RV structure and function in the 
transplanted heart have been well characterized with Doppler 
echocardiography50 and are described in the chapter on heart 
transplantation (see Chapter 30).

Summary
Recent advances in Doppler echocardiographic imaging have 
provided new insights into patient selection for novel heart 
failure therapies. LV volumes and ejection fraction can be com-
puted and have proved to be powerful predictors of clinical 
outcomes in heart failure. The introduction of speckle tracking 
enables temporal and spatial quantification of regional and 
global myocardial strain that can be displayed as a polar map, 
and allows instantaneous visual recognition of the topography 
of abnormal longitudinal and radial strain distribution through-
out the LV. CRT is now recognized as effective treatment in 
patients deemed refractory to traditional heart failure, although 
no significant benefit of CRT occurs in 30% of patients.

Current ongoing randomized CRT trials suggest that non-
responders to CRT with or without prolonged QRS duration 
have little or no ventricular dyssynchrony and have the worst 
prognosis.

Similar to surgical interventions and devices, pharmaco-
logic agents are needed to do more than provide symptomatic 
relief by preventing development of heart failure and revers-
ing rather than just attenuating the remodeling process.  
The efficacy and monitoring of new therapies are assessed by 
2D and 3D echocardiographic imaging and quantitative 
Doppler echocardiography.

Figure 26-24  Speckle tracking in the 
apical four-chamber view to measure 
global longitudinal strain and regional 
longitudinal strain from four myocar-
dial segments from a patient with  
ischemic cardiomyopathy.  The  two 
important  findings  are:  first,  the  close 
time relations in acquisition of peak lon-
gitudinal  strain  from  each  segment  is 
lost,  suggesting  the  presence  of  ven-
tricular  dyssynchrony;  and  second,  the 
magnitude  of  peak  longitudinal  by  all 
segments is low and corroborated by the 
continuous  recording  of  global  strain. 
Compare with the normal tracing shown 
in Figure 26-13. 

Figure 26-25  A,  Radial  strain  imaging  in  a  patient  with  ventricular 
dyssynchrony  and  a  favorable  response  to  cardiac  resynchronization 
therapy. At baseline, the anterior septum had early peak strain develop-
ment coincident with aortic valve opening (AVO), and the posterior wall 
development of peak radial strain occurred late coincident with aortic 
valve  closure  (white arrows)  consistent  with  severe  dyssynchrony. 
B,  Time-strain  plots  after  cardiac  resynchronization  therapy  showed 
immediate improvement in the close time relations between peak strain 
developed  by  the  same  two  myocardial  walls,  indicating  immediate 
improvement in dyssynchrony. (From Dohi K, Suffoletto MS, Schwartz-
man D, et al: Utility of echocardiographic radial strain imaging to quan-
tify left ventricular dyssynchrony and predict acute response to cardiac 
resynchronization therapy. Am J Cardiol 96:112-116, 2005.)

A

B
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Figure 26-26  A,  Real-time  3D  echocar-
diogram recordings from the apex enable 
the  heart  to  be  segmented  with  either  a 
16-segment  or  17-segment  model  with 
continuous time-volume curves from each 
myocardial segment. In a normal heart, the 
minimal/end-systolic  volumes  from  each 
segment occur at  the same time  (bottom 
right).  B,  By  comparison  with  the  normal 
heart  in  A,  major  differences  in  time  of 
minimal/end-systolic  volume  for  each 
segment (bottom right) are consistent with 
major dyssynchrony that is likely to improve 
with cardiac resynchronization therapy. 

A B

Figure 26-27  Real-time  3D  echocar-
diogram  with  speckle  tracking  provides 
instantaneous  time-longitudinal  strain 
plots  for  each  segment  and  for  global 
strain. The timing of peak strain enables 
dyssynchrony  to  be  recognized  and 
enables identification of patients likely to 
benefit  from  cardiac  resynchronization 
therapy. 

KEY POINTS

 Echocardiography is the single most useful diagnostic test 
in evaluation of patients with heart failure.

 In chronic systolic heart failure, LV remodeling leads to a 
change in cavity shape because of the greater increase in 
the short-axis diameter than in LV long-axis diameter. As 
a result, the LV loses its ellipsoidal shape and becomes 
more spherical. LV shape is a predictor of clinical outcome.

 The four important sequelae to the abnormal LV size and 
shape are:
• Increase in LV loading conditions.
• Decrease in contractile function.
• Predisposition to thrombus formation.
• Mitral regurgitation from enlargement of the mitral 

annulus and distortion of the mitral valve and subvalvu-
lar geometry.

 Echocardiography plays a vital role in the diagnosis of 
right-sided heart failure and differentiation of acute from 
chronic right-sided heart failure in terms of RV cavity 
architecture and function.

 CRT is an established therapy for patients with New York 
Heart Association II to IV heart failure, prolonged QRS 
duration (more than 130 ms), and LV dyssynchrony.

 CRT reverses LV remodeling by optimizing atrioventricu-
lar conduction, prolonging LV filling time, and synchroniz-
ing RV and LV contraction.

 CRT studies have been conducted almost exclusively in 
patients with advanced systolic heart failure, but Doppler 
echocardiography has consistently shown concomitant 
improvements in diastolic function.

 Only 60% to 65% of patients with heart failure and QRS 
duration of more than 130 ms respond to CRT therapy.

 LV mechanical dyssynchrony is a prerequisite for response 
to CRT. Prolonged QRS duration correlates poorly with 
dyssynchrony and may be absent despite prolonged QRS 
duration.

 Longitudinal and radial strain and the 3D echocardio-
graphic regional volume estimations may prove more 
robust estimates of LV dyssynchrony than QRS duration.
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Hypertrophic cardiomyopathy (HCM) has unique clinical, 
echocardiographic, and hemodynamic features.1 Since the 
modern description of HCM five decades ago,2,3 there have been 
significant advances in its diagnosis, the understanding of its 
complex pathophysiology, and the evolution of its manage-
ment.1 HCM is defined as a hypertrophied, nondilated left ven-
tricle (LV) in the absence of another cardiac or systemic disease 
that is capable of producing the magnitude of wall thickening 
detected (Fig. 27-1).4 Echocardiography has played a crucial 
role in determining the pathophysiology of HCM, quantitating 
its morphologic and hemodynamic severity, and assessing the 
acute and chronic responses to various therapies.5

Echocardiographic studies have also provided invaluable 
insight into the epidemiology,6 inheritance,7 and prognosis of 
HCM.8,9 The ability to perform serial noninvasive studies makes 
echocardiography the modality of choice in the screening,7,10 
diagnosis,4 and serial monitoring of patients with this condi-
tion. In recent years the role of echocardiography in this disor-
der has extended to intraprocedural decision making, with the 
use of intraoperative transesophageal echocardiography (TEE) 

during surgical myectomy11 and the application of myocardial 
contrast echocardiography in the guidance of septal ethanol 
ablation.12,13

Epidemiology
HCM was initially thought to be a rare disorder affecting young 
adults.3 However, modern studies using echocardiography in 
the evaluation of subjects suggest a much higher prevalence of 
this condition. The Coronary Artery Risk Development in 
Adults (CARDIA) study, a prospective study of 4111 apparently 
healthy young adults from a general population, detected HCM 
by echocardiographic examination in 0.17% of subjects.6 There 
was a similar prevalence of HCM in a large study of 33,735 
young athletes undergoing preparticipation medical screening 
in Italy, with a total of 22 cases (0.07%) identified from this 
cohort.10 The reported incidence of HCM has ranged from an 
incidence of 0.4 per 100,000 person-years from 1980 to 1981 in 
Western Denmark14 to 2.5 per 100,000 person-years between 
the years 1975 and 1984 in Olmsted County, Minnesota.15 
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Figure 27-1  Gross pathologic specimen of the heart from a patient 
with hypertrophic cardiomyopathy and LV outflow tract obstruction 
who died suddenly. Note the asymmetric hypertrophy with a markedly 
thickened interventricular septum and narrow outflow tract between the 
basal septum and anterior mitral valve  leaflet, which  is  thickened and 
fibrosed from repeated mitral leaflet-septal contact (arrow). 

Figure 27-2  Patterns of ventricular hypertrophy 
in hypertrophic cardiomyopathy patients.  Dia-
grammatic representation of the various forms of left 
ventricular  hypertrophy  (LVH ),  as  viewed  in  a  para-
sternal long-axis view. Upper left: Normal wall thick-
ness  in  a  normal  subject.  Upper right:  Concentric 
pattern of LVH with similar increases in the wall thick-
ness of  the  interventricular  septum and  the LV  free 
wall. This is the predominant form of hypertrophy in 
patients with systemic hypertension or valvular aortic 
stenosis. Lower left:  In contrast, patients with apical 
hypertrophic cardiomyopathy (HCM ) have hypertro-
phy predominantly of the apical segments. Note that 
the  basal  interventricular  septum  is  spared  from 
hypertrophy and the distal LV cavity is small. Patients 
with apical HCM have near obliteration of the distal 
LV  cavity  during  systole.  Lower right:  The  more 
common form of HCM involves asymmetric hypertro-
phy of the  interventricular septum. The LV free wall 
is  normal  or  minimally  thickened.  Patients  with  the 
obstructive form of HCM typically have a narrow LV 
outflow tract, an anteriorly displaced mitral appara-
tus, and systolic anterior motion (SAM ) of the ante-
rior mitral leaflet. 

Normal

Apical HCM HCM with septal hypertrophy and SAM

Concentric LVH

Recent studies of the incidence of HCM in children have 
reported an annual incidence of 0.42 per 100,000 in the United 
States16 and 0.32 per 100,000 children in Australia.17

Molecular Genetics
HCM is a genetic disorder with an autosomal dominant pattern 
of inheritance. This condition is thought to arise from a genetic 
defect involving one of the genes encoding proteins of the 
cardiac sarcomeric apparatus.18,19 The initial genetic defect was 
described in the late 1980s, and since then more than 400 dif-
ferent mutations have been associated with HCM. Mutations in 

the genes encoding β-myosin heavy chain (MYH7) and myosin 
binding protein C (MYBPC3) account for 80% to 85% of cases 
with identified mutations in most series, with mutations in 
troponin T (TNNT2), troponin I (TNNI3), and α-tropomyosin 
(TPM1) comprising 10% to 15% of additional cases. These 
genes, along with the myosin light chains (MYL2 and MYL3) 
and α-cardiac actin (ACTC), are the eight genes most com-
monly involved in HCM. Rarer genetic causes include muta-
tions in α-myosin heavy chain (MYH6), titin (TTN), and 
cardiac troponin C (TNNC1). More recently, mutations in 
genes encoding the cardiac Z-disk proteins have been impli-
cated in the pathogenesis of HCM.20

The extent to which the underlying genotype influences the 
phenotype of this condition remains unclear. Some studies have 
suggested that patients with MYH7 mutations have a greater 
degree and an earlier onset of hypertrophy than those patients 
with non-MYH7 defects.21,22 No significant differences were 
found in the degree of hypertrophy among patients with differ-
ent mutations of the MYH7 gene.23,24 In contrast, mutations of 
the MYBPC gene have been associated with delayed pene-
trance.21,25 However, one large study found no difference in the 
degree and onset of hypertrophy when comparing patients with 
mutations involving the thick filament, thin filament, or MYBPC 
genes.26

Diagnosis
DIAGNOSTIC CRITERIA

The diagnosis of HCM is based on the demonstration of LV 
hypertrophy in the absence of other causes, such as systemic 
hypertension or aortic stenosis (Fig. 27-2).4 M-mode echocar-
diography assumed an early role in the diagnosis of HCM.27,28 
The echocardiographic finding of asymmetric septal hypertro-
phy, defined as a septal/posterior wall thickness ratio of 1.3 or 
greater, is strongly associated with HCM.29 The septum is typi-
cally at least 15 mm in thickness.1,29,30 Other findings associated 
with obstructive HCM, such as systolic anterior motion (SAM), 
have been detected in other conditions and are not considered 
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later discussion), systemic hypertension, and aortic stenosis. 
Hypertrophy secondary to these disorders is usually concentric 
but may also be associated with a degree of focal septal hyper-
trophy and/or SAM.30 Increased wall thickness not attributable 
to myocyte hypertrophy may be secondary to metabolic  
disorders (storage disorders—see later discussion), hypothy-
roidism,40 or infiltrative cardiomyopathies (Fig. 27-3).41 The 
increased wall thickness of patients with metabolic disorders or 
infiltrative cardiomyopathies typically occurs in a concentric 
pattern but may occasionally manifest as disproportionate 
septal thickening.

STORAGE DISEASES

Storage diseases should be considered in the workup of patients 
with unexplained increased LV wall thickness. Fabry disease was 
detected in 7 of 230 patients with LV hypertrophy (3% preva-
lence), with all of these patients having a concentric pattern of 
hypertrophy.42 In male patients with a diagnosis of HCM, Fabry 
disease was detected in 6% of patients diagnosed at 40 years of 
age or older and in 1% diagnosed at 40 years of age or younger. 
The pattern of hypertrophy was concentric in 5 patients and 
asymmetric in 1 patient.43 Approximately 50% to 60% of 
patients with Fabry disease present with cardiac symptoms, 
with one third dying from cardiac causes.44 Most patients with 
cardiomyopathy exhibit concentric hypertrophy with preserved 
global ejection fraction and only mildly impaired diastolic 
function.45 Characteristic of Fabry disease is the development 
of replacement fibrosis in the basal posterolateral wall, which in 
the late stage of the disease results in the coexistence of myo-
cardial hypertrophy, myocardial thinning, and the presence of 
wall motion abnormalities in the fibrotic segments.46

Glycogen storage diseases may also mimic HCM. Mutations 
of the AMP-protein kinase γ2 (PRKAG2) gene cause a glycogen 
storage cardiomyopathy, mutations of the lysosome-associated 

pathognomonic for HCM.31 The diagnosis of HCM is made in 
children when LV wall measurements are more than two stan-
dard deviations above the mean (corrected for age and body 
surface area).32 Approximately 25% of patients have obstructive 
HCM, which has traditionally been defined as a left ventricular 
outflow tract (LVOT) gradient of at least 30 mm Hg at rest.8

FAMILY SCREENING FOR HYPERTROPHIC 
CARDIOMYOPATHY

The first-degree relatives of patients with HCM should be 
screened for this condition.1,33 Screening methods for family 
members include a history and physical examination, 12-lead 
electrocardiography, and echocardiography. Echocardiography 
is the most widely accepted screening test for HCM. Genetic 
testing is becoming more widely available, typically in academic 
centers.1 Screening for HCM is recommended by at least 
12 years of age (or earlier if a child is symptomatic, engaged in 
competitive sports, or has a malignant family history of prema-
ture death attributed to HCM).33 Serial evaluations are then 
performed every 12 to 18 months until physical maturity is 
achieved (generally between ages 18 and 21). Because HCM 
may present in late adulthood, screening is generally recom-
mended at 5-year intervals during adulthood.33

Genetic studies of patients with HCM have demonstrated 
that genotype-positive relatives of patients with HCM may have 
minimal or no hypertrophy evident on echocardiography.21,24,25,33 
Recent studies have shown that tissue Doppler imaging may 
identify genotype-positive patients before the onset of LV 
hypertrophy.34,35 Reduced systolic and diastolic tissue Doppler 
velocities have a high sensitivity and high specificity in identify-
ing mutation carriers (Table 27-1). Moreover, serial echocar-
diographic assessments of genotype-positive and initially 
phenotype-negative patients showed further reductions in 
tissue Doppler velocities and the development of overt hyper-
trophy during 2-year follow-up.36

Differential Diagnosis
MIMICS OF HYPERTROPHIC CARDIOMYOPATHY

There are multiple potential other causes for the echocardio-
graphic abnormalities seen in HCM, often termed phenocopies 
(Box 27-1).37,38 HCM caused by a genetic defect of the cardiac 
sarcomeric proteins needs to be distinguished from one of  
the congenital malformations/syndromes (e.g., Noonan or 
LEOPARD syndrome). Disproportionate hypertrophy of the 
ventricular septum may occur with right ventricular (RV) 
hypertrophy and D-transposition of the great arteries.39 Other 
nongenetic causes of LV hypertrophy include athlete’s heart (see 

Test Characteristics of Tissue Doppler Findings for 
Diagnosis of Hypertrophic Cardiomyopathy

Tissue Doppler Parameter Sensitivity Specificity

S′ (lateral) <13 cm/s35 100% 93%

S′ (septal) <12 cm/s35 100% 90%

E′ (lateral) <14 cm/s35 100% 90%

E′ (septal) <13 cm/s35 100% 90%

Average E′ (from 4 corners) ≤13.5 cm/s34 75% 86%

Average E′ <15 cm/s
+ LVEF ≥ 68%34

44% 100%

E′, Tissue Doppler early diastolic velocity; LVEF, left ventricular ejection fraction; S′, tissue 
Doppler systolic velocity.

TABLE 
27-1 

Box 27-1 

DIFFERENTIAL DIAGNOSIS OF HYPERTROPHIC 
CARDIOMYOPATHY ON ECHOCARDIOGRAPHY

Syndromic Hypertrophic Cardiomyopathy
Noonan syndrome
LEOPARD syndrome
Friedrich ataxia

Disproportionate Ventricular Septal Hypertrophy
RV hypertrophy
D-transposition of the great arteries

Other Causes of Left Ventricular Hypertrophy
Athlete’s heart
Systemic hypertension
Aortic valve stenosis (and fixed subvalvular and 

supravalvular stenosis)

Metabolic Disease
Fabry disease
Glycogen storage disease
Mucopolysaccharide storage disease
Hypothyroidism

Infiltrative Cardiomyopathy
Amyloidosis
Sarcoidosis

LEOPARD stands for Lentigines, ECG abnormalities, Ocular hypertelorism, 
Pulmonary stenosis, Abnormal genitalia, Retardation of growth, Deafness.
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elite athletes showed that only 2% develop an interventricular 
septal thickness greater than 13 mm,48 with a wall thickness of 
14 to 16 mm appearing to be the upper limit of physiologic 
hypertrophy. The distinction between athlete’s heart and patho-
logic hypertrophy may be less of an issue in women because the 
LV wall thickness of elite female athletes is in the range of 6 to 
12 mm, which does not exceed normal age-adjusted limits for 
wall thickness.49 The pattern of hypertrophy tends to be sym-
metric, and true asymmetric LV hypertrophy is encountered 
only rarely in athletes.50 The chamber size can also provide an 
invaluable clue. Outside the setting of “end-stage” HCM, the LV 
end-diastolic dimension is typically normal or reduced, whereas 
in athletes this dimension commonly exceeds 55 mm. About 
5% of elite athletes have a diastolic dimension greater than 
60 mm, well above the upper limit of normal. Power athletes 
such as weight lifters can develop thickening of the septum and 
posterior walls without an increase in cavity size. In these cases 
it is important to calculate true LV mass index to avoid making 
a spurious diagnosis of LV hypertrophy, because these athletes 
are often very large. LV systolic function is normal to supranor-
mal in athletes, both at rest and on exercise. LV diastolic func-
tion is on average normal at rest, but is enhanced on exercise, 
favoring adequate filling of the ventricle at high heart rates. 
Tissue Doppler velocity imaging is extremely helpful in differ-
entiating the two conditions. Whereas HCM patients demon-
strate a reduction in both systolic and diastolic tissue Doppler 
velocities, athletes have normal or supranormal systolic and 

membrane protein 2 (LAMP2) gene cause Danon disease, and 
mutations of the acid α-1,4-glucosidase gene cause Pompe 
disease.47 In a cohort of 75 patients with unexplained hypertro-
phy, 40 patients (53%) were identified with sarcomeric protein 
gene mutations, 1 patient (1%) had a PRKAG2 defect, and 2 
patients (3%) had LAMP2 mutations.47 In another cohort of 24 
patients with increased wall thickness and ventricular preexcita-
tion, mutations of the PRKAG2 and LAMP2 genes were detected 
in 7 (29%) and 4 (17%) patients, respectively. None of these 
patients had the genetic defects causing Fabry or Pompe 
disease.47

ATHLETE’S HEART

It is crucial to accurately diagnose HCM in individuals with LV 
hypertrophy participating in competitive sports given the 
potential risk of sudden cardiac death. HCM remains the most 
common cause of sudden death in young adults undertaking 
competitive sports. The diagnosis can be difficult in athletes 
with an advanced degree of physiologic hypertrophy. In dynamic 
exercise, the load on the heart is predominantly a volume over-
load, leading to dilatation of the LV cavity (and an increased  
LV end-diastolic dimension), associated with a proportional 
increase in wall thickness (eccentric hypertrophy). In static 
exercise, a pressure load can result in LV hypertrophy without 
an increase in LV cavity size (concentric hypertrophy). Although 
there is some variation in the study data, the largest study of 

Figure 27-3  Tissue Doppler findings in hypertrophic cardiomyopathy. Tracings from a patient with mimics of hypertrophic cardiomyopathy. 
Upper panel: Parasternal long-axis (A), parasternal short-axis (B), and apical four-chamber (C) views from a patient with Fabry disease. These images 
demonstrate concentric LV hypertrophy. Lower panel: Parasternal long-axis (D), parasternal short-axis (E), and apical four-chamber (F) views from a 
patient with glycogen storage disease (type III). In this patient there is evidence of an asymmetric distribution of the hypertrophy. 

A B C
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Evaluation by Echocardiography
LEFT VENTRICULAR HYPERTROPHY:  
SEVERITY, DISTRIBUTION, AND PATTERNS  
OF HYPERTROPHY

Two-dimensional (2D) echocardiography greatly increased the 
ability to detect the full extent, distribution, and severity of 
myocardial hypertrophy. Comprehensive echocardiographic 
assessment requires imaging of the LV from several transtho-
racic windows, including the parasternal long-axis view, serial 
parasternal short-axis views, and the apical windows. Measure-
ments of the wall segments are obtained from cross-sectional 
parasternal short-axis views and are made at three levels: (1) 
basal (at the level of the mitral valve), (2) midventricular (at the 
level of the papillary muscles), and (3) apical.5 The pattern of 
ventricular septal hypertrophy is variable and can be broadly 
divided into morphologic subtypes: reverse curvature, sigmoid, 
and neutral (Fig. 27-5). Reverse curvature morphology is char-
acterized by a predominant midseptal convexity toward the LV 
cavity, with the cavity itself often having an overall crescent 
shape. In patients with sigmoid septal morphology the LV cavity 
is generally ovoid in shape, with the septum being concave to 
the LV cavity and a prominent basal septal bulge. Neutral 
septum HCM shows an overall straight septum that is neither 
predominantly convex nor concave toward the LV cavity.

Appropriate identification of these morphologic subtypes 
may be helpful because they appear to be closely related to the 
presence of an HCM-related genetic abnormality. In a recent 
study, the majority of patients (79%) with reverse curvature 
septum HCM harbored an identifiable HCM-associated muta-
tion, compared with only a small proportion of patients with a 
sigmoid septum (8%).56 Of those patients with apical hypertro-
phy, 30% were found to be genotype positive, with 41% of 
patients having a neutral septal morphology being genotype 
positive. These data have significant implications with respect 
to genetic counseling and the clinical application of genetic 
testing. Specifically, the possibility of echocardiography-guided 
genetic testing in HCM is evident.

TECHNICAL FACTORS AND  
ECHOCARDIOGRAPHIC PITFALLS

There are important technical considerations in the echocar-
diographic assessment of HCM. The diagnosis of HCM is chal-
lenging, and diagnosis can only be 100% reliable when a genetic 
mutation has been identified. Echocardiographic assessment 
requires a comprehensive assessment in several imaging planes 
with careful attention to correct beam alignment in order to 

diastolic function (Fig. 27-4).51 A reflection of the diastolic dys-
function seen in HCM is left atrial (LA) enlargement. If LA size 
is normal, then LA pressure and LV end-diastolic pressure are 
very likely to be normal, making a diagnosis of athlete’s heart 
more likely. The diagnosis of HCM is favored in the presence 
of the following: (1) a family history of HCM, (2) bizarre elec-
trocardiographic patterns, (3) asymmetric hypertrophy (or 
other unusual patterns of hypertrophy), (4) an LV cavity size 
less than 45 mm, (5) LA enlargement, and (6) an abnormal LV 
filling profile (Table 27-2).52 In some cases it may be necessary 
for the athlete to decondition. If regression of LV hypertrophy 
occurs, this is more suggestive of a diagnosis of athlete’s heart 
rather than HCM.

SEPTAL HYPERTROPHY IN THE ELDERLY

It may be difficult to distinguish between elderly patients with 
HCM and those with hypertensive heart disease. Elderly sub-
jects may develop a sigmoid-shaped septum as an age-related 
phenomenon.53 Terms that have been used to describe this 
finding are sigmoid septum, septal bulge, or discrete upper 
septal hypertrophy. It is controversial whether this finding 
should be considered a subtype of HCM or whether it repre-
sents a benign anatomic variant.54,55 Other findings on echocar-
diographic examination that are more compatible with a septal 
bulge rather than HCM of the elderly include focal hypertrophy 
limited to less than a 3-cm length of the basal anterior septum, 
protrusion of the focal hypertrophy into the LVOT, a normal 
LV end-diastolic diameter, and the absence of characteristic 
echocardiographic findings of HCM.55 Echocardiographic and 
clinical features of HCM in the elderly are discussed later in this 
chapter.

Figure 27-4  Tissue Doppler velocity traces in a patients with hypertrophic cardiomyopathy (A), an athlete (B), and a healthy control (C). Note the 
significant reduction in both systolic and early diastolic velocities in the patient with hypertrophic cardiomyopathy in contrast to both the athlete 
and the healthy control. 

A B C

Differentiation of Athlete’s Heart from Hypertrophic 
Cardiomyopathy

Hypertrophic 
Cardiomyopathy

Athlete’s 
Heart

Unusual pattern of LVH + –

LV cavity ≤45 mm + –

LV cavity ≥55 mm – +
Abnormal LV filling + –

Female gender + –

Family history of HCM + –

Decreased wall thickness 
with deconditioning

– +

HCM, Hypertrophic cardiomyopathy; LVH, left ventricular hypertrophy.

TABLE 
27-2 
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Figure 27-5  Spectrum of morphologies in hypertrophic cardiomyopathy.  A,  Sigmoid  septum  with  hypertrophy  confined  to  basal  septum. 
B, Massive hypertrophy with reverse curvature pattern leading to crescent shape of LV cavity. C, Asymmetric septal hypertrophy with neutral septal 
morphology that is neither convex nor concave to LV cavity. D, Apical hypertrophy with hypertrophy confined to apex and normal wall thicknesses 
in basal segments. 

A
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Box 27-2 

FACTORS CONTRIBUTING TO DYNAMIC LEFT 
VENTRICULAR OUTFLOW TRACT OBSTRUCTION

Narrowing of Left Ventricular Outflow Tract
Septal hypertrophy
Anterior displacement of the mitral apparatus
Anterior displacement of the papillary muscles

Hydrodynamic Forces (Venturi and Drag Forces) Causing 
Systolic Anterior Motion
Rapid early LV ejection
Elongated mitral leaflets

minimize errors in the measurement of wall thickness and 
appropriate identification of hypertrophy with an unusual 
distribution.

Overdetection (False-Positive Diagnosis of 
Hypertrophic Cardiomyopathy)
Oblique cuts of the LV can spuriously produce the appearance 
of asymmetric septal hypertrophy and overestimate wall thick-
ness.57 Similarly, the presence of an RV moderator band or an 
LV tendon may result in overestimation of septal thickness. 
Potential misdiagnosis may occur in hypertensive patients who 
have had an inferior myocardial infarction. In this setting, the 
septal/posterior wall ratio may exceed 1.3 simply because the 
septum is mildly hypertrophied and the posterior wall thinned 
as a result of prior infarction.

Underdetection (False-Negative Diagnosis of 
Hypertrophic Cardiomyopathy)
2D echocardiographic studies have demonstrated that hyper-
trophy can be quite localized or eccentric in distribution.58 
More atypical forms of HCM, such as isolated lateral wall 
hypertrophy or asymmetric apical hypertrophy, may be missed 
from standard parasternal long-axis views, because the septum 
and anterior wall appear normal in thickness and there is  
no SAM of the mitral valve. The diagnosis of apical HCM by 
echocardiography may be missed in patients with difficult or  
suboptimal apical windows or if the apical segments are fore-
shortened. Wall thickness may be entirely normal, particularly 
in children and adolescents, in patients with specific gene muta-
tions, and in end-stage HCM with a dilated impaired LV.

Left Ventricular Outflow  
Tract Obstruction
PATHOPHYSIOLOGY OF LEFT VENTRICULAR 
OUTFLOW TRACT OBSTRUCTION

M-mode echocardiographic studies have demonstrated nar-
rowing of the LVOT,59 SAM of the mitral valve,28,30 and midsys-
tolic notching of the aortic valve60 and established the important 
role of echocardiography in the assessment of LVOT obstruc-
tion in patients with HCM. Advances in 2D echocardiography 
and Doppler techniques would provide additional insights into 
the mechanisms responsible for dynamic outflow tract obstruc-
tion (Box 27-2). Morphologic features of HCM that contribute 
to LVOT obstruction include narrowing of the outflow tract by 
septal hypertrophy,61 intrinsic abnormalities of the mitral leaf-
lets,62,63 anterior displacement of the mitral apparatus,63,64 and 
anterior malposition of the papillary muscles.65

There tends to be a close relationship between the extent of 
LV hypertrophy and the presence of LVOT obstruction. The 
presence of resting outflow tract obstruction is associated with 
a higher hypertrophy point score.66 The mitral leaflets in HCM 
are typically elongated67 and coapt abnormally in the body of 
the leaflets rather than at the tips.63,67 Patients with enlarged 
mitral valves have “typical” SAM and contact of the distal and 
central portions of the anterior mitral leaflet with the septum. 
In contrast, patients with normal-sized mitral valves have “atyp-
ical” SAM, involving greater portions of the body of the anterior 
mitral leaflet and related chordae tendinae, and with little 
bending of the anterior mitral leaflet.68 The degree of anterior 
displacement of the mitral apparatus has been related to the 
degree of obstruction.63,64 Furthermore, in HCM, the papillary 
muscle tips are displaced anteriorly and toward one another. 
This results in a decrease in the relative tension on the chordae 
tendinae to the body of the anterior mitral leaflet, producing 
relative chordal slack in the central and anterior leaflet por-
tions.67,69 Reduced chordal tension is more likely when the dis-
tance from the papillary muscle tips to the mitral leaflets is 
decreased by a combination of hypertrophy at the base of the 
papillary muscles and increased leaflet length.

MITRAL LEAFLET SYSTOLIC ANTERIOR MOTION

Although the nature of the hydrodynamic forces on the anterior 
mitral leaflet remains controversial, it is believed that the ante-
rior leaflet distal to the site of coaptation is subjected to Venturi 
and/or drag forces. Therefore, SAM occurs, and the tip of the 
anterior mitral valve leaflet typically develops a sharp anterior 
and superior angulation, leading to mitral leaflet-septal contact 
in early to midsystole (Fig. 27-6). There is a significant relation-
ship between the development of SAM and the onset of the 
obstructive pressure gradient, which was demonstrated in 
patients undergoing simultaneous cardiac catheterization and 
M-mode echocardiographic studies (Fig. 27-7).70 The presence 
of mitral leaflet-septal contact occurs almost simultaneously 
with the onset of the pressure gradient.

M-mode, 2D, and Doppler echocardiography are established 
noninvasive techniques in the assessment of the degree of LVOT 
obstruction in patients with HCM. An M-mode echocardio-
graphic study classified the degree of SAM into three categories: 
(1) mild (SAM-septal distance greater than 10 mm), (2) moder-
ate (SAM-septal distance less than 10 mm or brief mitral leaflet-
septal contact), and (3) severe (prolonged SAM-septal contact, 
lasting more than 30% of echocardiographic systole).30 There is 
a linear relationship between the time of onset of SAM and the 
severity of LVOT obstruction.71

DOPPLER ASSESSMENT OF OUTFLOW TRACT 
OBSTRUCTION IN HYPERTROPHIC 
CARDIOMYOPATHY

Pulsed-wave (PW) and continuous-wave (CW) Doppler have 
been used to determine the pressure gradient across the LV 
outflow tract in patients with HCM. High–pulse-repetition fre-
quency Doppler signals can be recorded sequentially from the 
LV apex to the outflow tract in order to establish the anatomic 
site of obstruction. Color flow mapping has been used to char-
acterize the level of obstruction, either in the LVOT or in the 
midventricle.72 It is important to identify those patients with 
midcavity obstruction, as this may be associated with apical 
aneurysm formation, which in turn carries a risk for systemic 
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Figure 27-7  2D and M-mode findings with dynamic outflow obstruction. 2D parasternal  long-axis  (A) and M-mode  (B)  images obtained at 
level of mitral leaflet tips in patient with symptomatic obstructive hypertrophic cardiomyopathy. A, Anterior motion of the anterior mitral valve leaflet 
during systole (arrow). B, Corresponding finding marked by arrowheads. Ao, Aorta; IVS, interventricular septum. 
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Figure 27-6  Mechanism of dynamic outflow obstruction. At the onset of systole (A), the coaptation point (arrow)  is  in the body of the mitral 
leaflets. During early systole (B) and midsystole (C), there is anterior and basal movement of the residual length of the anterior mitral leaflet (thick 
arrow )  with  septal  contact  and  failure  of  leaflet  coaptation.  The  resulting  interleaflet  gap  (thin arrow)  causes  a  posteriorly  directed  jet  of  mitral 
regurgitation into the LA cavity (purple area). Corresponding 2D transesophageal views (D) with color flow imaging (E) in a patient with obstructive 
hypertrophic cardiomyopathy show septal hypertrophy, anterior motion of anterior mitral valve leaflet, and color turbulence in left ventricular outflow 
tract (LVOT ) with posteriorly directed mitral regurgitation. Failure of coaptation is demonstrated by orange arrowheads. (Panels A to C, from Grigg 
LE, Wigle ED, Williams WG, et al: Transesophageal Doppler echocardiography in obstructive hypertrophic cardiomyopathy: clarification of patho-
physiology and importance in intraoperative decision making. J Am Coll Cardiol 20:42-52, 1992.)
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echocardiographic features of patients with latent LVOT 
obstruction include a proximal septal bulge, a narrow LVOT 
diameter (2 cm or less), and a more oblique angle (35° or 
greater) between the ejection flow and the mitral valve.77 
Obstruction may be provoked by either physiologic or pharma-
cologic maneuvers that diminish LV preload (assumption of the 
upright posture, use of sublingual nitroglycerine, Valsalva 
maneuver), augment LV contractility (via dobutamine infusion 
or physiologically by upright exercise), or result in vasodilator 
stress (inhalation of amyl nitrate). The most commonly used 
methods for provoking latent obstruction include the Valsalva 
maneuver, the inhalation of amyl nitrate, intravenous inotropes, 
and exercise.

With the exception of exercise, these provocative maneuvers 
are considered to be nonphysiologic and unable to perfectly 
reproduce the conditions under which obstruction and symp-
toms occur during daily life. The ACC/ESC Clinical Expert 
Consensus Document on Hypertrophic Cardiomyopathy does 
not recommend the use of dobutamine to provoke outflow tract 
gradients, because it is capable of producing LVOT gradients 
even in normal hearts. The presence of an inducible gradient is 
of questionable clinical and physiologic significance in patients 
with HCM.1 Amyl nitrite has been shown to be an effective tool 
for provoking latent obstruction, but there is a relatively poor 
correlation between the gradients induced by amyl nitrate and 
exercise. This difference may partly be explained by the routine 
discontinuation of beta blockers before exercise but not for 
Valsalva studies. In a study by Marwick and colleagues,78 amyl 
nitrate appeared more effective in an older patient group (age 
greater than 65 years) with lesser degrees of septal hypertrophy 
and narrower LV outflow tracts. However, amyl nitrite is not 
widely available in all centers. Assumption of the upright 
posture has recently been shown to result in a 76% increase in 
gradients compared with the resting supine state, but was not 
as potent a maneuver as either Valsalva or exercise.79 Upright 
exercise echocardiography has been shown to be the most 
potent provocative maneuver for the assessment of latent LVOT 
obstruction in several studies, as it combines both preload 
reduction and increased adrenergic drive. Exercise echocardi-
ography can be performed safely in patients with HCM: major 
complications occurred in 1 of 263 patients undergoing tread-
mill exercise testing.80

TECHNICAL ASPECTS OF  
DOPPLER EVALUATION IN  
HYPERTROPHIC CARDIOMYOPATHY

There are important technical considerations in the perfor-
mance and interpretation of Doppler studies in patients with 
HCM. It was not possible to obtain a discernible signal from 
the LVOT in 16% of patients in one study comparing CW 
Doppler echocardiography to cardiac catheterization.81 This 
inability to acquire a clear spectral display from the outflow 
tract may be secondary to inadequate transthoracic windows or 
distortion of LV geometry. In addition, it is imperative to dis-
tinguish the high-velocity systolic signal coming from the 
outflow tract from the signal of mitral regurgitation. The spec-
tral profile of mitral regurgitation is characterized by an earlier 
onset, a more abrupt initial increase in velocity, and a higher 
peak velocity than that of an outflow tract signal. Systolic jets 
with a peak velocity of greater than 5.5 m/s (gradient greater 
than 120 mm Hg) are most likely secondary to mitral regurgita-
tion rather than LVOT obstruction.81 Further differentiation of 

embolism and ventricular arrhythmias. In those patients with 
obstruction at the level of the outflow tract, the peak velocity 
increases as the sample volume approaches the site of mitral 
leaflet-septal contact. CW Doppler assessment from an apical 
approach with the beam directed across the outflow tract can be 
used to determine the peak velocity (Vmax) at the site of obstruc-
tion. Patients with outflow tract obstruction have a characteristic 
spectral profile with an asymmetric leftward concave shape. This 
results from a relatively rapid initial rise in velocity followed by 
a more gradual increase in the outflow tract velocity to cause a 
peak in late systole (the typical dagger-shaped Doppler profile) 
(Fig. 27-8).73 The peak gradient (ΔP) can be estimated using the 
modified Bernoulli equation (ΔP = 4V2). There is an excellent 
correlation between the pressure gradient determined by CW 
Doppler measurements and that determined by high-fidelity 
micromanometer recordings during cardiac catheterization.74

LATENT OBSTRUCTIVE HYPERTROPHIC 
CARDIOMYOPATHY

When categorizing patients with HCM, three distinct hemo-
dynamic groups of patients should be distinguished: those  
with resting outflow tract obstruction (obstructive), those with 
provocable gradients but no obstruction at rest (latent obstruc-
tion), and those with no gradient either at rest or on provoca-
tion (nonobstructive). Dynamic LVOT obstruction is an 
important and frequent manifestation of HCM and can be a 
major cause of symptoms such as dyspnea, chest pain, presyn-
cope, or syncope. Resting LVOT obstruction (LVOT gradient 
30 mm Hg or greater) is present in around 25% to 30% of 
patients with HCM. However, a multicenter study using stress 
echocardiography has identified that with exercise, provocable 
outflow tract gradients are present in up to 70% of patients with 
HCM.75 Resting LV outflow tract obstruction is associated with 
a higher risk of progressive heart failure and cardiovascular 
death, likely due to chronic elevation in LV intracavitary pres-
sure and wall stress.76 Outflow tract obstruction in HCM is by 
nature dynamic and affected by numerous hemodynamic 
changes that occur during daily life. This variability is depen-
dent not only on heart rate, inotropic state, and systemic  
vascular resistance, but also on loading conditions. The 

Figure 27-8  CW Doppler recordings of left ventricular outflow 
tract (LVOT) in patient with symptomatic obstructive hypertrophic 
cardiomyopathy.  Evaluation  revealed  severe  systolic  anterior  motion 
and posteriorly directed mitral regurgitation. Spectral profile has char-
acteristic dagger shape. Peak velocity in LVOT is 4.3 m/s, corresponding 
to  peak  LVOT  gradient  of  74 mm Hg  based  on  modified  Bernoulli 
equation. 
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these two jets can be accomplished by orienting the transducer 
more medially and anteriorly and away from the mitral regur-
gitant jet. Nevertheless, there may still be contamination of the 
high-velocity signal of outflow tract obstruction from the jet of 
mitral regurgitation (Fig. 27-9). This pitfall is particularly more 
common in patients with concomitant intrinsic mitral valve 
disease and a more centrally directed jet of mitral regurgitation. 
Despite optimal imaging, adjustments in instrument settings, 
and consideration of the differences in the timing and contour 
of these systolic jets, the distinction between these different 
Doppler signals may occasionally still be difficult.82

Mitral Regurgitation in Hypertrophic 
Cardiomyopathy
Anterior mitral leaflet-septal contact and anterior displacement 
of the posterior leaflet results in failure of coaptation, creating 
a funnel-shaped gap in the leaflets through which mitral regur-
gitation develops, predominantly in mid- to late systole.11 
Patients with obstructive HCM and no independent mitral 
valve disease typically have a posteriorly directed jet of mitral 
regurgitation (Fig. 27-10).11,83 Mitral regurgitation associated 
with obstructive HCM has been shown to be related to the 
degree of anterior leaflet SAM and to the length and mobility 
of the posterior leaflet, which determine the size of the inter-
leaflet gap and the degree of midsystolic coaptation of the 
mitral leaflets.84 These findings were corroborated by an intra-
operative TEE study of 104 patients that demonstrated a sig-
nificant correlation between the degree of mitral regurgitation, 
as assessed by color jet area and pulmonary venous flow pattern, 
and the degree of LVOT obstruction.83 The presence of a non-
posterior jet of mitral regurgitation suggests intrinsic mitral 
valve leaflet disease independent of SAM.

Adapted from Kaple RK, Murphy RT, DiPaola LM, et al: Mitral valve 
abnormalities in hypertrophic cardiomyopathy: echocardiographic features 
and surgical outcomes. Ann Thorac Surg 85:1527-1536, 2008.

Box 27-3 

INTRINSIC MITRAL VALVE ABNORMALITIES  
IN PATIENTS WITH HYPERTROPHIC 
CARDIOMYOPATHY

Degenerative changes
Mitral annular calcification

Leaflet trauma
Myxomatous mitral valve leaflets
Papillary muscle abnormalities

Hypertrophied papillary muscles
Direct insertion of the papillary muscle into the anterior 

mitral valve leaflet
Restrictive chordal and leaflet abnormalities

Shortened/calcified chordae
Abnormal chordal insertions
Thickened/tethered leaflets

Independent mitral valve lesions can be identified by echo-
cardiography and are usually related to mitral valve prolapse, 
ruptured chordae, mitral annular calcification, anomalous 
insertion of a papillary muscle into the anterior mitral leaflet, 
or leaflet trauma (Box 27-3).85 Repeated mitral leaflet-septal 
contact is associated with fibrosis and thickening of the anterior 
mitral leaflet (and with subaortic septal endocardial fibrosis and 
thickening, previously described as a septal “callus”). Myectomy 
alone is generally successful in relieving posteriorly directed 
mitral regurgitation, without the requirement for associated 
mitral valve replacement.83
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Figure 27-9  CW Doppler characteristics of outflow obstruction versus mitral regurgitation. 
A, Color Doppler imaging with evidence of turbulence in left ventricular outflow tract (LVOT) and 
fairly central jet of mitral regurgitation. B, Typical dagger-shaped spectral profile resulting from 
dynamic LVOT obstruction. C, Evidence of contamination of spectral profile by a mitral regurgitant 
jet. The spectral profile of mitral  regurgitation starts earlier  in systole, has a more abrupt  initial 
rise in velocity and a higher peak velocity. In panel C, beats 1 and 2 demonstrate contamination 
from  mitral  regurgitation,  whereas  beat  3  demonstrates  a  profile  arising  from  outflow  tract 
obstruction alone. 
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Figure 27-10  Color Doppler findings with dynamic outflow obstruction. A, Midesophageal long-axis view at 130°. B, Transthoracic parasternal 
long-axis view. C, Transthoracic apical three-chamber view. Demonstration of posteriorly directed jet of mitral regurgitation secondary to systolic 
anterior motion of mitral valve causing dynamic outflow tract obstruction. Ao, Aorta. 
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Subtypes of Hypertrophic 
Cardiomyopathy
ASYMMETRIC APICAL HYPERTROPHIC 
CARDIOMYOPATHY

Asymmetric apical HCM was initially reported by Japanese 
investigators in the 1970s.86,87 This unusual variant of HCM has 
subsequently been described in non-Asian populations.88 The 
striking features of patients with apical hypertrophy include  
the presence of giant negative T waves (at least 10 mm) in the 
precordial electrocardiographic leads and an “ace of spades” 
configuration to the LV (Fig. 27-11). The diagnosis may be 
missed if acoustic windows are suboptimal and endocardial 
definition is poor. Contrast echocardiography may be useful in 
identifying cases of apical hypertrophy (Fig. 27-12). Echocar-
diography plays an important role in the assessment of the 
degree and extent of hypertrophy at the apex and the 

development of such complications as impaired diastolic filling, 
apical infarction, and aneurysm formation (Fig. 27-13) (which 
may result in ventricular tachycardia) and LA enlargement 
(which predisposes to atrial fibrillation). The long-term prog-
nosis of patients with apical HCM is generally excellent (in the 
absence of apical aneurysm formation).88

MIDVENTRICULAR OBSTRUCTION

The midventricular form of obstructive HCM, initially described 
in 1976,89 is an uncommon variant of this condition. The fea-
tures of this condition include an “hourglass”-shaped LV cavity, 
midventricular obliteration in systole, a distinct apical chamber, 
color turbulence at the midventricle, and a systolic pressure 
gradient at the midventricular level (Fig. 27-14).72,90 The com-
bination of color flow mapping, PW, and CW Doppler tech-
niques is useful in localizing the level and severity of obstruction. 
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Figure 27-12  Contrast echocardiography for diagnosis of apical hypertrophic cardiomyopathy. In cases of suboptimal endocardial definition 
on TTE, injection of contrast agent may help to better visualize the apex. In addition, injection of contrast may be used to differentiate between 
apical hypertrophic cardiomyopathy and noncompaction of the LV. 

LV
LV

Figure 27-11  Apical hypertrophic cardiomyopathy (HCM). Parasternal long-axis view (A) and parasternal short-axis view at basal level (B). Wall 
thickness  is normal  in basal  segments. Apical  four-chamber view  (C)  shows hypertrophy of apical  segments,  resulting  in  typical “ace of spades” 
configuration of LV cavity. Corresponding electrocardiogram (D) demonstrates typical LV hypertrophy pattern seen in apical HCM, with giant nega-
tive T waves in chest leads. 
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A B C

Figure 27-13  Apical aneurysm in hypertrophic cardiomyopathy. 2D echocardiographic images demonstrate apical aneurysm in a patient with 
apical hypertrophic cardiomyopathy. Note wall thinning in the apical segments (A and B). Color Doppler imaging may help assess for presence of 
thrombus  in  aneurysm  (C).  When  using  color  Doppler,  it  is  important  to  alter  the  Nyquist  limit  to  account  for  low  flow  conditions  in  apical 
aneurysm. 

Figure 27-14  Hypertrophic cardiomyopathy with midventricular obstruction.  2D  color  Doppler  echocardiographic  images  in  apical  five-
chamber (A) and three-chamber (B) views demonstrate turbulent flow at level of midventricle (yellow arrows). PW Doppler traces demonstrate normal 
velocities in LV outflow tract (C), but evidence of obstruction at the midventricle (D). E, CW Doppler trace for assessment of peak velocity. 
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It is particularly important to identify those patients with mid-
cavity obstruction, as this may be associated apical aneurysm 
formation, which is associated with systemic embolism, LV sys-
tolic dysfunction, and a risk of ventricular arrhythmias.91

HYPERTROPHIC CARDIOMYOPATHY  
OF THE ELDERLY

HCM of the elderly is a subset of this condition with some 
distinguishing clinical and echocardiographic features.92,93 The 
pattern of hypertrophy tends to be focal and localized to the 
basal anterior or posterior interventricular septum.94 Elderly 
patients with HCM tend to have a milder degree of hypertro-
phy. The shape of the LV cavity in elderly patients is typically 
ovoid with normal septal curvature. In contrast, younger 
patients tend to have a crescent-shaped LV cavity and an abnor-
mal convexity to the septum, characterized as a reversal of septal 
curvature.95 Concomitant mitral annular calcification is a 
common feature of HCM in the elderly.96

The mechanisms leading to LVOT obstruction in HCM of 
the elderly are different from those seen in younger patients. 
Elderly patients have a relatively small heart and distorted 
geometry of the LVOT. Mitral annular calcification results in 
anterior displacement of the mitral apparatus, narrowing of the 
outflow tract, and less angulation of the mitral leaflets. Outflow 
tract obstruction, either at rest or with provocation, is associ-
ated with the majority of patients with HCM of the elderly.95 
Furthermore, the presence of mitral annular calcification dis-
torts the mitral annulus and may lead to an independent jet of 
mitral regurgitation, which is often centrally directed and dis-
tinct from the posteriorly directed mitral regurgitant jet caused 
by SAM. However, in a recent study by Kubo and co-workers,97 
the authors demonstrated a significant correlation between the 
presence of reverse curvature morphology and genotype posi-
tivity (79%), compared with a low prevalence (8%) of muta-
tions in those with sigmoid septal morphology. The previously 
mentioned echocardiographic features were described before 
the advent of genetic testing, and it is possible that LV hyper-
trophy of heterogeneous cause or age-related changes in mor-
phology may have been included.

Evaluation of Diastolic Function
FACTORS CONTRIBUTING TO IMPAIRED  
DIASTOLIC FUNCTION IN HYPERTROPHIC 
CARDIOMYOPATHY

Diastolic filling of the LV is impaired in HCM and may result 
in dyspnea on exertion, elevated filling pressures, and pro-
gressive LA enlargement. Box 27-4 outlines the factors that 
contribute to diastolic filling in HCM. Impaired relaxation of 
the LV is secondary to increased contraction load, decreased 
relaxation loads, decreased inactivation, and increased nonuni-
formity. The early contraction load of outflow tract obstruc-
tion impairs and delays the onset of relaxation. The major 
relaxation loads, coronary and ventricular filling, are decreased. 
Calcium overload secondary to hypertrophy or ischemia leads 
to myofibril inactivation of actin-myosin cross-bridges. Relax-
ation is further impaired by the nonuniformity of load and 
inactivation in different segments of the LV. Chamber stiffness 
is directly proportional to the myocardial mass and the degree 
of myocardial fibrosis and is inversely proportional to the LV 
chamber volume.

TECHNIQUES FOR THE ASSESSMENT OF  
DIASTOLIC FUNCTION

Impaired LV relaxation is the predominant diastolic abnor-
mality identified in patients with HCM, regardless of symptom-
atic status or the presence of LVOT obstruction.98 The mitral 
inflow pattern typically demonstrates a prolonged isovolumic 
relaxation time, reduced early rapid filling (E), a prolonged 
deceleration time, and increased atrial filling (A). However, 
mitral inflow and pulmonary venous flow assessments correlate 
poorly with invasively measured filling pressures.99,100 In addi-
tion, LV filling pressures can be assessed by calculating the E/E′ 
ratio (derived from the early diastolic tissue Doppler velocity 
from the lateral mitral annulus),101 despite the correlation being 
only modest in the HCM patient population. There is a good 
correlation between LV filling pressures and the ratio of mitral 
inflow E velocity to flow propagation velocity (VP).101

TISSUE DOPPLER IMAGING

In addition to the assessment of LV filling pressures, tissue 
Doppler can provide important insights in the evaluation of 
patients with HCM. Reduced tissue Doppler early diastolic 
velocities have been detected in genotype-positive subjects 
without LV hypertrophy, suggesting that diastolic abnormalities 
may precede the onset of hypertrophy (see Diagnosis section).34-36 
Early diastolic velocities at the lateral and septal annulus are 
lower in patients with HCM compared to control subjects.102 
The E/E′ ratio was found to correlate inversely with peak oxygen 
consumption.102 Patients with higher LA volumes had a higher 
E/E′ ratio, a higher incidence of diastolic filling abnormalities, 
and a higher incidence of serious cardiovascular events.103 In 
addition, tissue Doppler has been used to monitor the response 
to invasive therapies. A significant increase in E′, suggestive of 
improved LV relaxation, was demonstrated in patients 6 months 
after septal ethanol ablation.104 Similar improvements in dia-
stolic function (as assessed by tissue Doppler and color M-mode 
Doppler) were demonstrated in patients undergoing septal 
ethanol ablation and myectomy.105

Adapted from Rakowski H, Sasson Z, Wigle ED: Echocardiographic and 
Doppler assessment of hypertrophic cardiomyopathy. J Am Soc 
Echocardiogr 1:31-47, 1988.

Box 27-4 

FACTORS AFFECTING DIASTOLIC FUNCTION IN 
HYPERTROPHIC CARDIOMYOPATHY

Relaxation
Loads
Contraction load 

Dynamic left ventricular outflow tract obstruction
Relaxation loads

Late systolic loading
End-systolic deformation (restoring forces)
Coronary filling
Ventricular filling

Inactivation
Myocardial calcium overload

Nonuniformity of load and inactivation (nonuniformity of 
contraction and relaxation)

Chamber Stiffness
Myocardial mass
LV volume
Myocardial stiffness (fibrosis)
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in longitudinal strain, an increase in circumferential strain, and 
a normal twist angle (despite a change in direction at the level 
of the midventricle), but a reduction in untwisting in diastole. 
Studies in the HCM population have shown evidence of reduced 
diastolic but preserved systolic strain in carriers of sarcomere 
mutations with no evidence of LV hypertrophy.110 In overt 
disease, despite a preserved ejection fraction, there is a signifi-
cant global reduction in longitudinal strain in association with 
a compensatory increase in circumferential strain.111 These 
changes in systolic strain are mirrored by changes in the early 
diastolic strain rates in this patient group.112 The longitudinal 
strain rate E/S ratio allows assessment of the relative extent of 
diastolic changes to systolic ones and has been shown to be 
reduced in HCM, most profoundly in those patients with 
obstruction.112 Systolic contraction is dependent on twisting of 
the heart, with untwisting after systolic contraction being an 
important mechanism by which the heart recoils, in effect creat-
ing suction force that augments early diastolic filling. Although 
twist time is shortened in patients with HCM, the untwist time 
is prolonged, a finding that paralleled the severity of LV hyper-
trophy (Fig. 27-15).113 Strain rate imaging has been shown to 
be useful in differentiating HCM from hypertensive LV hyper-
trophy, with the septum/posterior wall thickness ratio (greater 
than 1.3) and systolic strain (εsys) being the two parameters that 
were useful in distinguishing between these two disorders.114 
The combination of the septum/posterior wall thickness and 
εsys discriminated HCM from hypertensive heart disease with a 
predictive accuracy of 96%.114

Prognostication by Echocardiography
Echocardiography is increasingly providing important infor-
mation regarding the long-term prognosis of patients with 
HCM. Spirito and colleagues9 have demonstrated in a series of 

ASYNCHRONOUS CONTRACTION AND  
RELAXATION IN HYPERTROPHIC 
CARDIOMYOPATHY

The inhomogeneity of relaxation seen in patients with HCM 
may result in LV intracavitary flow during isovolumic relax-
ation. Asynchronous relaxation in patients with asymmetric 
septal hypertrophy leads to earlier relaxation of the apex. Blood 
flow from the LV base to apex is detected during isovolumic 
relaxation and has been termed intracavitary “isovolumic relax-
ation time flow.”106 In contrast, patients with asymmetric apical 
HCM may have intracavitary apex-to-base flow, previously 
described as a paradoxical jet flow, with earlier relaxation of 
proximal LV segments.107 Interventricular and intraventricular 
dyssynchrony are relatively common in HCM despite the 
absence of bundle branch block on the surface electrocardio-
gram. The degree of dyssynchrony appears to correlate with the 
degree of septal hypertrophy and the presence of LVOT obstruc-
tion.108 A significant increase in LV dyssynchrony is seen in 
HCM patients compared with controls and patients with hyper-
tensive heart disease, with no significant differences in dyssyn-
chrony in those HCM patients with asymmetric septal 
hypertrophy versus those with apical HCM.109

Strain Imaging in Hypertrophic 
Cardiomyopathy
Using gray-scale imaging, 2D deformation analysis allows 
spatial and temporal tracking of longitudinal, circumferential 
(representing systolic shortening), and radial (representing sys-
tolic thickening) myocardial deformation in order to quantify 
regional and global ventricular mechanics. Its ability to provide 
angle-independent measures of LV strain is advantageous. 
Studies in patients with HCM have demonstrated a reduction 

Figure 27-15  LV rotation and twist, strain, and strain rate in hypertrophic cardiomyopathy (HCM) compared with controls. Changes  in 
rotation and twist of LV (left)  in a patient with HCM. Principal difference is at midlevel, which rotates in opposite direction (clockwise)  in patients 
with HCM compared with control subjects. Thus,  in HCM, rotation of midventricle follows the base,  in contrast with controls, where midventricle 
follows the apex. This may be consistent with the hypertrophied and rigid myocardium of HCM, which prevents a more gradual change of rotation 
from base to apex. Circumferential strain (center panels) and strain rate (right) show an increase in circumferential strain and systolic strain rate in 
patient with HCM. Reduction in diastolic strain rate in patient with HCM reflects underlying diastolic dysfunction. ED, Early diastole; ES, early systole; 
SR-S, strain rate in systole; SR-E, strain rate in early diastole. 
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decline in symptoms following pacemaker implantation may, 
in part, be due to a placebo effect.127 These findings were 
corroborated by a nonrandomized study comparing dual-
chamber pacing and septal myectomy, which showed a signifi-
cantly greater improvement in the functional class, oxygen 
consumption, and LVOT gradient in the patients who under-
went surgery.128

Septal Ethanol Ablation
Septal ethanol ablation is an interventional technique that con-
sists of the selective injection of ethanol into a septal perforator 
branch of the left anterior descending artery.129 This leads to 
occlusion of the septal branch and localized infarction of the 
hypertrophied interventricular septum. The targeted infarction 
results in focal thinning of the septum, widening of the LVOT, 
and relief of LVOT obstruction.130 The first clinical experience 
with septal ethanol ablation was reported in the 1990s.  
The selection of the appropriate septal branch to be injected  
was determined by the reduction in the LVOT gradient follow-
ing transient occlusion of the targeted vessel by a balloon cath-
eter. However, a key development in this technique was the use 
of intraprocedural echocardiography. Myocardial contrast 
echocardiography with transthoracic imaging has become 
essential for the guidance and monitoring of septal ethanol 
ablation.12,13,131

MYOCARDIAL CONTRAST  
ECHOCARDIOGRAPHY DURING SEPTAL 
ETHANOL ABLATION

The intraarterial injection of an echo-enhancing agent allows 
for the specific localization of the vascular beds perfused by 
individual septal perforator branches of the left anterior 
descending artery. The vascular territory targeted by contrast 
echocardiography is the region of contact of the anterior mitral 
leaflet with the basal septum, which leads to LVOT obstruction. 
The site of leaflet-septal contact is typically adjacent to the zone 
of flow acceleration and color turbulence in the LVOT (Fig. 
27-16).12 Contrast agents that have been used during septal 
ethanol ablation have included sonicated human albumin 
(Albunex), Levovist, Optison, and most recently Definity. After 
the injection of the contrast agent, the segments of the inter-
ventricular septum supplied by the septal branch become opaci-
fied. The spatial extent of myocardial opacification can be 
determined from multiple transthoracic windows. The contrast 
effect of ethanol has the same distribution as that of the contrast 
agent, and intraarterial ethanol injection frequently results in 
increased echogenicity and reflectivity.

IMPROVED OUTCOMES WITH CONTRAST 
ECHOCARDIOGRAPHY

Intraprocedural contrast echocardiography results in improved 
outcomes compared with the strategy of target vessel selection 
by probatory balloon occlusion.12 The use of contrast echocar-
diography was associated with a shorter intervention time, a 
smaller amount of injected ethanol, a smaller infarct, and a 
significantly higher number of patients with more than 50% 
gradient reduction (92% versus 70%). The superiority of this 
echocardiographic approach persisted at 3-month follow-up, in 
terms of improvements in both the functional class and the 
magnitude of the LVOT gradient.12

about 500 patients that a wall thickness greater than 30 mm 
confers a long-term risk of sudden death of 20% at 10 years and 
40% at 20 years. A further study of more than 600 patients again 
demonstrated the highest risk in patients with a wall thickness 
greater than 30 mm (with a relative risk of 1.31 for every further 
5-mm increase in wall thickness).115

The presence of resting LVOT obstruction has also been asso-
ciated with increased mortality.8 In addition, McLeod and 
colleagues116 have demonstrated a significantly lower rate of 
appropriate ICD discharges after septal myectomy compared 
with a nonoperated group with obstructive HCM. However, the 
positive predictive value of a resting LVOT gradient for the 
development of sudden cardiac death is particularly low (7%).8 
Finally, LA enlargement has been found to be a significant pre-
dictor of atrial fibrillation in patients with HCM117 and of long-
term survival in patients following surgical myectomy.118

Medical Therapy
Medical management in HCM is optimized by monitoring the 
response to therapy with serial echocardiographic and Doppler 
studies. The three different classes of pharmacologic agents 
used for the treatment of obstructive HCM are beta blockers, 
disopyramide, and calcium channel blockers. The mechanism 
of benefit of these agents is thought to be a decrease in myo-
cardial contractility, which results in decreased LV ejection 
velocity, the delayed onset of mitral leaflet SAM, and, conse-
quently, decreased outflow tract obstruction and mitral regur-
gitation. In addition, beta blockers and calcium channel blockers 
relieve myocardial ischemia and reduce the heart rate, which 
prolongs diastole and relaxation and increases passive ventricu-
lar filling.1 However, verapamil should be used with caution in 
patients with obstructive HCM because it can lead to vasodila-
tation and worsening outflow tract obstruction.119 Disopyra-
mide is a type IA antiarrhythmic agent with significant negative 
inotropic properties.120 Cardiac symptoms and the magnitude 
of the LVOT gradient are significantly improved following the 
institution of disopyramide. In one multicenter study of 118 
patients treated with disopyramide, two thirds of patients were 
maintained with disopyramide without the need for an invasive 
intervention.121

Dual-Chamber Pacing
The interest in dual-chamber pacing in the reduction of 
outflow tract obstruction dates back to the 1960s, when it was 
noted that patients who developed a left bundle branch block 
after myectomy had a better clinical outcome than those 
patients with no interventricular delay. RV pacing results in a 
reduction in outflow tract obstruction via an alteration in the 
activation sequence of the interventricular septum, resulting 
in an increased outflow tract diameter and a reduction in 
SAM of the mitral valve. In addition, the resultant dyssyn-
chrony results in a fall in LV contractility and stroke work.122,123 
Initial studies had suggested significant symptomatic improve-
ment and LV mass regression with dual-chamber pacing.124 
However, the results of multiple subsequent studies have been 
less encouraging. Randomized crossover studies of dual-
chamber pacing (treatment arm) versus atrial demand inhib-
ited pacing (control arm) have shown an incomplete reduction 
in the LVOT gradient, no significant decrease in LV wall thick-
ness, and no significant increase in peak myocardial oxygen 
consumption (VO2) during follow-up.125-127 The perceived 
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of mitral leaflet-septal contact, and by minimizing procedural 
complications.

CLINICAL RESULTS FOLLOWING SEPTAL 
ETHANOL ABLATION

Studies from multiple experienced centers have demonstrated 
that septal ethanol ablation can effectively reduce the LVOT 
gradient in patients with obstructive HCM.135-138 Subsequent 
studies beyond 1 year following this procedure have shown 
ongoing symptomatic improvement.139,140 Septal ethanol abla-
tion results in an acute deterioration of basal septal function 
and a delay in LV ejection.130 There is a gradual and continued 
decrease in the degree of LVOT obstruction,135,138 with thinning 
of the infarcted septal segment and enlargement of the outflow 
tract.141 Echocardiographic and Doppler studies are beneficial 
in the serial noninvasive follow-up of patients after septal 
ethanol ablation. Multiple studies have documented significant 
progressive reductions in basal septal thickness and the resting 
and provocable LVOT gradients.135,138,142 These developments 
have been associated with favorable changes in the geometry  
of the LVOT.130,141 In addition to the alleviation of LVOT 

Contrast echocardiography is invaluable in detecting con-
trast opacification in regions remote from the site of mitral 
leaflet-septal contact. Echocardiographic guidance with a con-
trast agent can determine whether the selected septal branch 
supplies other territories such as the LV free wall or apex, RV 
free wall, or a papillary muscle (Fig. 27-17).131,132 Contrast 
enhancement in nonseptal sites necessitates the selection of 
another vessel to be injected or abandonment of the procedure. 
Studies have shown that 7% to 11% of all procedures have  
been altered based on information obtained by contrast 
echocardiography.131,133

Furthermore, the size of the induced infarct, as determined 
by planimetry of the contrast-enhanced region, can provide 
incremental information regarding outcomes following septal 
ethanol ablation.134 A septal infarction risk area of 3.5 cm2 or 
greater has been associated with a higher risk of cardiovascular 
complications after the procedure (primarily pacemaker and 
defibrillator implantation), without necessarily improving the 
clinical and hemodynamic results of septal ethanol ablation.134 
In summary, myocardial contrast echocardiography optimizes 
septal ethanol ablation by permitting the targeted delivery of 
ethanol, by limiting the induced infarction to the culprit region 

Figure 27-16  Intraprocedural myocardial contrast echocardiography during septal ethanol ablation. A, Baseline echocardiogram prior  to 
septal ethanol ablation (left). Following injection of echocardiographic contrast agent into first septal perforator of left anterior descending artery, 
contrast  depot  is  identified  in  region  of  basal  septum  by  transthoracic  2D  apical  imaging  (right). B,  Immediately  after  alcohol  injection,  venous 
injection of contrast demonstrates perfusion defect in basal septum (arrow). C, Repeat transthoracic apical view with contrast injection at 6 months 
postprocedure demonstrates thinning of basal septum and perfusion defect in basal septum (arrow). D, Corresponding cardiac magnetic resonance 
imaging at 6 months postprocedure demonstrating thinning of septum and evidence of scarring after gadolinium injection (arrow). 
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the surgical intervention(s), assesses immediate results, and 
excludes important complications.11,146 Intraoperative TEE 
allows for detailed delineation of the depth, width and length 
of the required myectomy, the degree of SAM and LVOT 
obstruction, and the quantitation and mechanism(s) of mitral 
regurgitation.11,83 Imaging from multiple transesophageal and 
transgastric views using a multiplane transducer allows for the 
careful assessment of the thickness of the anterior and posterior 
portions of the interventricular septum. The length of septal 
hypertrophy is measured from the base of the right coronary 
cusp of the aortic valve (Fig. 27-18). The targeted length of 
resection is 1 cm below the point of anterior mitral leaflet-
septal contact. The LVOT gradient can be measured by trans-
gastric imaging in the long-axis view with the CW Doppler 
beam aligned parallel to the LVOT. Following surgical excision 
of the basal septum, repeat echocardiographic imaging permits 
the instantaneous evaluation of the adequacy of the myectomy 
(Figs. 27-19 and 27-20).11,146 Intraoperative echocardiography 
can determine if there is significant residual outflow tract 
obstruction (Fig. 27-21) or hemodynamically important resid-
ual mitral regurgitation. In addition, intraoperative echocar-
diography allows for the immediate detection of such operative 
complications as a ventricular septal defect147 and LV dysfunc-
tion.11 The value of intraoperative echocardiography was dem-
onstrated in one study148 showing that intraoperative TEE 
detected unexpected findings in 17% of cases before cardiopul-
monary bypass and in 7% of cases after cardiopulmonary 
bypass. Intraoperative echocardiography prompted further sur-
gical procedures in 4% of cases.

OUTCOMES FOLLOWING MYECTOMY

Studies of the results of surgical myectomy from experienced 
tertiary referral centers have shown excellent early and long-
term postoperative outcomes. Potential complications follow-
ing myectomy include heart block, ventricular septal defect, 
aortic regurgitation, and arrhythmias. Aortic regurgitation is 
felt to be mainly secondary to the loss of aortic annular support 
after myectomy.149 Echocardiographic studies performed at rest 
and with provocative maneuvers are important in the serial 
monitoring of patients following myectomy. Multiple studies 

obstruction and septal remodeling, improvements in LV dia-
stolic function have been demonstrated 6 months after this 
procedure.104 These changes in diastolic function, as assessed by 
tissue and color M-mode Doppler, were sustained at 2 years of 
follow-up.143 The long-term risk of late ventricular arrhythmias 
after induced infarction in patients with HCM remains unclear, 
although the majority of studies thus far have not demonstrated 
an increased risk of ventricular arrhythmias or of sudden 
death.136,140,144

Surgical Myectomy
Septal myotomy or myectomy has been performed for the past 
four decades for the management of severe obstructive HCM 
refractory to maximally tolerated medical therapy. Septal myec-
tomy acutely relieves outflow tract obstruction by widening of 
the LVOT, which leads to decreased SAM of the mitral valve and 
decreased dynamic outflow tract obstruction. Echocardiogra-
phy is useful in the identification of patients suitable for surgical 
myectomy. The preoperative echocardiographic characteristics 
predictive of symptomatic benefit from surgical myectomy 
include asymmetric hypertrophy, severe SAM of the mitral 
leaflet(s), and a prolonged isovolumic relaxation time.145 In 
addition, echocardiography plays an important role in detecting 
additional lesions requiring surgical management. Comprehen-
sive preoperative echocardiographic imaging in patients referred 
for surgical myectomy includes the evaluation of independent 
mitral valve disease, concomitant aortic valve disease, and the 
assessment of additional levels of obstruction (midventricular 
or RV outflow tract).11

INTRAOPERATIVE ECHOCARDIOGRAPHY

Surgical myectomy is performed from the transaortic approach 
and is technically challenging given the limited exposure  
and visualization of the hypertrophied septum. Before the 
introduction of intraoperative echocardiography, the extent 
and degree of septal hypertrophy was estimated by surgical 
palpation and by preoperative TTE studies. A key development 
in the surgical management of obstructive HCM has been the 
use of TEE imaging. Intraoperative echocardiography guides 

Figure 27-17  Echocardiographic guidance of transcatheter septal ablation.  Intraprocedural  myocardial  contrast  echocardiography  during 
septal ethanol ablation is essential for guiding the targeted delivery of ethanol. After  intraarterial  injection of echocardiographic contrast (CON), 
transthoracic  imaging  from  apical  four-chamber  view  (A)  and  apical  three-chamber  view  (B)  shows  opacification  of  basal  and  midposterior  and 
anterior interventricular septum. However, apical two-chamber view (C) reveals contrast opacification of inferior wall. Selected vessel was not thought 
to be suitable for the injection of ethanol. No other septal perforator branches were identified; procedure was abandoned and patient referred for 
septal myectomy. 
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Figure 27-18  Intraoperative trans-
esophageal findings before surgical 
myectomy. A, Midesophageal long-axis 
view  at  120°  demonstrating  measure-
ments required to determine the extent 
of  surgical  excision  (1,  distance  from 
base  of  right  coronary  cusp  to  leaflet-
septal  contact  point;  2,  maximal  thick-
ness  of  interventricular  septum;  3, 
distance  from  base  of  right  coronary 
cusp to point of thinning of the septum; 
4, thickness of interventricular septum at 
point  of  thinning).  B,  3D  echocardio-
graphic image of LV outflow tract in end-
systole  demonstrating  systolic  anterior 
motion  (SAM)  of  mitral  valve.  C,  Trans-
gastric  view  in  short-axis  at  basal  level 
with X-plane, providing multiplanar views 
of  LV.  Arrow:  SAM  of  mitral  valve.  Ao, 
Aorta;  LVOT,  left  ventricular  outflow 
tract. 
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Figure 27-19  Echocardiographic monitoring of surgical myectomy. A and B, Midesophageal long-axis view at 120° on 2D and color Doppler 
imaging. Myectomy site shown by black arrowheads. Note that posteriorly directed mitral regurgitation jet has disappeared and there is  laminar 
flow in the LV outflow tract. C and D, Epicardial echocardio graphy with X-plane imaging providing views corresponding to transthoracic long-axis 
and short-axis views. Myectomy site shown by white arrowheads. Post, Postmyectomy; Pre, premyectomy. 
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Figure 27-20  3D epicardial echocar-
diographic images before and after 
surgical myectomy.  A,  Maximal  inter-
ventricular septal thickness of 20 mm (d1 
and  d2)  in  two  perpendicular  planes 
(green and red ) before myectomy. B, LV 
outflow  tract  cross-sectional  area  (red 
plane  at  level  of  mitral  leaflet  tips)  of 
0.5 cm2 (area A1). C, Corresponding mea-
surement  after  surgical  myectomy,  with 
impressive  increase  in  cross-sectional 
area to 4.3 cm2 (area A2) (analyzed by 3D 
quantification software, Philips QLAB). 
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Figure 27-21  TEE evaluation of outflow obstruction using CW Doppler during surgical myectomy. A, Assessment of left ventricular outflow 
tract  (LVOT) gradient  in  transesophageal deep transgastric view at 0°. B, CW Doppler across LVOT demonstrates significant  resting gradient of 
104 mm Hg before surgical myectomy. C, Significant reduction after the procedure, resulting in nonsignificant residual resting gradient of 11 mm Hg. 
Ao, Aorta. 
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the procedure, when patients with septal ethanol ablation were 
more likely to have a larger resting outflow tract gradient.158 
This divergence likely emerged because myectomy offers imme-
diate relief of the LVOT gradient, whereas the effect on the 
gradient with septal ethanol ablation is more gradual, with the 
maximal reduction in the gradient occurring at more than  
1 year after the procedure.138,140 In addition, the long-term ben-
efits of myectomy have been well demonstrated, whereas the 
long-term sequelae of septal ethanol ablation have yet to be 
determined. Conditions that favor the selection of myectomy 
over septal ethanol ablation include the presence of coexisting 
disease (e.g., coronary artery disease, intrinsic disease of the 
mitral valve or subvalvular apparatus), the presence of coronary 
anatomy not amenable to septal ethanol ablation, the require-
ment for an acute reduction in the LVOT gradient, or the pres-
ence of extreme septal hypertrophy.

Septal ethanol ablation and surgical myectomy are challeng-
ing techniques. Importantly, both procedures need to be per-
formed at centers with both technical and echocardiographic 
expertise. Comprehensive preprocedural echocardiographic 
assessment is essential for identifying patients with additional 
lesions that require surgical correction. The success of both 
septal ethanol ablation and myectomy depends on experienced 
intraprocedural echocardiographic guidance, with myocardial 
contrast echocardiography during septal ethanol ablation and 
TEE during myectomy. Intraprocedural echocardiographic 
guidance is indispensable for the identification of the culprit 
septal segments requiring chemical or surgical reduction, the 
immediate assessment of the LVOT gradient in response to 
septal infarction or myectomy, and the monitoring of potential 
complications.

have documented a significant reduction or abolition of the 
resting outflow tract gradient in the majority of patients follow-
ing myectomy, resulting in substantial and lasting symptomatic 
improvement.150-154 In addition, a recent study comparing inva-
sive versus conservative management has demonstrated that 
invasive treatment results in improved overall, but not HCM-
related, survival.155

Comparison of Treatment Strategies for 
Obstructive Hypertrophic 
Cardiomyopathy
Multiple therapeutic options are currently available in the man-
agement of patients with obstructive HCM. Pharmacologic 
agents have variable effects in reducing the outflow tract gradi-
ent and in improving diastolic function. Patients with drug-
refractory symptoms are candidates for dual-chamber pacing, 
septal ethanol ablation, or surgical myectomy. The initial enthu-
siasm for dual-chamber pacing as a treatment modality for 
LVOT obstruction has declined considerably. In terms of the 
outcomes of septal ethanol ablation compared with myectomy, 
there have been several nonrandomized studies that have com-
pared these two treatment strategies.144,156,158-161 No significant 
differences in cardiac mortality during early and midterm 
follow-up were identified. Patients who underwent septal 
ethanol ablation were more likely to develop atrioventricular 
block and require permanent pacing.156,157,159 All these studies 
showed similar improvements in the functional class and in the 
resting LVOT gradients following both procedures (Table 
27-3).156-160 The greatest difference in the resting gradients 
between the two treatment groups occurred at 3 months after 

Studies Comparing Invasive Strategies to Relieve Left Ventricular Outflow Tract Obstruction

Study
N

Ablation/Myectomy Follow-up (months)

Septal ethanol ablation 
(SEA)

ΔPLVOT (mm Hg)
Surgical myectomy (SM)

ΔPLVOT (mm Hg) Pacemaker

Nagueh156

(pre-2001)
82

(41/41)
12 Pre 76 ± 23

Post 8 ± 15
Pre 49 ± 16
Post 4 ± 7

SEA: 22%
SM: 2.4%

Qin158

(1997-1999)
51

(25/26)
3 Pre 64 ± 39

Post 24 ± 19
Pre 62 ± 43

Post 11 ± 6
SEA: 24%
SM: 7.7%

Firoozi157

(1997-2000)
44

(20/24)
12 Pre 91 ± 18

Post 21 ± 12
Pre 83 ± 23

Post 17 ± 12
SEA: 15%
SM: 4%

Ralph-Edwards159

(1998-2003)
102

(54/48)
22-28 Pre 74 ± 36

Post 15
Pre 64 ± 27

Post 5

van der Lee160

(1986-1999:SM)
(1999-2003:SEA)

72
(43/29)

12 Pre 101 ± 34
Post 23 ± 19

Pre 100 ± 20
Post 17 ± 14

SEA: 9%
SM: 0%

Leonardi144

(meta-analyses)
4094

(2207/1887)
Pre 76.8
Post 22

Pre 67.3
Post 3

SEA: 11%
SM: 5%

Alam161

(meta-analyses)
351

(183/168)
Pre 81.4

Post 18.2 ± 6.7
Pre 77.4

Post 10.8 ± 6.3
SEA: 18%
SM: 3.4%

Meta-analyses include the five cohorts above (in addition to other cohorts).
ΔPLVOT, Left ventricular outflow tract gradient before (pre) and after (post) procedure; PPM, permanent pacemaker; SEA, septal ethanol ablation; SM, septal myectomy.

TABLE 
27-3 



538 PART V Cardiomyopathies and Pericardial Disease

REFERENCES

1. Maron BJ, McKenna WJ, Danielson GK, et al: 
American College of Cardiology/European 
Society of Cardiology clinical expert consensus 
document on hypertrophic cardiomyopathy. A 
report of the American College of Cardiology 
Foundation Task Force on clinical expert con-
sensus documents and the European Society of 
Cardiology Committee for practice guidelines. 
J Am Coll Cardiol 42:1687-1713, 2003.

2. Brock RC: Functional obstruction of the left 
ventricle. Guys Hosp Rep 106:221-238, 1957.

3. Teare RD: Asymmetrical hypertrophy of the 
heart in young adults. Br Heart J 20:1-8, 1958.

4. Maron BJ, Towbin JA, Thiene G, et al: Contem-
porary definitions and classification of the  
cardiomyopathies: an American Heart Associa-
tion Scientific Statement from the Council on 
Clinical Cardiology, Heart Failure and Trans-
plantation Committee; Quality of Care and 
Outcomes Research and Functional Genomics 
and Translational Biology Interdisciplinary 
Working Groups; and Council on Epidemiol-
ogy and Prevention. Circulation 113:1807-
1816, 2006.

5. Rakowski H, Sasson Z, Wigle ED: Echocardio-
graphic and Doppler assessment of hypertro-
phic cardiomyopathy. J Am Soc Echocardiogr 
1:31-47, 1988.

6. Maron BJ, Gardin JM, Flack JM, et al: Preva-
lence of hypertrophic cardiomyopathy in a 
general population of young adults: Echocar-
diographic analysis of 4111 subjects in the 
CARDIA study. Circulation 92:785-789, 1995.

7. Clark CE, Henry WL, Epstein SE: Familial 
prevalence and genetic transmission of idio-
pathic hypertrophic subaortic stenosis. N Engl 
J Med 289:709-714, 1973.

8. Maron MS, Olivotto I, Betocchi S, et al: Effect 
of left ventricular outflow tract obstruction on 
clinical outcome in hypertrophic cardiomy-
opathy. N Engl J Med 348:295-303, 2003.

9. Spirito P, Bellone P, Harris KM, et al: Magni-
tude of left ventricular hypertrophy and risk of 
sudden death in hypertrophic cardiomyopathy. 
N Engl J Med 342:1778-1785, 2000.

10. Corrado D, Basso C, Schiavon M, Thiene G: 
Screening for hypertrophic cardiomyopathy in 
young athletes. N Engl J Med 339:364-369, 
1998.

11. Grigg LE, Wigle ED, Williams WG, et al:  
Transesophageal Doppler echocardiography  
in obstructive hypertrophic cardiomyopathy: 
clarification of pathophysiology and impor-
tance in intraoperative decision making. J Am 
Coll Cardiol 20:42-52, 1992.

12. Faber L, Seggewiss H, Gleichmann U:  
Percutaneous transluminal septal myocardial 
ablation in hypertrophic obstructive cardiomy-
opathy: Results with respect to intraprocedural 
myocardial contrast echocardiography. Circu-
lation 98:2415-2421, 1998.

13. Nagueh SF, Lakkis NM, He ZX, et al: Role of 
myocardial contrast echocardiography during 
nonsurgical septal reduction therapy for 
hypertrophic obstructive cardiomyopathy.  
J Am Coll Cardiol 32:225-229, 1998.

14. Bagger JP, Baandrup U, Rasmussen K, et al: 
Cardiomyopathy in western Denmark. Br 
Heart J 52:327-331, 1984.

15. Codd MB, Sugure DD, Gersh BJ, Melton LJI: 
Epidemiology of idiopathic dilated and hyper-
trophic cardiomyopathy. A population-based 
study in Olmsted County, Minnesota. Circula-
tion 80:564-572, 1989.

16. Lipshultz SE, Sleeper LA, Towbin JA, et al: The 
incidence of pediatric cardiomyopathy in two 
regions of the United States. N Engl J Med 
348:1647-1655, 2003.

17. Nugent AW, Daubeney PEF, Chondros P, et al: 
The epidemiology of childhood cardiomyopa-
thy in Australia. N Engl J Med 348:1639-1646, 
2003.

18. Marian AJ: Clinical and molecular genetic 
aspects of hypertrophic cardiomyopathy. Curr 
Cardiol Rev 1:53-63, 2005.

19. Seidman CE: Hypertrophic cardiomyopathy: 
from man to mouse. J Clin Invest 106:S9-S13, 
2000.

20. Kimura A: Molecular etiology and pathogen-
esis of hereditary cardiomyopathy. Circ J 
72(Suppl A):A38-A48, 2008.

21. Niimura H, Bachinski LL, Sangwatanaroj S,  
et al: Mutations in the gene for cardiac myosin-
binding protein C and late-onset familial 
hypertrophic cardiomyopathy. N Engl J Med 
338:1248-1257, 1998.

22. Van Driest SL, Jaeger MA, Ommen SR, et al: 
Comprehensive analysis of the beta-myosin 
heavy chain gene in 389 unrelated patients 
with hypertrophic cardiomyopathy. J Am Coll 
Cardiol 44:602-610, 2004.

23. Solomon SD, Wolff S, Watkins H, et al:  
Left ventricular hypertrophy and morphology 
in familial hypertrophic cardiomyopathy asso-
ciated with mutations of the beta-myosin 
heavy chain gene. J Am Coll Cardiol 22:498-
505, 1993.

24. Woo A, Rakowski H, Liew JC, et al: Mutations 
of the beta myosin heavy chain gene in hyper-
trophic cardiomyopathy: critical functional 
sites determine prognosis. Heart 89:1179-1185, 
2003.

25. Maron BJ, Niimura H, Casey SA, et al: Devel-
opment of left ventricular hypertrophy in 
adults with hypertrophic cardiomyopathy 
caused by cardiac myosin-binding protein C 
gene mutations. J Am Coll Cardiol 38:315-321, 
2001.

26. Van Driest SL, Vasile VC, Ommen SR, et al: 
Myosin binding protein C mutations and com-
pound heterozygosity in hypertrophic cardio-
myopathy. J Am Coll Cardiol 44:1903-1910, 
2004.

KEY POINTS

 The diagnostic feature of HCM on echocardiography is 
the finding of asymmetric septal hypertrophy, defined as 
a septal/posterior wall ratio of 1.3 or greater. The maximal 
wall thickness is typically at least 15 mm.

 Because there may be delayed penetrance of HCM, which 
has an autosomal dominant pattern of inheritance, serial 
screening (every 5 years) throughout adulthood is advised 
for the first-degree relatives of patients.

 The differential diagnosis of HCM is broad. Alternate 
causes of increased LV wall thickness include other causes 
of LV hypertrophy (e.g., hypertensive heart disease,  
athlete’s heart), storage diseases (e.g., Fabry, glycogen 
storage diseases), and infiltrative cardiomyopathies (e.g., 
amyloidosis).

 2D echocardiography with imaging from several transtho-
racic windows is used to determine the extent, distribu-
tion, and severity of LV hypertrophy.

 The pathophysiology of LVOT obstruction involves nar-
rowing of the LVOT (due to septal hypertrophy, intrinsic 
abnormalities of the mitral leaflets, or anterior displace-
ment of the mitral apparatus) and hydrodynamic forces 
causing SAM.

 The LVOT gradient can be measured with CW Doppler, 
where the pressure gradient = 4 × V2 (V = LVOT velocity). 
The Doppler spectral profile is typically a dagger-shaped 
configuration.

 Subtypes of HCM that can be distinguished by echocar-
diography are asymmetric apical HCM, midventricular 
obstruction, latent obstructive HCM, and HCM of the 
elderly.

 Diastolic function in patients with HCM can be assessed 
with tissue Doppler imaging and color M mode Doppler.

 Septal ethanol ablation should be performed with myo-
cardial contrast echocardiographic guidance, which allows 
for the targeted delivery of ethanol to the basal septum, 
avoids infarction of nonseptal sites, and minimizes 
complications.

 Intraoperative TEE during surgical myectomy provides 
detailed visualization of the septum and the mitral appa-
ratus in order to guide the surgical resection and permits 
immediate assessment of the degree of residual outflow 
tract obstruction and mitral regurgitation.



  27  Echocardiography in the Evaluation and Management of Patients with Hypertrophic Cardiomyopathy 539

27. Popp RL, Harrison DC: Ultrasound in the 
diagnosis and evaluation of therapy of idio-
pathic hypertrophic subaortic stenosis. Circu-
lation 40:905-914, 1969.

28. Shah PM, Gramiak R, Kramer DH: Ultrasound 
location of left ventricular outflow obstruction 
in hypertrophic obstructive cardiomyopathy. 
Circulation 40:3-11, 1969.

29. Henry WL, Clark CE, Epstein SE: Asymmetric 
septal hypertrophy: echocardiographic identi-
fication of the pathognomonic anatomic 
abnormality of IHSS. Circulation 47:225-233, 
1973.

30. Gilbert BW, Pollick C, Adelman AG, Wigle ED: 
Hypertrophic cardiomyopathy: Subclassifica-
tion by M-mode echocardiography. Am J 
Cardiol 45:861-872, 1980.

31. Luckie M, Khattar RS: Systolic anterior motion 
of the mitral valve—beyond hypertrophic car-
diomyopathy. Heart 94:1383-1385, 2008.

32. Humez FU, Houston AB, Watson J, et al: Age 
and body surface area related normal upper 
and lower limits of M-mode echocardio-
graphic measurements and left ventricular 
volume and mass from infancy to early adult-
hood. Br Heart J 7:276-280, 1994.

33. Maron BJ, Seidman JG, Seidman CE: Proposal 
for contemporary screening strategies for fam-
ilies with hypertrophic cardiomyopathy. J Am 
Coll Cardiol 44:2125-2132, 2004.

34. Ho CY, Sweitzer NK, McDonough B, et al: 
Tissue Doppler imaging predicts the develop-
ment of hypertrophic cardiomyopathy in  
subjects with subclinical disease. Circulation 
105:2992-2997, 2002.

35. Nagueh SF, Bachinski LL, Meyer D, et al: Tissue 
Doppler imaging consistently detects myocar-
dial abnormalities in patients with hypertro-
phic cardiomyopathy and provides a novel 
means for an early diagnosis before and inde-
pendently of hypertrophy. Circulation 104:128-
130, 2001.

36. Nagueh SF, McFalls J, Meyer D, et al: Assess-
ment of diastolic function with Doppler tissue 
imaging to predict genotype in preclinical 
hypertrophic cardiomyopathy. Circulation 
108:395-398, 2003.

37. Elliott P, McKenna WJ: Hypertrophic cardio-
myopathy. Lancet 363:1881-1891, 2004.

38. Prasad K, Atherton J, Smith GC, et al: Echocar-
diographic pitfalls in the diagnosis of hyper-
trophic cardiomyopathy. Heart 82:III8-III15, 
1999.

39. Riggs T, Hirschfeld S, Rajai H: The pediatric 
spectrum of dynamic left ventricular obstruc-
tion. Am Heart J 99:301-309, 1980.

40. Santos AD, Miller RP, Mathew PK, et al: Echo-
cardiographic characterization of the revers-
ible cardiomyopathy of hypothyroidism. Am J 
Med 68:675-682, 1980.

41. Klein AL, Oh JK, Miller FA, et al: Two-
dimensional and Doppler echocardiographic 
assessment of infiltrative cardiomyopathy.  
J Am Soc Echocardiogr 1:48-59, 1988.

42. Nakao S, Takenaka T, Maeda M, et al: An atypi-
cal variant of Fabry’s disease in men with left 
ventricular hypertrophy. N Engl J Med 333:288-
293, 1995.

43. Sachdev B, Takenaka T, Teraguchi H,  
et al: Prevalence of Anderson-Fabry disease  
in male patients with late onset hypertrophic 
cardiomyopathy. Circulation 105:1407-1411, 
2002.

44. Mehta A, Ricci R, Widmer U, et al: Fabry 
disease defined: baseline clinical manifesta-
tions of 366 patients in the Fabry Outcome 
Survey. Eur J Clin Invest 34:236-242, 2004.

45. Weidemann F, Strotmann JM, Breunig F, et al: 
Misleading terms in Anderson-Fabry disease. 
Eur J Clin Invest 38:191-196, 2008.

46. Weidemann F, Breunig F, Beer M, et al: The 
variation of morphological and functional 
cardiac manifestation in Fabry disease: poten-
tial implications for the time course of the 
disease. Eur Heart J 26:1221-1227, 2005.

47. Arad M, Maron BJ, Gorham JM: Glycogen 
storage diseases presenting as hypertrophic 
cardiomyopathy. N Engl J Med 352:362-372, 
2005.

48. Pelliccia A, Maron BJ, Spataro A, et al: The 
upper limit of physiological cardiac hypertro-
phy in highly trained elite athletes. N Engl J 
Med 324:295-301, 1991.

49. Pelliccia A, Maron BJ, Culasso F, et al:  
Athlete’s heart in women. JAMA 276:211-215, 
1996.

50. Douglas PS, O’ Toole ML, Katz SE, et al: Left 
ventricular hypertrophy in athletes. Am J 
Cardiol 80:1384-1388, 1997.

51. Cardim N, Cordeiro R, Correia MJ, et al: Tissue 
Doppler imaging and long axis left ventricular 
function: hypertrophic cardiomyopathy versus 
athlete’s heart. Rev Port Cardiol 21:679-707, 
2002.

52. Maron BJ, Pellicia A, Spirito P: Cardiac disease 
in young trained athletes: Insights into 
methods for distinguishing athlete’s heart from 
structural heart disease, with particular 
emphasis on hypertrophic cardiomyopathy. 
Circulation 91:1596-1601, 1995.

53. Dalldorf FG, Willis PW: Angled aorta (“sigmoid 
septum”) as a cause of hypertrophic stenosis. 
Hum Pathol 16:457-462, 1985.

54. Belenkie I, MacDonald RPR, Smith ER: Local-
ized septal hypertrophy: Part of the spectrum 
of hypertrophic cardiomyopathy or an inci-
dental echocardiographic finding? Am Heart J 
115:385-390, 1988.

55. Krasnow N: Subaortic septal bulge simulates 
hypertrophic cardiomyopathy by angulation of 
the septum with age, independent of focal 
hypertrophy: an echocardiographic study. J Am 
Soc Echocardiogr 10:545-555, 1997.

56. Binder J, Ommen SR, Gersh BJ, et al: 
Echocardiography-guided genetic testing in 
hypertrophic cardiomyopathy: septal morpho-
logical features predict the presence of myofila-
ment mutations. Mayo Clin Proc 81:459-467, 
2006.

57. Fowles RE, Martin RP, Popp RL: Apparent 
asymmetric septal hypertrophy due to angled 
interventricular septum. Am J Cardiol 46:386-
392, 1980.

58. Klues HG, Schiffers A, Maron BJ: Phenotypic 
spectrum and patterns of left ventricular 
hypertrophy in hypertrophic cardiomyopathy: 
morphologic observations and significance as 
assessed by two dimensional echocardiography 
in 600 patients. J Am Coll Cardiol 26:1699-
1708, 1995.

59. Henry WL, Clark CE, Glancy DL, Epstein SE: 
Echocardiographic measurement of the left 
ventricular outflow gradient in idiopathic 
hypertrophic subaortic stenosis. N Engl J Med 
288:989-993, 1973.

60. Boughner D, Schuld RL, Persaud JA: Hypertro-
phic obstructive cardiomyopathy: assessment 
by echocardiographic and Doppler ultrasound 
techniques. Br Heart J 37:917-923, 1975.

61. Spirito P, Maron BJ: Significance of left  
ventricular outflow tract cross-sectional area  
in hypertrophic cardiomyopathy: a two-
dimensional echocardiographic assessment. 
Circulation 67:1100-1108, 1983.

62. Klues HG, Maron BJ, Dollar AL, Roberts WC: 
Diversity of structural mitral valve alterations 
in hypertrophic cardiomyopathy. Circulation 
85:1651-1660, 1992.

63. Shah PM, Taylor RD, Wong M: Abnormal 
mitral valve coaptation in hypertrophic 
obstructive cardiomyopathy: proposed role in 
systolic anterior motion of the mitral valve.  
Am J Cardiol 48:258-262, 1981.

64. Henry WL, Clark CE, Griffith JM, Epstein SE: 
Mechanism of left ventricular outflow obstruc-
tion in patients with obstructive asymmetric 
septal hypertrophy (idiopathic subaortic ste-
nosis). Am J Cardiol 35:337-345, 1975.

65. Reis R, Bolton MR, King JF, et al: Anterior-
superior displacement of papillary muscles 
producing obstruction and mitral regurgita-
tion in idiopathic hypertrophic subaortic ste-
nosis. Circulation 49:181-188, 1974.

66. Rakowski H, Fulop J, Wigle ED: The role of 
echocardiography in the assessment of hyper-
trophic cardiomyopathy. Postgrad Med J 
62:557-561, 1986.

67. Jiang L, Leving RA, King ME, Weyman AE: An 
integrated mechanism for systolic anterior 
motion of the mitral valve in hypertrophic car-
diomyopathy based on echocardiographic 
observations. Am Heart J 113:633-644, 1987.

68. Klues HG, Roberts WC, Maron BJ: Morpho-
logic determinants of echocardiographic pat-
terns of mitral valve systolic anterior motion 
in obstructive hypertrophic cardiomyopathy. 
Circulation 87:1570-1579, 1993.

69. Sherrid MV, Chu CK, Delia E, et al: An echo-
cardiographic study of the fluid mechanics of 
obstruction in hypertrophic cardiomyopathy.  
J Am Coll Cardiol 22:816-825, 1993.

70. Pollick C, Morgan CD, Gilbert BW, et al: Mus-
cular subaortic stenosis: The temporal rela-
tionship between systolic anterior motion of 
the anterior mitral leaflet and the pressure gra-
dient. Circulation 66:1087-1094, 1982.

71. Pollick C, Rakowski H, Wigle ED: Muscular 
subaortic stenosis: the quantitative relationship 
between systolic anterior motion and the pres-
sure gradient. Circulation 69:43-49, 1984.

72. Schwammenthal E, Block M, Schwartzkopff B, 
et al: Prediction of the site and severity of 
obstruction in hypertrophic cardiomyopathy 
by color flow mapping and continuous wave 
Doppler echocardiography. J Am Coll Cardiol 
20:964-972, 1992.

73. Bryg RJ, Pearson AC, Williams GA, Labovitz 
AJ: Left ventricular systolic and diastolic flow 
abnormalities determined by Doppler echo-
cardiography in obstructive cardiomyopathy. 
Am J Cardiol 59:925-931, 1987.

74. Sasson Z, Yock PG, Hatle LK, et al: Doppler 
echocardiographic determination of the pres-
sure gradient in hypertrophic cardiomyopathy. 
J Am Coll Cardiol 11:752-756, 1988.

75. Maron MS, Olivotto I, Zenovich AG, et al: 
Hypertrophic cardiomyopathy is predomi-
nantly a disease of left ventricular outflow tract 
obstruction. Circulation 2006-2232, 2006.

76. Yang WI, Shim CY, Kim YJ, et al: Left atrial 
volume index: a predictor of adverse outcome 
in patients with hypertrophic cardiomyopathy. 
J Am Soc Echocardiogr 22:1338-1343, 2009.

77. Nakatani S, Marwick TH, Lever HM, Thomas 
JD: Resting echocardiographic features of 
latent left ventricular outflow obstruction in 
hypertrophic cardiomyopathy. Am J Cardiol 
78:662-667, 1996.

78. Marwick TH, Nakatani S, Haluska B, et al: 
Provocation of latent left ventricular outflow 
tract gradients with amyl nitrite and exercise in 



540 PART V Cardiomyopathies and Pericardial Disease

hypertrophic cardiomyopathy. Am J Cardiol 
75:805-809, 1995.

79. Joshi S, Patel UK, Yao S, et al: Standing and 
exercise Doppler echocardiography in obstruc-
tive hypertrophic cardiomyopathy: the range 
of gradients with upright activity. J Am Soc 
Echocardiogr 23:75-82, 2011.

80. Drinko JK, Nash PJ, Lever HM, Asher CR: 
Safety of stress testing in patients with hyper-
trophic cardiomyopathy. Am J Cardiol 93:1443-
1444, 2004.

81. Panza JA, Petrone RK, Fananapazir L, Maron 
BJ: Utility of continuous wave Doppler echo-
cardiography in the noninvasive assessment of 
left ventricular outflow tract pressure gradient 
in patients with hypertrophic cardiomyopathy. 
J Am Coll Cardiol 19:91-99, 1992.

82. Yock PG, Hatle L, Popp RL: Patterns and 
timing of Doppler-detected intracavitary and 
aortic flow in hypertrophic cardiomyopathy.  
J Am Coll Cardiol 8:1047-1058, 1986.

83. Yu EH, Omran AS, Wigle ED, et al: Mitral 
regurgitation in hypertrophic obstructive car-
diomyopathy: relationship to obstruction and 
relief with myectomy. J Am Coll Cardiol 
36:2219-2225, 2000.

84. Schwammenthal E, Nakatani S, He S, et al: 
Mechanism of mitral regurgitation in hyper-
trophic cardiomyopathy: mismatch of poste-
rior to anterior leaflet length and mobility. 
Circulation 98:856-865, 1998.

85. Kaple RK, Murphy RT, DiPaola LM, et al: 
Mitral valve abnormalities in hypertrophic car-
diomyopathy: Echocardiographic features and 
surgical outcomes. Ann Thorac Surg 85:1527-
1536, 2008.

86. Sakamoto T, Tei C, Murayama M, et al: Giant 
T wave inversion as a manifestation of asym-
metrical apical hypertrophy (AAH) of the left 
ventricle. Echocardiographic and ultrasono-
cardiotomographic study. JpnHeart J 17:611-
629, 1976.

87. Yamaguchi H, Ishimura T, Nishiyama S, et al: 
Hypertrophic nonobstructive cardiomyopathy 
with giant negative T waves (apical hyper-
trophy): ventriculographic and echocardio-
graphic features in 30 patients. Am J Cardiol 
44:401-412, 1979.

88. Eriksson MJ, Sonnenberg B, Woo A, et al: 
Long-term outcome in patients with apical 
hypertrophic cardiomyopathy. J Am Coll 
Cardiol 39:638-645, 2002.

89. Falicov RE, Resnekov L, Bharati S, Lev M: Mid-
ventricular obstruction: a variant of obstruc-
tive cardiomyopathy. Am J Cardiol 37:432-437, 
1976.

90. Kuhn H, Mercier J, Kohler E, et al: Differential 
diagnosis of hypertrophic cardiomyopathies: 
typical (subaortic) hypertrophic obstructive 
cardiomyopathy, atypical (mid-ventricular) 
hypertrophic obstructive cardiomyopathy and 
hypertrophic non-obstructive cardiomyopa-
thy. Eur Heart J 4(Suppl F):93-104, 1983.

91. Maron MS, Finley JJ, Bos JM, et al: Prevalence, 
clinical significance, and natural history of left 
ventricular apical aneurysms in hypertrophic 
cardiomyopathy. Circulation 118:1541-1549, 
2008.

92. Lewis JF, Maron BJ: Clinical and morphologic 
expression of hypertrophic cardiomyopathy in 
patients greater than or equal to 65 years of age. 
Am J Cardiol 73:1105-1111, 1994.

93. Whiting RB, Powell WJ Jr, Dinsmore RE, 
Sanders CA: Idiopathic hypertrophic subaortic 
stenosis in the elderly. N Engl J Med 285:196-
200, 1971.

94. Chikamori T, Doi YL, Yonezawa Y, et al: Com-
parison of clinical features in patients greater 
than or equal to 60 years of age to those less 
than or equal to 40 years of age with hypertro-
phic cardiomyopathy. Am J Cardiol 66:875-878, 
1990.

95. Lever HM, Karam RF, Currie PJ, Healy BP: 
Hypertrophic cardiomyopathy in the elderly. 
Distinctions from the young based on cardiac 
shape. Circulation 79:580-589, 1989.

96. Motamed HE, Roberts WC: Frequency and sig-
nificance of mitral annular calcium in hyper-
trophic cardiomyopathy: analysis of 200 
necropsy patients. Am J Cardiol 60:877-884, 
1987.

97. Kubo T, Kitaoka H, Okawa M, et al: Hypertro-
phic cardiomyopathy in the elderly. Geriatr 
Gerontol Int 10:9-16, 2010.

98. Maron BJ, Spirito P, Green KJ, et al: Noninva-
sive assessment of left ventricular diastolic 
function by pulsed Doppler echocardiography 
in patients with hypertrophic cardiomyopathy. 
J Am Coll Cardiol 10:733-742, 1987.

99. Nagueh SF, Lakkis NM, Middleton KJ, et al: 
Doppler estimation of left ventricular filling 
pressures in patients with hypertrophic cardio-
myopathy. Circulation 99:254-261, 1999.

100. Nishimura RA, Appleton CP, Redfield MM, et 
al: Noninvasive Doppler echocardiographic 
evaluation of left ventricular filling pressures in 
patients with cardiomyopathies: a simultane-
ous Doppler echocardiographic and cardiac 
catheterization study. J Am Coll Cardiol 
28:1226-1233, 1996.

101. Nagueh SF, Lakkis NM, Middleton KJ, et al: 
Doppler estimation of left ventricular filling 
pressures in patients with hypertrophic cardio-
myopathy. Circulation 99:254-261, 1999.

102. Matsumura Y, Elliott PM, Virdee MS, et al: Left 
ventricular diastolic function assessed using 
Doppler tissue imaging in patients with hyper-
trophic cardiomyopathy: relation to symptoms 
and exercise capacity. Heart 87:247-251, 2002.

103. Yang H, Woo A, Monakier D, et al: Enlarged left 
atrial volume in hypertrophic cardiomyopathy: 
a marker for disease severity. J Am Soc Echocar-
diogr 18:1074-1082, 2005.

104. Nagueh SF, Lakkis NM, Middleton KJ, et al: 
Changes in left ventricular diastolic function 6 
months after nonsurgical septal reduction 
therapy for hypertrophic obstructive cardio-
myopathy. Circulation 99:344-347, 1999.

105. Sitges M, Shiota T, Lever HM, et al: Compari-
son of left ventricular diastolic function in 
obstructive hypertrophic cardiomyopathy in 
patients undergoing percutaneous septal 
alcohol ablation versus surgical myotomy/
myectomy. Am J Cardiol 91:817-821, 2003.

106. Sasson Z, Hatle L, Appleton CP, et al: Intraven-
tricular flow during isovolumic relaxation: 
description and characterization by Doppler 
echocardiography. J Am Coll Cardiol 10:539-
546, 1987.

107. Nakamura T, Matsubara K, Furukawa K, et al: 
Diastolic paradoxic jet flow in patients with 
hypertrophic cardiomyopathy: evidence of 
concealed apical asynergy with cavity oblitera-
tion. J Am Coll Cardiol 19:516-524, 1992.

108. D’Andrea A, Caso P, Severino S, et al: Associa-
tion between intraventricular myocardial sys-
tolic dyssynchrony and ventricular arrhythmias 
in patients with hypertrophic cardiomyopathy. 
Echocardiography 22:571-578, 2005.

109. Nagakura T, Takeuchi M, Yoshitani H, et al: 
Hypertrophic cardiomyopathy is associated 
with more severe left ventricular dyssynchrony 

than is hypertensive left ventricular hypertro-
phy. Echocardiography 24:677-684, 2007.

110. Ho CY, Carlsen C, Thune JJ, et al: Echocardio-
graphic strain imaging to assess early and late 
consequences of sarcomere mutations in 
hypertrophic cardiomyopathy. Circ Cardiovasc 
Genet 2:314-321, 2009.

111. Carasso S, Yang H, Woo A, et al: Systolic myo-
cardial mechanics in hypertrophic cardiomy-
opathy: novel concepts and implications for 
clinical status. J Am Soc Echocardiogr 21:675-
683, 2008.

112. Carasso S, Yang H, Woo A, et al: Diastolic myo-
cardial mechanics in hypertrophic cardiomy-
opathy. J Am Soc Echocardiogr 23:164-171, 
2010.

113. Takeuchi M, Borden WB, Nakai H, et al: 
Reduced and delayed untwisting of the left 
ventricle in patients with hypertension and left 
ventricular hypertrophy: a study using two-
dimensional speckle tracking imaging. Eur 
Heart J 28:2756-2762, 2007.

114. Kato TS, Noda A, Izawa H, et al: Discrimina-
tion of nonobstructive hypertrophic cardio-
myopathy from hypertensive left ventricular 
hypertrophy on the basis of strain rate imaging 
by tissue Doppler ultrasonography. Circulation 
110:3808-3814, 2004.

115. Elliott PM, Gimeno B Jr, Mahon NG, et al: 
Relation between severity of left-ventricular 
hypertrophy and prognosis in patients with 
hypertrophic cardiomyopathy. Lancet 357:420-
424, 2001.

116. McLeod CJ, Ommen SR, Ackerman MJ, et al: 
Surgical septal myectomy decreases the risk for 
appropriate implantable cardioverter defibril-
lator discharge in obstructive hypertrophic 
cardiomyopathy. Eur Heart J 28:2583-2588, 
2007.

117. Olivotto I, Cecchi F, Casey SA, et al: Impact of 
atrial fibrillation on the clinical course of 
hypertrophic cardiomyopathy. Circulation 
104:2517-2524, 2001.

118. Woo A, Williams WG, Choi R, et al: Clinical 
and echocardiographic determinants of long-
term survival after surgical myectomy in 
obstructive hypertrophic cardiomyopathy. Cir-
culation 111:2033-2041, 2005.

119. Epstein SE, Rosing DR: Verapamil: Its potential 
for causing serious complications in patients 
with hypertrophic cardiomyopathy. Circula-
tion 64:437-441, 1981.

120. Pollick C: Muscular subaortic stenosis. Hemo-
dynamic and clinical improvement after diso-
pyramide. N Engl J Med 307:997-999, 1982.

121. Sherrid MV, Barac I, McKenna WJ, et al: Mul-
ticenter study of the efficacy and safety of  
disopyramide in obstructive hypertrophic car-
diomyopathy. J Am Coll Cardiol 45:1251-1258, 
2005.

122. Leclercq C, Gras D, Le Helloco A, et al: Hemo-
dynamic importance of preserving the normal 
sequence of ventricular activation in perma-
nent cardiac pacing. Am Heart J 129:1133-
1141, 1995.

123. Nishimura RA, Hayes DL, Ilstrup DM, et al: 
Effect of dual-chamber pacing on systolic and 
diastolic function in patients with hypertro-
phic cardiomyopathy. Acute Doppler echocar-
diographic and catheterization hemodynamic 
study. J Am Coll Cardiol 27:421-430, 1996.

124. Fananapazir L, Epstein ND, Curiel RV,  
et al: Long-term results of dual-chamber 
(DDD) pacing in obstructive hypertrophic car-
diomyopathy. Evidence for progressive symp-
tomatic and hemodynamic improvement and 



  27  Echocardiography in the Evaluation and Management of Patients with Hypertrophic Cardiomyopathy 541

reduction of left ventricular hypertrophy. Cir-
culation 90:2731-2742, 1994.

125. Kappenberger L, Linde C, Daubert C, et al: 
Pacing in hypertrophic obstructive cardiomy-
opathy. A randomized crossover study. PIC 
Study Group. Eur Heart J 18:1249-1256, 1997.

126. Maron BJ, Nishimura RA, McKenna WJ, et al: 
Assessment of permanent dual-chamber 
pacing as a treatment for drug-refractory 
symptomatic patients with obstructive hyper-
trophic cardiomyopathy. A randomized, 
double-blind, crossover study (M-PATHY). 
Circulation 99:2927-2933, 1999.

127. Nishimura RA, Trusty JM, Hayes DL, et al: 
Dual-chamber pacing for hypertrophic cardio-
myopathy: a randomized, double-blind, cross-
over trial. J Am Coll Cardiol 29:435-441, 1997.

128. Ommen SR, Nishimura RA, Squires RW, et al: 
Comparison of dual-chamber pacing versus 
septal myectomy for the treatment of patients 
with hypertrophic obstructive cardiomyopa-
thy: a comparison of objective hemodynamic 
and exercise end points. J Am Coll Cardiol 
34:191-196, 1999.

129. Sigwart U: Non-surgical myocardial reduction 
for hypertrophic obstructive cardiomyopathy. 
Lancet 346:211-214, 1995.

130. Flores-Ramirez R, Lakkis NM, Middleton KJ, 
et al: Echocardiographic insights into the 
mechanisms of relief of left ventricular outflow 
tract obstruction after nonsurgical septal 
reduction therapy in patients with hypertro-
phic obstructive cardiomyopathy. J Am Coll 
Cardiol 37:208-214, 2001.

131. Faber L, Ziemssen P, Seggewiss H: Targeting 
percutaneous transluminal septal ablation for 
hypertrophic obstructive cardiomyopathy by 
intraprocedural echocardiographic monitor-
ing. J Am Soc Echocardiogr 13:1074-1079, 
2000.

132. Monakier D, Horlick E, Ross J, et al:  
Intra-coronary myocardial contrast echo-
cardiography in a patient with drug refractory 
hypertrophic obstructive cardiomyopathy reveal-
ing extensive myocardium at risk for infarction 
with alcohol septal ablation. Journal of Invasive 
Cardiology 16:482-484, 2004.

133. Faber L, Seggewiss H, Welge D, et al: Echo-
guided percutaneous septal ablation for  
symptomatic hypertrophic obstructive cardio-
myopathy. Eur J Echocardiography 5:347-355, 
2004.

134. Monakier D, Woo A, Puri T, et al: Usefulness of 
myocardial contrast echocardiographic quan-
tification of risk area for predicting postproce-
dural complications in patients undergoing 
septal ethanol ablation for obstructive hyper-
trophic cardiomyopathy. Am J Cardiol 94:1515-
1522, 2004.

135. Bhagwadeen R, Woo A, Ross J, et al: Septal 
ethanol ablation for hypertrophic obstructive 
cardiomyopathy: early and intermediate results 
in a Canadian referral center. Can J Cardiol 
19:912-917, 2003.

136. Gietzen FH, Leuner CJ, Raute-Kreinsen U,  
et al: Acute and long-term results after trans-
coronary ablation of septal hypertrophy 
(TASH): Catheter interventional treatment for 
hypertrophic obstructive cardiomyopathy. Eur 
Heart J 20:1342-1354, 1999.

137. Lakkis NM, Nagueh SF, Kleiman NS, et al: 
Echocardiography-guided ethanol septal 
reduction for hypertrophic obstructive cardio-
myopathy. Circulation 98:1750-1755, 1998.

138. Seggewiss H, Faber L, Gleichmann U: Percuta-
neous transluminal septal ablation in hyper-
trophic obstructive cardiomyopathy. Thorac 
Cardiovasc Surg 47:94-100, 1999.

139. Faber L, Meissner A, Ziemssen P, Seggewiss H: 
Percutaneous transluminal septal myocardial 
ablation for hypertrophic obstructive cardio-
myopathy: long term follow up of the first 
series of 25 patients. Heart 83:326-331, 2000.

140. Fernandes VL, Nagueh SF, Wang W, et al: A 
prospective follow-up of alcohol septal abla-
tion for symptomatic hypertrophic obstructive 
cardiomyopathy - the Baylor experience (1996-
2002). C 28:124-130, 2005.

141. Schulz-Menger J, Strohm O, Waigand J, et al: 
The value of magnetic resonance imaging of 
the left ventricular outflow tract in patients 
with hypertrophic obstructive cardiomyopathy 
after septal artery embolization. Circulation 
101:1764-1766, 2000.

142. Mazur W, Nagueh SF, Lakkis NM, et al: Regres-
sion of left ventricular hypertrophy after  
nonsurgical septal reduction therapy for 
hypertrophic obstructive cardiomyopathy.  
Circulation 103:1492-1496, 2001.

143. Jassal DS, Neilan T, Fifer MA, et al: Sustained 
improvements in left ventricular diastolic 
function after alcohol septal ablation for 
hypertrophic obstructive cardiomyopathy. Eur 
Heart J 27:1805-1810, 2006.

144. Leonardi RA, Kransdorf EP, Simel DL, Wang A: 
Meta-analyses of septal reduction therapies for 
obstructive hypertrophic cardiomyopathy: 
comparative rates of overall mortality and 
sudden cardiac death after treatment. Circ Car-
diovasc Interv 3:97-104, 2010.

145. McCully RB, Nishimura RA, Bailey KR, et al: 
Hypertrophic obstructive cardiomyopathy: 
preoperative echocardiographic predictors of 
outcome after septal myectomy. J Am Coll 
Cardiol 27:1491-1496, 1996.

146. Marwick TH, Stewart WJ, Lever HM, et al: 
Benefits of intraoperative echocardiography in 
the surgical management of hypertrophic car-
diomyopathy. J Am Coll Cardiol 20:1066-1072, 
1992.

147. Siegman IL, Maron BJ, Permut LC, et al: Oper-
ative treatment in hypertrophic subaortic ste-
nosis. Techniques, and the results of pre and 
postoperative assessments in 83 patients. Cir-
culation 52:88-102, 1975.

148. Ommen S, Park SH, Click RL, et al: Impact  
of intraoperative transesophageal echocardi-
ography in the surgical management of hyper-

trophic cardiomyopathy. Am J Cardiol 90:
1022-1024, 2002.

149. Sasson Z, Prieur T, Skrobik Y, et al: Aortic 
regurgitation: A common complication after 
surgery for hypertrophic obstructive cardio-
myopathy. J Am Coll Cardiol 13:63-67, 1989.

150. Heric B, Lytle BW, Miller DP, et al: Surgical 
management of hypertrophic obstructive car-
diomyopathy. Early and late results. J Thorac 
Cardiovasc Surg 110:195-206, 1995.

151. McCully RB, Nishimura RA, Tajik AJ, et al: 
Extent of clinical improvement after surgical 
treatment of hypertrophic obstructive cardio-
myopathy. Circulation 94:467-471, 1996.

152. Merrill WH, Friesinger GC, Graham TP Jr,  
et al: Long-lasting improvement after septal 
myectomy for hypertrophic obstructive car-
diomyopathy. Ann Thorac Surg 69:1732-1735, 
2000.

153. Robbins RC, Stinson EB: Long-term results of 
left ventricular myotomy and myectomy for 
obstructive hypertrophic cardiomyopathy.  
J Thorac Cardiovasc Surg 111:586-594, 1996.

154. Schonbeck MH, Brunner-La Rocca HP, Vogt 
PR, et al: Long-term follow-up in hypertrophic 
obstructive cardiomyopathy after septal myec-
tomy. Ann Thorac Surg 65:1207-1214, 1998.

155. Ball W, Ivanov J, Rakowski H, et al: Long-term 
survival in patients with resting obstructive 
hypertrophic cardiomyopathy: comparison of 
conservative versus invasive treatment. J Am 
Coll Cardiol 58:2313-2321, 2011.

156. Nagueh SF, Ommen S, Lakkis NM, et al: Com-
parison of ethanol septal reduction therapy 
with surgical myectomy for the treatment of 
hypertrophic obstructive cardiomyopathy.  
J Am Coll Cardiol 38:1701-1706, 2001.

157. Firoozi S, Elliott PM, Sharma S, et al: Septal 
myotomy-myectomy and transcoronary septal 
alcohol ablation in hypertrophic obstructive 
cardiomyopathy: a comparison of clinical, 
hemodynamic and exercise outcomes. Eur 
Heart J 23:1617-1624, 2002.

158. Qin JX, Shiota T, Lever HM, et al: Outcome of 
patients with hypertrophic obstructive cardio-
myopathy after percutaneous transluminal 
septal myocardial ablation and septal myec-
tomy surgery. J Am Coll Cardiol 38:1994-2000, 
2001.

159. Ralph-Edwards A, Woo A, McCrindle BW,  
et al: Hypertrophic obstructive cardiomyopa-
thy: comparison of outcomes after myectomy 
or alcohol ablation adjusted by propensity 
score. J Thorac Cardiovasc Surg 129:351-358, 
2005.

160. van der Lee C, ten Cate FJ, Geleijnse ML, et al: 
Percutaneous versus surgical treatment for 
patients with hypertrophic obstructive cardio-
myopathy and enlarged anterior mitral valve 
leaflets. Circulation 112:482-488, 2005.

161. Alam M, Dokainish HLNM: Hypertrophic 
obstructive cardiomyopathy—alcohol septal 
ablation vs. myectomy: a meta-analysis. Eur 
Heart J 30:1080-1087, 2009.



28 
Restrictive Cardiomyopathy: Diagnosis 
and Prognostic Implications
TASNEEM Z. NAQVI, MD

Definition of Restrictive Cardiomyopathy
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Sarcoidosis
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Differentiating between Restrictive Cardiomyopathy 
and Constrictive Pericarditis

Echocardiography in Clinical Decision Making in 
Restrictive Cardiomyopathy

Definition of Restrictive 
Cardiomyopathy
Restrictive cardiomyopathy is an idiopathic or systemic myo-
cardial disorder characterized by a primary abnormality of dia-
stolic function leading to diastolic heart failure in the presence 
of normal or mildly abnormal systolic function. A recent con-
sensus statement proposed replacement of the terms systolic and 
diastolic heart failure with HFrEF (heart failure with reduced 
ejection fraction) and HFpEF (heart failure with preserved ejec-
tion fraction), respectively, because diastolic dysfunction is 
highly prevalent in systolic heart failure,1 and there is evidence 
to suggest reduced systolic tissue velocities in diastolic heart 
failure.2 Primary diastolic dysfunction in HFpEF leads to abnor-
mal ventricular filling, resulting in an increase in ventricular 
end-diastolic pressures and dilated atria. Biventricular volumes 
are either reduced or normal, and systolic function impairment 
manifest as reduced ejection fraction is seen in the late stages 
of the disease.3

Patients commonly present with congestive failure with 
fatigue, exercise intolerance, right-sided or left-sided heart 
failure, and atrial fibrillation.4 An elevated jugular venous pres-
sure with an x and prominent y descent, y descent only (late-
stage), and Kussmaul sign may be present, although pulsus 
paradoxus is always absent. Depending on the stage of disease, 
an S4 (early) or S3 (late) may be present. Restriction can be 
isolated to either ventricle or show biventricular involvement5 
(Table 28-1). The prognosis of restrictive cardiomyopathies is 
generally poor, except for those with reversible causes such as 
hemochromatosis. Doppler echocardiography plays a key role 
in the diagnosis and management of this disease entity.

Imaging
Guidelines on the diagnosis of HFpEF1,2 require objective evi-
dence of diastolic left ventricular (LV) dysfunction in addition 
to clinical features of heart failure and LV ejection fraction 

greater than 50%.6 Thus, imaging modalities play a pivotal role 
in 2 of the 3 diagnostic criteria of HFpEF.7

Echocardiographic Features
Echocardiographic assessment for restrictive cardiomyopathy 
includes measurement of LV wall thickness, LV mass, LV 
volumes, LV ejection fraction, and a comprehensive evaluation 
of diastolic function8-10 (Table 28-2). More recently specific 
pattern of late gadolinium enhancement on magnetic reso-
nance imaging (MRI) has been shown in restrictive cardiomy-
opathy of varying etiology. A number of important observations 
relative to this topic have been made recently, including the 
assessment of LV mass and volumes by three-dimensional (3D) 
echocardiography and assessment of myocardial function by 
two dimensional strain.

Restrictive cardiomyopathy is characterized by concentric 
remodeling with marked increase in wall thickness relative to 
cavity size and preservation of LV volumes (Figs. 28-1 and 
28-2). Echocardiographic LV mass assessment by M-mode (see 
Fig. 28-2) has been replaced by two-dimensional (2D) methods. 
More recently, 3D echocardiographic measurement of LV mass 
has been shown to be more reproducible than 2D and to closely 
approximate cardiac MRI.11 (See Chapters 4 and 9.) Assessment 
of LV volumes using biplane Simpson’s method is used to 
measure LV volumes in the four- and two-chamber views. 
However, there is an inherent variability in ejection fraction 
measurement of ±5%, and lack of endocardial border visualiza-
tion occurs in up to 30% of patients, precluding precise evalu-
ation of LV ejection fraction. Use of contrast imaging improves 
accuracy of volume measurements by both 2D and 3D echocar-
diography.12 More recently, 3D echocardiography has been 
shown to have superior reproducibility and closer approxima-
tion to MRI than 2D echocardiography in the measurement of 
LV ejection fraction.13,14

Atrial enlargement is often significant (see Fig. 28-1) and 
is associated with the grade of diastolic dysfunction. Mild, 
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moderate, and severe diastolic dysfunction is often associated 
with left atrial (LA) volume index greater than 28 mL/m2, 
greater than 35 mL/m2, and greater than 40 mL/m2, respec-
tively. Simpson’s biplane method or the area length method is 
used for assessment of LA volumes, and the two methods are 
closely correlated. More recently, 3D LA volumes have been 
shown to have less variability than 2D methods.15

SPECKLE TRACKING

Speckle tracking technology is a newer echocardiographic 
method to evaluate segmental and global systolic LV function 
by tracking small myocardial regions of interest on 2D as well 
as 3D cineloops from frame to frame.16 It allows assessment of 
subclinical LV and right ventricular (RV) systolic dysfunction 
even when the LV ejection fraction and segmental function 
appear preserved17 and provides greater accuracy than LV ejec-
tion fraction in predicting events in patients with heart failure.18 
Radial, longitudinal, and circumferential myocardial deforma-
tion can be measured, because the technique is angle indepen-
dent. (See Chapter 10.) It allows evaluation of basal clockwise 
and apical counterclockwise myocardial rotation and net LV 
twist. Longitudinal and radial systolic strains are reduced in 
diastolic heart failure, although LV twist is preserved.19 Recent 
data suggest that in patients with elevated LV filling pressure and 

Classification of Restrictive Cardiomyopathy

Noninfiltrative Idiopathic
Scleroderma

Infiltrative Amyloid heart disease
Immunoglobulin amyloidosis
Familial amyloidosis
Senile systemic amyloidosis
Secondary amyloidosis
Sarcoid
Gaucher disease
Hurler syndrome

Storage disease Hemochromatosis
Glycogen storage disease
Fabry disease

Endomyocardial Endomyocardial fibrosis
Hypereosinophilic syndrome
Carcinoid
Scleroderma
Ehlers-Danlos syndrome
Systemic lupus erythematosus
Metastatic malignancy
Radiation
Anthracycline toxicity
Drugs causing fibrous endocarditis (anthracyclines, 

serotonin, methysergide, ergotamine, mercurial agents, 
busulfan, chloroquine

TABLE 
28-1 

Echocardiographic Features of Restrictive Cardiomyopathy

M-mode and color M-mode Lack of septal bounce
Square root sign in the interventricular septum and the posterior wall motion
Presence of myocardial hypertrophy
Decreased velocity of flow propagation (Vp)

Two-dimensional findings Preserved LV volumes
Preserved LV systolic function (early stages)
Biatrial enlargement
Myocardial hypertrophy without known cause
Myocardial speckling may be present
Atrial septal thickening
Homogenous atrioventricular valve thickening
May show small pericardial effusion
Occasionally ventricular thrombi or apical mass despite normal underlying wall motion

Mitral pulsed Doppler Characterized by large E wave, small A wave; E/A ratio >2; short DT <150 ms; short IVRT <60 ms; no significant change in 
mitral E wave, deceleration time, or IVRT with phases of respiration

Abnormal relaxation pattern with E/A ratio <1 and prolonged deceleration time (DT) in early stages followed by pseudonormal 
and reversible restrictive before irreversible restrictive pattern

No significant respiratory variation

Tricuspid pulsed Doppler Restrictive filling; increased E/A ratio and short DT. With inspiration, there is further shortening of the DT and minimal change 
in E/A ratio

Pulmonary vein Dilated pulmonary veins
Diastolic dominant pattern and S/D ratio < 0.5
Increased velocity and duration of pulmonary vein reversal velocity (adur > mitral inflow Adur)
No change in D wave with respiration.

CWD mitral regurgitation LV: dP/dt and LAP[SBP − 4(MR velocity)2]

CWD tricuspid regurgitation PA systolic pressure [4 × (TR jet2 (cm/s)]

CWD pulmonary regurgitation PA diastolic pressure [4 × (PR jet2 (cm/s)] plus RA pressure

Color Doppler findings Mitral and tricuspid regurgitation due to leaflet or papillary muscle involvement. Tricuspid regurgitation may be secondary to 
pulmonary hypertension

Diastolic MR due to increased LV end-diastolic pressure

Mitral annulus TDI E/E′ ratio to assess LV filling pressure. In restrictive cardiomyopathy, E′ is usually <8 cm/s and E/E′ is >15 because of elevated 
filling pressure

Tricuspid annulus TDI RV function
RA pressure

Color M-mode examination Vp is usually <45 cm/s in restrictive cardiomyopathy. E/Vp is >1.5 and can be used to assess LV filling pressure

Hepatic vein/flow Dilated hepatic veins, S/D ratio <0.5
Prominent atrial and ventricular reversals which increase with inspiration and expiration

Inferior vena cava Dilated with reduced respiratory variation

A, Atrial transmitral filling velocity; Adur, transmitral A velocity duration; adur, pulmonary vein atrial reversal duration; CWD, continuous-wave Doppler; D, diastolic flow; dP/dt, rate of 
ventricular pressure rise; DT, deceleration time; E, early transmitral filling velocity; E′, tissue Doppler early diastolic velocity; IVRT, isovolumetric relaxation time; LAP, left atrial pressure; 
Vp, propagation velocity; MR, mitral regurgitation; PA, pulmonary artery; PR, pulmonic regurgitation; S, systolic flow; SBP, systolic blood pressure; TDI, tissue-Doppler imaging; TR, 
tricuspid regurgitation.

TABLE 
28-2 
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Doppler Features
Echocardiography is the gold standard for evaluation of dia-
stolic LV and RV function.22,23 (See Chapter 11.) Reports are, 
however, beginning to emerge of the feasibility of MRI and its 
modest correlation with Doppler echocardiography in evalua-
tion of mitral inflow filling pattern in patients with cardiac 
amyloidosis.24 However, the cardiac MRI technique remains 
time consuming and is not used clinically for assessment of 
diastolic function.

preserved LV ejection fraction, significant abnormalities in 
myocardial mechanics are observed by speckle tracking with 
reduced longitudinal, radial, and circumferential strain rates, 
thus challenging the notion of HFpEF as an isolated diastolic 
dysfunction.20 Other work has shown that although the deterio-
ration of myocardial function begins in the longitudinal direc-
tion, patients with more advanced heart failure develop 
abnormalities in the radial and circumferential directions as 
well.21

Figure 28-1  Cardiac amyloidosis. A, Parasternal long-axis, (B) short-axis, (C) apical four-chamber, (D) apical two-chamber, and (E) subcostal views. 
Marked  generalized  hypertrophy  is  shown  in  all  views.  Note  ground-glass  appearance  of  myocardium,  biatrial  and  RV  enlargement,  and  small 
pericardial effusion (arrows) as well dilated inferior vena cava indicating elevated right atrial pressure. 
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Figure 28-2  M-mode findings in senile cardiac amyloidosis. A,  Parasternal  long-axis M-mode  showing dilated RV and normal  sized LV and 
marked  increase  in  LV  wall  thickness. B,  M-mode  at  aortic  valve  level  showing  deceased  systolic  opening  time  of  aortic  valve  as  well  markedly 
reduced excursion of aortic root indicating reduced cardiac output and reduced atrial mechanical function. C, Reduced diastolic opening time of 
mitral valve consistent with reduced cardiac output. 
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28-4 and 28-5). Because of poor LA function and limited late 
diastolic left atrioventricular pressure gradient from an ele-
vated LV diastolic pressure, A-wave amplitude becomes small. 
Initially, this restrictive mitral inflow pattern is reversible on 
preload reduction with the Valsalva maneuver (Fig. 28-6) or 
nitroglycerin or diuretic administration. Finally, an irreversible 
restrictive pattern develops with no significant change with 
preload reduction (Fig. 28-7).

Mitral Inflow Pulsed-Wave Doppler
Diastolic features of restrictive cardiomyopathy show a spec-
trum of findings of increasing abnormality diastolic function, 
from normal diastolic function to abnormal relaxation (Fig. 
28-3) and finally to a progressively abnormal chamber compli-
ance leading to increase in LA and LV filling pressures  
(Figs. 28-4 and 28-5). In the early stages of the disease, mitral 
inflow filling pattern shows an abnormal relaxation pattern 
characterized by E/A ratio of less than 1, a prolonged mitral 
inflow E-wave deceleration time, and a prolonged isovolumic 
relaxation time (see Fig. 28-3). As the disease progresses and 
LA and LV diastolic compliance abnormality sets in, a pseudo-
normal phase is seen on mitral inflow that can reverse to an 
abnormal relaxation pattern on Valsalva maneuver.25 With 
severe abnormalities of ventricular compliance, advanced dia-
stolic dysfunction develops, characterized by a markedly 
increased E velocity. Deceleration time (DT) becomes short 
from rapid equalization of left atrioventricular pressure soon 
after early diastolic filling in a noncompliant ventricle (see Figs. 

Figure 28-3  Doppler findings with delayed LV relaxation. LV, LA, 
and  aortic  (Ao)  pressure  tracings  (A),  mitral  inflow  PW  Doppler  (B), 
pulmonary vein PW Doppler (C), and mitral annular tissue Doppler (D) 
tracings are shown. Mitral inflow velocities were obtained by placing the 
PW Doppler sample volume between the tips of the mitral leaflets and 
Doppler tissue imaging by placing the PW Doppler sample volume at 
the lateral mitral annulus. Large black horizontal arrows depict duration 
of ventricular systole and ventricular diastole. Ventricular relaxation con-
tinues to occur in the latter third of diastole, causing E/A ratio less than 
1 and prolonged mitral  inflow deceleration  time. Pulmonary vein flow 
pattern  is  systolic  dominant,  and  there  may  be  significant  pulmonary 
vein atrial reversal. D, Diastolic; DT, deceleration time; IVCT, isovolumic 
contraction time; IVRT, isovolumic relaxation time; S, systolic. 
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Figure 28-4  Doppler findings with restrictive cardiomyopathy. 
LV, LA, and aortic (Ao) pressure tracings (A), mitral inflow PW Doppler 
(B), pulmonary vein PW Doppler (C), and mitral annular tissue Doppler 
(D) show abnormal LV relaxation, abnormal LA and LV compliance, and 
elevated  LA  filling  pressure.  Mitral  inflow  velocities  were  obtained  
by  placing  the  PW  Doppler  sample  volume  between  the  tips  of  the 
mitral leaflets and Doppler tissue imaging by placing the PW Doppler 
sample  volume  at  the  lateral  mitral  annulus.  Large black horizontal 
arrows depict duration of LV systole and LV diastole. Early diastolic LV 
filling occurs due to the pressure gradient between LA and LV. Filling 
beyond first  third of diastole  is halted due  to  increase  in LV diastolic 
pressure. Atrial contraction leads to a small filling A wave and marked 
pulmonary  vein  atrial  reversal  (unless  in  advanced  stages  when  atrial 
pump failure occurs as shown in this example where no significant atrial 
reversal wave is seen despite a small mitral inflow A wave). Pulmonary 
vein PW Doppler shows marked S and D reversal with shortened pul-
monary vein D-wave deceleration  time. D, Diastolic; DT, deceleration 
time;  IVCT,  isovolumic  contraction  time;  IVRT,  isovolumic  relaxation 
time; S, systolic. 
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Figure 28-5  Severely reduced LV diastolic compliance. Restrictive 
mitral inflow (A) and pulmonary vein inflow (B) showing S and D reversal 
along with a prominent atrial reversal velocity and duration. 
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Figure 28-6  Effect of Valsalva maneuver on mitral inflow filling pattern in a patient with restrictive cardiomyopathy. Baseline E/A ratio is 
1.6 (A) and reduced to 0.77 post Valsalva maneuver (B), indicating moderate diastolic dysfunction and reversible restrictive diastolic filling. 
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Figure 28-7  Doppler characteristics 
of patients with restrictive cardiomy-
opathy. A, Restrictive mitral  inflow with 
increased  E/A  ratio  and  short  mitral 
inflow  E-wave  deceleration  time.  B,  No 
change  in  mitral  inflow  restrictive  filling 
pattern with Valsalva maneuver, suggest-
ing  grade  IV  or  advanced  LV  diastolic 
dysfunction.  C,  Restrictive  pulmonary 
vein  inflow  with  reversed  S/D  ratio  and 
short  pulmonary  vein  D-wave  decelera-
tion time. D, Increased pulmonary artery 
systolic  pressure  (RV-RA  gradient  of 
3.56 m/s  corresponding  to  a  pressure 
gradient  of  51 mm  Hg  in  this  case 
example). 
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Pulmonary Vein Pulsed-Wave Doppler
In the early stages of the disease, pulmonary vein flow may show 
a systolic dominant pattern with systolic-to-diastolic (D/S) 
ratio greater than 1 (see Fig. 28-3). Atrial reversal may be normal 
in early stages, and then as LA compliance abnormality sets in, 
progressively increasing A-wave velocity as well as duration 
develop (see Figs. 28-5 and 28-7). With progressively increasing 
compliance abnormality, decreased S and increased D waves on 
pulmonary vein Doppler occur (see Figs. 28-4, 28-5, and 28-7). 
The S wave becomes blunted due to decreased LA compliance, 
increased mean LA pressure,26 and LV pressure.27 Presence of 
significant mitral regurgitation may further blunt the S wave 
because of competing mitral regurgitation and pulmonary vein 
flow at the atrial inflow chamber.28 In the presence of atrial 
fibrillation, marked blunting of pulmonary vein S wave with or 
without mitral regurgitation is the rule. The pulmonary-vein D 
wave that results from the pulmonary vein–LA pressure gradi-
ent created during atrioventricular filling in early LV diastole is 
dependent on the same factors that influence the early mitral 
velocity and its DT. Hence, in advanced stages of the disease a 
tall D wave with a shortened DT is seen (see Figs. 28-4 and 
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28-7). With abnormal LV relaxation and compliance, an increase 
in LV end-diastolic pressure leads to minimal atrioventricular 
filling on atrial contraction and a prominent and prolonged 
pulmonary vein A-wave reversal that becomes greater than the 
mitral inflow atrial duration. Finally, impairment of LA con-
traction due to mechanical atrial failure leads to a decrease in 
amplitude and duration of the pulmonary-vein A wave.8

Other pulsed-wave (PW) Doppler features include decreased 
tricuspid inflow DT on inspiration, D greater than S on the 
hepatic vein, and A-wave reversal in the hepatic vein on 
inspiration.

Color Doppler
Moderate mitral and tricuspid valve regurgitation are often 
present. Because of a marked increase in LV end-diastolic pres-
sure, diastolic mitral regurgitation may be seen, especially in the 
presence of first-degree heart block.

Continuous-Wave Doppler
A characteristic V-shaped tricuspid regurgitation signal indicat-
ing elevated right atrial pressure may be seen (Fig. 28-8), along 
with mitral and tricuspid valve regurgitation on CW Doppler. 
Increased LV and RV dP/dt may be noted on CW Doppler 
signals.

Tissue Doppler
Mitral Annulus
Unlike load dependence of mitral and pulmonary vein PW 
Doppler flow patterns, tissue Doppler imaging (TDI) of the 
septal and lateral mitral annulus allows more reliable and direct 
quantitation of myocardial relaxation.29-31 With progressively 
increasing stages of the disease, the myocardial early motion 
wave shows a progressive decline in its amplitude so that the 
ratio of mitral inflow E wave to mitral annular E wave increases 
progressively (see Figs. 28-3 and 28-4). A markedly diminished 
velocity of diastolic motion is observed in patients with 
advanced restrictive cardiomyopathy (Fig. 28-9). In fact, 
decreased TDI velocities are used as a diagnostic method of 
differentiating between constrictive pericarditis (in which TDI 
velocities of mitral annulus are preserved) and restrictive car-
diomyopathy when mitral annular E wave is less than 8 cm/s.32 
Systolic (S′) velocity of TDI of tricuspid annulus is a good 
measure of RV systolic function with a low-normal value of 
10 cm/s.33,34 A decrease in RV systolic and diastolic velocities is 
also often present and reflects a global impairment in myocar-
dial relaxation (Fig. 28-10).

Figure 28-8  Other Doppler features of restrictive cardiomyopathy. A, V-shaped tricuspid regurgitation (TR) CW signal indicating elevated RA 
pressure.  In addition, phasic change  in  tricuspid  inflow and TR severity and gradient  is noted. B, M-mode of  the  inferior vena cava  (IVC )  in  the 
subcostal view showing dilated IVC without respiratory variation suggesting elevated RA pressure. 
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Figure 28-9  Grade IV LV diastolic dysfunction. Mitral septal annular 
tissue  Doppler  showing  markedly  reduced  systolic  (S’)  as  well  as  dia-
stolic velocities (E’ and A’). 
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Color M Mode
Patients with restrictive cardiomyopathy show a significantly 
slower slope of the first aliasing contour of velocity of propaga-
tion (Vp) on color M-mode. An E/Vp ratio greater than 1.5 can 
be used to assess elevated LV end-diastolic pressure35 (Fig. 28-11).

Cardiac Magnetic Resonance Imaging
Visual inspection of LV and RV architecture on MRI is able to 
identify patterns of regional or diffuse wall thinning and con-
centric or asymmetric hypertrophy. Pericardial thickness and 
calcification can be assessed to distinguish pericardial constric-
tion from restrictive cardiomyopathy. Specific patterns of fibro-
sis and scarring are seen in different types of restrictive 
cardiomyopathies that may initially present with HFpEF.36-39

Specific Restrictive Cardiomyopathies
Restrictive cardiomyopathies are associated with characteristic 
imaging features, although none is particularly sensitive or spe-
cific for the underlying etiology (see Table 28-1).40 In most 
cases, careful consideration of the clinical context and endo-
myocardial biopsy may be required. Infiltrative processes and 
metabolic storage diseases including amyloidosis, hemochro-
matosis, sarcoidosis, Fabry disease, and glycogen storage dis-
eases are the most frequent causes of restrictive cardiomyopathies. 
Less common forms of restrictive cardiomyopathies include 
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amyloidosis have been described according to the underlying 
disease:
1. Immunoglobulin amyloidosis: Immunoglobulin amyloidosis 

constitutes about 85% of all newly diagnosed cases of amy-
loidosis. It includes primary amyloidosis, multiple myeloma, 
and other plasma cell dyscrasias such as B cell lymphoma and 
Waldenström macroglobulinemia.45 The building block of 
the amyloid fibril is an immunoglobulin light-chain protein. 
Primary amyloidosis is a plasma cell disorder in which 
approximately 5% to 10% of bone marrow plasma cells have 
clonal dominance of a light chain isotype.46 There is pre-
dominance of lambda versus kappa free light chains (3 : 1) in 
primary AL amyloidosis; in comparison, other plasma cell 
dyscrasias, such as multiple myeloma, usually have a lambda-
to-kappa ratio of 1 : 2. Common presenting features include 
nephrotic syndrome, sensorimotor peripheral neuropathy, 
hepatomegaly, splenomegaly, and, less often, macroglossia.47

2. Familial amyloidosis: Familial amyloidosis, or hereditary 
amyloidosis, is less common than primary amyloidosis and 
is caused by an autosomal-dominant mutation, most fre-
quently in the transthyretin gene.48 Common features include 
peripheral neuropathy, renal impairment, autonomic dys-
function with mainly gastrointestinal symptoms, and car-
diomyopathy.49 Macroglossia does not occur, and renal 
involvement is less prevalent than it is in primary AL 
amyloidosis.

3. Senile systemic amyloidosis: Senile systemic amyloidosis 
affects approximately 25% of patients over the age of 80 and 
is derived from normal transthyretin.50 This type of amyloi-
dosis mainly involves the atria (91%) and less often is iso-
lated in the aorta or involves the entire heart.51 Senile cardiac 
amyloidosis is not always a benign condition and can result 
in heart failure, atrial fibrillation, and other conduction dis-
turbances.52 Isolated atrial involvement may occur.53

4. Secondary amyloidosis: Secondary amyloidosis is character-
ized by reactive amyloid fibrils, which are acute-phase  
reactants produced in response to systemic inflammation 
such as tuberculosis, leprosy, rheumatoid arthritis, familial 

endocardial fibrosis associated with the hypereosinophilic syn-
drome (Loeffler cardiomyopathy), idiopathic restrictive cardio-
myopathy scleroderma,41,42 carcinoid syndrome,43 and metastatic 
malignancy.44

AMYLOIDOSIS

Amyloidosis is the most commonly encountered and recog-
nized cause of restrictive cardiac disease. Four different types of 

Figure 28-10  Cardiac amyloidosis with atrial fibrillation. Reduced systolic (S’) and diastolic (E’) tissue Doppler tricuspid annular velocities with 
the absence of A’ waves due to atrial fibrillation. Tissue Doppler PW sample volume is placed at the lateral tricuspid annulus in the four-chamber 
view. 

Figure 28-11  Reduced E-wave propagation velocity with cardiac 
amyloidosis.  Markedly  reduced  velocity  of  E-wave  propagation 
(Vp  13 cm/s)  on  color  M-mode  indicating  markedly  abnormal  LV 
relaxation. 



  28  Restrictive Cardiomyopathy: Diagnosis and Prognostic Implications 549

obtained less invasively from extracardiac tissue sites.66 These 
sites include the tongue, subcutaneous fat pads, kidneys, bone 
marrow, gastric mucosa, and, less commonly, rectal mucosa.

Other Diagnostic Approaches
A number of modalities besides echocardiography help arrive 
at a diagnosis of restrictive cardiomyopathy from amyloidosis. 
These are listed in Table 28-3.

Circulating free immunoglobulin light chains are found in 
over 98% of patients with primary amyloidosis and are used to 
determine prognosis and response to chemotherapy.67 Serum 
levels of cardiac troponin (in response to myocardial injury) 
and pro–brain natriuretic peptide68 (released in response to 
myocardial stress) are independent predictors of survival in 
patients with primary amyloidosis. Immunocharacterization of 
the underlying amyloid protein can be obtained by extracardiac 
tissue sites.69 However, endomyocardial biopsy remains the 
definitive diagnostic method for cardiac amyloidosis. Non-
branching extracellular fibrils, interstitial eosinophilic amyloid 
deposits as homogenous waxy material on eosin hematoxylin 
staining, and apple-green birefringence Congo red staining 
under polarized light are the most common findings on pathol-
ogy.70 The characteristic fibrillar pattern of the amyloid deposits 
can be seen by electron microscopy and immunohistochemical 
staining can then be used to determine the type of amyloid 
deposit.71 Combining a subcutaneous fat pad biopsy and Congo 
red staining of bone marrow has yielded a tissue diagnosis in 
90% of patients with amyloidosis.72 Electrocardiography shows 
a low voltage in up to 50% of patients with cardiac amyloidosis 
and, in conjunction with LV hypertrophy on echocardiography, 
should raise the suspicion for cardiac amyloidosis.63

Nuclear scintigraphy with 99Tc pyrophosphate73 or indium-
labeled serum amyloid protein can detect extensive cardiac 
involvement of cardiac amyloidosis.74 Technetium pyrophos-
phate scan is positive in familial and senile amyloidosis (100% 
accuracy for diagnosis) and negative in primary amyloidosis 
(100% specificity).74 Serum amyloid P component (SAP) is a 
normal circulating plasma protein that is deposited on amyloid 
fibrils because of its specific binding affinity for these fibrils. 
Scintigraphy after the injection of 123I-SAP can be used for 
diagnosing, locating, and monitoring the extent of systemic 
amyloidosis.75

The role of cardiac MRI has recently expanded in the diag-
nosis of cardiac amyloidosis. In patients with histologically veri-
fied cardiac amyloidosis, abnormal late gadolinium enhancement 
was found in 97% of patients and increased echocardiographic 
LV wall thickness in 91% patients.76 Presence of late gadolinium 
enhancement on cardiac MRI in the absence of echocardio-
graphic findings of cardiac amyloidosis is associated with worse 
clinical profile and disease severity.77 Global subendocardial 
(Fig. 28-12, A) or transmural late gadolinium enhancement (see 
Fig. 28-12, B) along with reduced subendocardial to blood T1 
difference on MRI has been reported to be very accurate in 
advanced stages of cardiac amyloidosis39; however, utility of 
cardiac MRI in early stages of the disease has not been evaluated 
(see Table 28-3).77

Natural History
Onset of congestive heart failure is associated with poor  
prognosis, often with a survival less than 6 months. The  
prognosis varies according to the type of amyloidosis, the  
stage of the disease, and the age of the patient at the time of 
diagnosis. Primary amyloidosis has the worst prognosis, which 

Mediterranean fever, inflammatory bowel syndrome, chronic 
lung diseases, and chronic infections.

Cardiac Features
Restrictive cardiomyopathy is the main finding in cardiac amy-
loidosis. There is replacement of normal myocardial contractile 
elements by deposits of amyloid, leading to alterations in cel-
lular metabolism, calcium transport, receptor regulation, and 
cellular edema. Injury can also occur from circulating light 
chains in the absence of amyloid fibril formation.54 Amyloid 
myocardium becomes firm, rubbery, and noncompliant. 
Involvement of the cardiac conduction system can lead to fibro-
sis of sinoatrial and atrioventricular nodes as well as involve-
ment of infra His fibers, leading to various types of heart block 
and arrhythmias.55 Another cardiac manifestation can be cor 
pulmonale due to amyloid infiltration of pulmonary vascula-
ture, causing significant pulmonary hypertension.56 An infarc-
tion pattern in the absence of epicardial coronary disease is not 
uncommon as a result of amyloid deposition in the coronary 
microvasculature.57

Cardiac involvement is most common in immunoglobulin 
amyloidosis, occurring in about 50% of patients with congestive 
heart failure in about 25% of patients. Cardiac involvement is 
less common in other forms of primary amyloidosis and least 
common in secondary amyloidosis. Specific echocardiographic 
features occur in two third of patients58 and in 91% of patients 
in a recent study and include thickening of the LV walls with 
low voltages on electrocardiography, increased myocardial 
reflectivity (the “speckled” or “granular” or “ground glass” 
pattern), biatrial enlargement, thickening of the interatrial 
septum, thickening of mitral and tricuspid valves, mitral and 
tricuspid regurgitation, presence of a small-to-moderate peri-
cardial effusion and various abnormalities in diastolic filling 
and filling pressures depending on the stage of the disease (see 
Figs. 28-1 through 28-11), with restrictive filling pattern only 
in the advanced stages.59 A marked reduction in tissue Doppler 
velocities, strain, and strain rate occurs in amyloidosis60 even in 
early stages (see Fig. 28-9). Further studies are needed to define 
prognostic relevance of TDI and myocardial strain and strain 
rate61 for earlier diagnosis of cardiac amyloid. Significant LV 
hypertrophy and wall motion abnormalities may be seen in 
patients with secondary amyloidosis.62 Differential diagnosis of 
amyloidosis includes hypertrophic cardiomyopathy and other 
infiltrative cardiomyopathies. Decreased LV function strongly 
suggests absence of hypertrophic cardiomyopathy.

LA dysfunction preceding echocardiographic features of 
amyloidosis can be detected by atrial strain and rate. In 95 
patients with amyloid LA ejection fraction was lower compared 
to controls (40.4 ± 13.6 vs. 67.0 ± 6%, P = 0.01). LA septal strain 
rate and strain were lower compared to controls (0.8 ± 0.5 s−1 
and 5.5 ± 4%, respectively) compared with controls (1.8 ± 
0.8 s−1 and 14 ± 4%, respectively, P ≤ 0.0001).63

Endomyocardial biopsy remains the definitive diagnostic 
method for cardiac amyloidosis.64 Transthoracic echocardiog-
raphy has played a major role in the evaluation of amyloid 
deposition in the heart and is the procedure of choice for the 
noninvasive diagnosis of cardiac amyloid.41 Increased myocar-
dial echogenicity is useful for diagnosing cardiac amyloidosis. 
Especially in the presence of increased atrial thickness, specific-
ity can reach 100%; however, this feature is evident only in the 
advanced stages of the disease. If the combined clinical65 and 
echocardiographic picture suggests amyloidosis, then immuno-
characterization of the underlying amyloid protein can be 
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Figure 28-12  Midventricular short-axis late gadolinium-enhanced magnetic resonance images showing two patients with systemic amyloi-
dosis. A, 76-year-old woman with histologic diagnosis of amyloidosis of periumbilical adipose tissue. Late enhancement in short-axis image shows 
intense subendocardial enhancement involving all LV walls (arrows). B, Global transmural late gadolinium enhancement in a homogenous pattern 
in the LV and RV. Blood pool has characteristic dark appearance commonly seen in cardiac amyloidosis. (A, Adapted from Belloni E, De Cobelli F, 
Esposito A, et al: MRI of cardiomyopathy. Am J Roentgenol 191:1702-1710, 2008. B, Adapted from Syed IS, Glockner JF, Feng D, et al: Role of 
cardiac magnetic resonance imaging in the detection of cardiac amyloidosis. JACC Cardiovasc Imaging 3:155-164(B), 2010.)
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Other Approaches in the Diagnosis of Restrictive Cardiomyopathies

Diagnostic Modalities Findings Limitations

2D/Doppler 
echocardiography

LV hypertrophy
Restrictive filling

Comorbidities of advanced age and coexisting 
hypertension renders LVH nonspecific. May be late 
findings with limited impact on guiding treatment or 
affecting prognosis. Nonreproducible measurements 
make regression difficult to follow.80 Does not provide 
etiologic information in amyloidosis60

Systemic markers Light chains, serum amyloid p component, troponin, and pro-BNP
In primary amyloidosis

Biopsy
Tongue, subcutaneous fat 

pads, kidneys, bone 
marrow, gastric mucosa, 
rectal mucosa, and EMB

May reveal specific cause of restrictive cardiomyopathy
Eosinophilic interstitial deposits on H & E, apple-green birefringence on 

Congo red staining, and fibrillar protein on EM in cardiac amyloid

Procedural risk
Uncertainty about sampling error limits use in 

monitoring disease

Cardiac catheterization Dip and plateau
RV systolic pressure usually >50 mm Hg
LVEDP often >5 mm Hg > RVEDP
RVEDP < one third of RV systolic pressure

CT imaging Pericardium of normal thickness

MRI High spatial resolution and tissue contrast definition. Pattern of late 
gadolinium enhancement is diffuse subendocardial or global transmural in 
over 83%. Suboptimal myocardial nulling (8%) and patchy focal LGE (6%) 
is less common in cardiac amyloidosis. LGE is subendocardial sparing and 
often involving basal inferolateral wall in Fabry disease, midwall within 
hypertrophied segments in patchy distribution most consistently at anterior 
and posterior junction of interventricular septum and right ventricular free 
wall in HCM. T2 noncontrast MRI valuable in quantitation of myocardial 
iron deposition in hemochromatosis. Subendocardial longitudinal relaxation 
time (T1) in amyloid patients is shorter than in controls. Prevalence of late 
gadolinium enhancement 50% in Fabry disease, 69% in cardiac amyloidosis 
and 80% in HCM

Risk of the development of nephrogenic systemic fibrosis 
from gadolinium, in patients with acute or chronic 
severe renal insufficiency (glomerular filtration rate  
<30 mL/min/1.73 m2) and patients with renal 
dysfunction due to the hepatorenal syndrome

Nuclear scintigraphy with 
99Tc pyrophosphate or 
indium-labeled systemic 
amyloid protein scan

Tc pyrophosphate scan differentiates between immunoglobulin light chain and 
transthyretin-related familial and senile amyloidosis. Strong uptake 
transthyretin-related amyloidosis with accuracy of 100%

Indium cardiac uptake in primary and multiorgan uptake in systemic 
amyloidosis

BNP, Brain natriuretic peptide; CT, computed tomography; EM, electron microscopy; EMB, endomyocardial biopsy; HCM, hypertrophic cardiomyopathy; H & E, hematoxylin-eosin 
(stain); LGE, late gadolinium enhancement; LVEDP, left ventricular end-diastolic pressure; LVH, left ventricular hypertrophy; MRI, magnetic resonance imaging; RVEDP, right ventricular 
end-diastolic pressure.

TABLE 
28-3 

is exacerbated by multisystem involvement and cardiac involve-
ment in particular.48 A marked increase in wall thickness, spe-
cifically mean LV and RV wall thickness of greater than 15 mm 
and 7 mm, respectively,78 reduced LV systolic function, short-
ened mitral inflow DT of less than 150 ms,79 increased 
early diastolic filling velocity to atrial filling (E/A) ratio, and 

Doppler-derived myocardial performance index (MPI)80 have 
all been proposed as predictors of cardiac death. One study81 
found that the myocardial integrated back scatter of the poste-
rior wall was a better predictor of cardiac and overall death 
compared to Doppler features. Another poor prognostic marker 
is RV dilation.82 Late gadolinium enhancement has been shown 
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elevated in inflammation and fever.103 T2 relaxation time on 
cardiac MRI has a linear correlation with the total iron content 
in the heart.104

HYPEREOSINOPHILIC SYNDROME AND  
ENDOMYOCARDIAL FIBROSIS

Idiopathic hypereosinophilic syndrome is a leukoproliferative 
disorder characterized by idiopathic sustained peripheral blood 
eosinophilia (greater than 1.5 × 109/L) and (multi-) organ dys-
function caused by infiltration of eosinophils. Cardiac dysfunc-
tion is the most common cause of morbidity and mortality. 
Endocardial fibrosis and myocardial inflammation cause heart 
failure and ventricular mural thrombus formation.

Dyspnea, ascites, peripheral edema, and right heart failure are 
common clinical manifestations of the disease in patients with 
RV or biventricular involvement. Increased endocardial thick-
ness suggestive of fibrosis with restricted leaflet motion of the 
atrioventricular valve is seen in endomyocardial fibrosis.105 This 
disease is characterized by fibrosis of the endocardium and of 
the myocardium of the inlet region and LV apex. Involvement 
of the papillary muscles leads to regurgitation of mitral and 
tricuspid valves. Progressive shrinkage of the LV cavity occurs.106 
Ventriculography may show a polylobulated LV silhouette with 
linear calcific shadows at the “amputated” apex giving an 
appearance of a clenched fist107 or a hissing snake.108

Echocardiographic findings include Merlon sign (basal 
hypercontractility), which contrasts with the abnormal apex.109 
On M-mode echocardiography, the initial rapid motion is fol-
lowed by a flat endocardial reflection (the square root sign is 
seen in the septum and posterior wall). On 2D echocardiogra-
phy, inversion of the normal ventricular-to-atrial size ratio is  
seen with obliterated ventricles and dilated atria. The LA is 
dilated with left-sided endomyocardial fibrosis, and the RA  
is dilated with right-sided endomyocardial fibrosis.107 Marked 
biatrial enlargement is seen when both sides of the heart are 
involved. The apex of the involved ventricle shows layered 
thrombus in the early stages (Fig. 28-13), which is later obliter-
ated by fibrosis. Apical thrombus does not alter the movement 
of the underlying myocardium. Different grades of pericardial 
effusion are also found. Echocardiography seems to be the only 
noninvasive method that can detect endomyocardial disease in 
its early stages.110 Peripheral eosinophilia along with increased 
cardiac troponin T without other known etiology, which 
decreases after treatment, has been proposed to be an early 
marker of disease even before echocardiographic manifesta-
tions appear.111

A restrictive pattern is typical of the late stage of the disease. 
There is minimal change in mitral and tricuspid velocities as 
found in healthy patients, which differentiates endomyocardial 
fibrosis from constrictive pericarditis. Furthermore, a restrictive 
pattern is observed on both atrioventricular valves when both 
sides are involved with a markedly short tricuspid inflow DT. 
Pulmonary veins often show D dominance and a broad reversal 
A wave (the latter presented a low velocity when the wall of the 
LA is diseased). Hepatic veins showed a markedly deep diastolic 
forward wave throughout the respiratory cycle and a marked 
reversal with inspiration. Fibrous thickening of the endocar-
dium, made up of collagen without elastic fibers and sometimes 
organized thrombus, is seen on endomyocardial biopsy. Normal 
thickness of mitral and tricuspid valve leaflets despite severe 
regurgitation, involvement of papillary muscles, obliteration of 
LV apex, and normal-sized to small ventricle in the presence of 

to offer prognostic value in the assessment of amyloidosis.83 
Histologically, the worst prognosis is connected with the pres-
ence of nodular deposits, thick perimyocytic layers of amyloid, 
and small myocyte diameters in endomyocardial biopsy.84 The 
overall median survival after diagnosis is less than 2 years in 
most. Syncope indicates a poor prognosis as well and is often a 
precursor of sudden cardiac death.85

In secondary amyloidosis, the underlying chronic disease 
affects the prognosis, and hereditary amyloidoses vary in prog-
nosis according to the specific mutation.86 Heart rate variability 
assessed by Holter monitoring was found to be a possible pre-
dictor of mortality in patients with both primary and secondary 
amyloidosis involving the heart.87 Impaired LV systolic function 
is more common in primary than other forms of amyloidosis88; 
primary amyloidosis also carries a worse prognosis compared 
to secondary amyloidosis.

Outcome Data
The use of high-dose melphalan with rescue autologous periph-
eral blood stem cell transplantation has resulted in reversal of 
the clinical manifestations of AL amyloidosis in a significant 
proportion of patients who survived the procedure.89-91

HEMOCHROMATOSIS

The clinical presentation of primary (hereditary) hemochroma-
tosis (an autosomal recessive disorder) includes liver disease in 
75% of cases, weakness and lethargy in 74%, skin hyper-
pigmentation in 70%, diabetes mellitus in 48%, arthralgia in 
44%, impotence in 45%, electrocardiographic abnormalities in 
31%, and heart failure and conduction disturbances in 15%.92 
The primary clinical feature of secondary hemochromatosis is 
high-output cardiac failure from anemia and hemosiderosis. 
Reversible restrictive cardiomyopathy has been described as a 
rare clinical feature of hemochromatosis.93,94 An early echocar-
diographic study95 in patients with anemia who developed 
cardiac secondary hemochromatosis due to transfusion 
described LV hypertrophy as characteristic of this disorder; 
however, a subsequent echocardiographic study96 that exam-
ined echocardiographic features of patients with primary 
(hereditary) hemochromatosis compared to normal subjects 
found that hypertrophy is not a feature of hemochromatosis 
cardiomyopathy. One study97 found increased echocardio-
graphic integrated myocardial backscatter (33 ± 13 vs. 21 ± 6, 
p less than 0.001) in 38 patients with thalassemia receiving 
chronic blood transfusion compared to 20 control subjects 
despite comparable fractional shortening but increased LV 
mass. The same group subsequently showed the myocardial 
backscatter in this group of patients is not related to prognosis 
over a 122 ± 36 month follow-up.98 Decreased S′ of mitral 
annulus was found in treated subjects with hemochromatosis 
and S′ = 10.88 cm/s achieved a 56% sensitivity and 74% speci-
ficity for separating hemochromatosis from controls. Negative 
predictive value of S′ was only slightly greater than 50%; thus, 
additional imaging with cardiac MRI is still needed in the pres-
ence of normal S′.99 Most of the echocardiographic studies100 
report a dilated cardiomyopathy with hemochromatosis. One 
study101 found increased wall thickness that was reversible after 
iron chelation therapy. Increased thickness may be an early 
feature of the disease with progression to dilated cardiomyopa-
thy in later stages. Serum ferritin is highly correlated with the 
amount of iron deposition and can therefore be used as an 
index for intracardiac iron load102; however, ferritin can be 
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28-13). Obliteration of LV apex during both systole and diastole 
distinguishes endomyocardial fibrosis from apical hypertrophic 
cardiomyopathy where obliteration only occurs in systole. The 
presence of a normal-sized ventricle in the presence of gross 
cardiomegaly on chest radiography and normal-sized and 
normal LV systolic function distinguish it from dilated cardio-
myopathy. Gigantic RA and apical obliteration of RV apex may 
suggest Ebstein anomaly; however, normal attachment of tri-
cuspid leaflets and focal involvement of RV inflow and outflow 
regions distinguish right-sided endomyocardial fibrosis from 
Ebstein anomaly.

severe valvular regurgitation distinguish this condition from 
rheumatic heart disease.

Patients who present with right-sided endocardial fibrosis 
may have clinical features that can be confused with those of 
constrictive pericarditis. Presence of normal pericardial thick-
ness, obliteration of RV apex, and markedly dilated RA distin-
guish it from constrictive pericarditis. Patients who develop an 
extensive LV apical thrombus after an acute myocardial infarc-
tion may mimic endomyocardial fibrosis; however, wall motion 
abnormalities in the classic distribution, history of myocardial 
infarction, and lack of eosinophilia aid in diagnosis (see Fig. 

Figure 28-13  Cardiac involvement in idiopathic hypereosinophilic syndrome. TTE revealed the presence of deposits at the apex of the LV in 
apical  four-channel and two-channel views  (white arrows, A and B). C, Pseudonormal  to  restrictive filling pattern. D, Tricuspid  regurgitation  (TR) 
envelope by CW Doppler. V-shaped TR signal suggests markedly elevated RA pressure. 
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Asymmetric septal hypertrophy, recorded in 10% of patients, 
may have had a similar origin.126,127 Such abnormalities in the 
upper portion of the intraventricular septum may be consid-
ered a reliable diagnostic element of cardiac sarcoidosis, even 
though there is no further evidence of other organ involvement. 
One report found that more than 50% of patients with cardiac 
sarcoidosis had diastolic dysfunction and preserved systolic 
function.128 One report described normal LV systolic function, 
marked biatrial enlargement, severe tricuspid regurgitation, 
and marked thickening of biatrial walls, appendages, and inter-
atrial septum.129 It may be considered that when thickening is 
present, the sarcoid lesions may be of a progressive nature, 
which is manifested with interstitial edema due to exudative or 
activated granuloma formation. In the advanced stages of 
disease, interstitial fibrosis may progress, and thus thinning of 
the ventricular wall may occur.

Because of low yield on endomyocardial biopsy,115 the diag-
nosis is often made with a combination of electrocardiography, 
Holter monitoring, echocardiography, myocardial perfusion 
imaging, and, most recently, cardiac MRI.130 Radionuclide scan-
ning with thallium131 or sestamibi132 may show abnormal defects 
that reverse with dipyridamole.133 In patients with normal coro-
naries and known cardiac sarcoid, presence of myocardial thal-
lium defects may be used to guide response to therapy. One 
report found that Holter monitoring was associated with a sen-
sitivity of 67% and a specificity of 80% for identification of 
cardiac involvement in patients with systemic sarcoidosis.134 
The plasma brain natriuretic peptide level is considered to be a 
useful noninvasive biomarker for identifying a possible cardiac 
involvement in sarcoidosis patients with a preserved LV ejection 
fraction.135

Unlike isolated pulmonary disease, cardiac involvement 
implies a poor prognosis. Patients with sarcoidosis are at 
increased risk of sudden death. Owing to the progress in antiar-
rhythmic drugs and pacemaker implantation, the primary 
cause of death in cardiac sarcoidosis has changed from sudden 
death to heart failure.

Outcome Data
For symptomatic patients, medical therapy may include a trial 
of steroids and immunosuppressive therapy. An excellent 
response can be achieved with steroid therapy in the early acute 
inflammatory stage. Monoclonal antibodies against tumor 
necrosis factor may be employed in refractory cases. Heart 
block warrants a permanent pacemaker, whereas ventricular 
tachyarrhythmias are typically amiodarone unresponsive, 
requiring implantation of an implantable cardioverter-
defibrillator. Heart transplantation is a suitable option for 
patients with end-stage disease.

STORAGE DISORDERS136

Gaucher Disease
Gaucher disease, the most common lysosomal storage disorder, 
is due to inherited deficiency of the lysosomal enzyme gluco-
cerebrosidase.137 Clinically, three phenotypes have been delin-
eated on the basis of the presence and severity of central nervous 
system involvement138: type 1 (nonneuronopathic adult form), 
type 2 (acute neuronopathic form diagnosed classically in 
infants who are several months old), and type 3 (subacute neu-
ronopathic juvenile form). Partial deficiency of acid beta-
glucosidase is associated with parenchymal disease of the  
liver, spleen, and bone marrow with concomitant anemia and 

Asymptomatic patients are closely monitored with serum 
troponin level every 3 to 6 months and echocardiography and 
pulmonary function tests every 6 to 12 months. Early institu-
tion of alpha interferon, steroids, and hydroxyurea and favor-
able response to treatment may halt the fibrotic process and 
improve symptoms and prognosis in these patients. Imatinib 
mesylate (Novartis), a tyrosine kinase inhibitor, chemothera-
peutic agents, and hematopoietic stem cell transplantation are 
used for resistant cases.112 Valve replacement with bioprosthetic 
valves may be required in patients with severe regurgitant 
lesions. Risk of thrombosis with mechanical valves is very high 
in patients with hypereosinophilic syndrome despite therapeu-
tic anticoagulation. Endocardiectomy may be required for 
patients with endomyocardial fibrosis, and thrombectomy may 
be required for individuals with thrombosis.

SARCOIDOSIS

Sarcoidosis is a granulomatous disease of unknown etiology 
that has a predilection for certain ethnic groups such as African 
Americans. Pulmonary sarcoid is often the first manifestation 
of the disease.113 Endomyocardial biopsy may assist in making 
a diagnosis with the finding of noncaseating granulomas. The 
histological diagnostic rate of cardiac sarcoidosis using endo-
myocardial biopsy has a low sensitivity of 19.2%114 due to a 
patchy distribution of the pathology and predilection of granu-
lomas for the cephalad portion of the septum that is less acces-
sible to biopsy.

Cardiac involvement occurs in 25% of patients with systemic 
sarcoidosis but is clinically silent in the majority of patients.115-117 
In a comparative study118 of cardiac sarcoidosis in Japanese, 
African Americans, and U.S. whites, the incidences of cardiac 
sarcoid granulomas were 67.8%, 21.2%, and 13.7%, respec-
tively. A recent report in 69 patients, 30 with biopsy-proven 
sarcoid, without clinical evidence of heart disease found no 
differences in echocardiographic findings compared to 26 
control subject except for a mildly reduced fractional shorten-
ing in patients with long-standing sarcoid.119 In another study,120 
occult myocardial involvement was shown in patients with sar-
coidosis without cardiac involvement. Of these 21 patients, 10 
showed abnormal interventricular septal motion and abnormal 
LV ejection fraction during stress compared to control subjects. 
Diastolic dysfunction is not uncommon in patients with pul-
monary sarcoid without any cardiac involvement.121 Wall 
motion abnormalities, LV aneurysm, systolic dysfunction, 
dilated cardiomyopathy, conduction abnormalities, arrhyth-
mias, and pericardial effusion are more common manifesta-
tions of cardiac sarcoidosis.114 Sarcoid is an important diagnostic 
consideration in scar-related ventricular tachycardia.122 Sudden 
death may be the first manifestation of cardiac sarcoidosis.123 
Sarcoid can be misdiagnosed as idiopathic or arrhythmogenic 
RV cardiomyopathy. Restrictive cardiomyopathy is more 
unusual, and diagnosis of sarcoid restrictive cardiomyopathy 
may be made only after characteristic findings of noncaseating 
granulomas on endomyocardial biopsy are documented.124

To date, no single cardiac investigation has been shown to 
reliably predict cardiac involvement. Valantine’s group125 
reported that thinning, as well as wall motion abnormalities, at 
the base of the intraventricular septum characterizes the pres-
ence of cardiac sarcoidosis. The finding of reduced systolic 
thickening and excursions of the interventricular septum in 
about 10% of patients with cardiac sarcoid may be related to 
the frequent prevalence of sarcoid granulomas in the septum. 
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hypertrophy and improves heart failure symptoms and skeletal 
muscle weakness and respiratory failure, whereas lower motor 
neuron disease is unresponsive to treatment.153

Fabry Disease
Fabry disease is a rare X-linked recessive metabolic disorder 
caused by deficiency of the lysosomal enzyme α-galactosidase 
A.154 Accordingly, hemizygous males have the most severe form 
of the disease and heterozygous females usually have a more 
benign presentation.155 The enzymatic defect in this lysosomal 
storage disease leads to the accumulation of globotriaosyl-
ceramide in several organs including the skin, kidney, nervous 
system, cornea, and heart.

Cardiac involvement in Fabry disease may occur in conjunc-
tion with involvement of other organs or the disease may mani-
fest only with cardiac involvement. Electrocardiographic 
features include a short PR interval, abnormalities of conduc-
tion, and LV hypertrophy.156 Echocardiographic findings include 
aortic root dilatation, generalized asymmetric increase in myo-
cardial wall thickness, myocardial dysfunction, ultimately 
dilated cardiac chambers, and valve dysfunction, especially of 
the mitral valve.157 The increased ventricular wall thickness is 
the consequence of the deposition of globotriaosylceramide in 
cardiomyocytes and cellular hypertrophy. In female patients, 
the features are usually subclinical; however, more than half of 
heterozygous females may have cardiac hypertrophy on echo-
cardiogram.158 Endomyocardial biopsy and/or measurement of 
plasma α-galactosidase A activity are definitive diagnostic tests. 
Sarcoplasmic vacuolization is the classic finding on light micros-
copy of hematoxylin and eosin–stained tissue. On electron 
microscopy, concentric lamellar bodies are noted in the sarco-
plasm of myocardial cells. In two recent studies, Fabry disease 
was diagnosed in 3% to 4% of men with concentric LV hyper-
trophy.159,160 Asymmetric septal hypertrophy may be present in 
as many as 4% of patients with Fabry disease.

LV systolic function progressively deteriorates in untreated 
patients with Fabry disease. A large cross-sectional study161 of a 
patient cohort from the Anderson Fabry disease clinical and 
genetic register showed that the median cumulative survival was 
50 years (n = 51), which represents an approximately 20-year 
reduction of life span. Steep decline in survival occurs after age 
35. Neuropathic pain (77%), sensorineural deafness (78%), 
renal failure (30%), cerebrovascular complications (24%), and 
low body mass index due to gastrointestinal complications were 
common.

Recently the availability of enzyme replacement therapy has 
been shown to result in clearing of vascular endothelial deposits 
of globotriaosylceramide.162 Improvement in LV mass and sys-
tolic function has also been reported with enzyme replacement 
treatment.163 A recent study164 in 29 patients with mean age of 
37 ± 13 years who were treated with 37-month enzyme replace-
ment therapy demonstrated lack of progression of LV hyper-
trophy and some improvement in LV diastolic function with 
prolongation of mitral inflow E-wave DT and decreased E/E′ 
(lateral) ratio. Increased echogenicity in the posterobasal 
segment was present in 83% of patients, whereas binary  
appearance (increased echogenicity of the mid interventricular 
septum due to compartmentalization of glycosphingolipids) 
was found in only 20% of patients in this study. An earlier 
study165 had found presence of binary appearance (Fig. 28-14) 
in 83% of patients with Fabry disease and had found its  
sensitivity and specificity at 94% and 100%, respectively, in 
detecting Fabry disease compared to patients with hypertrophic 

thrombocytopenia in nonneuronopathic, type 1 Gaucher 
disease. Severe deficiency of glucocerebrosidase caused by severe 
mutations is additionally associated with neurological manifes-
tations in the less common type 2 and type 3 subtypes.139 The 
perinatal lethal form is very rare, and prominent features of  
the severe perinatal form are hepatosplenomegaly, associated  
with hydrops fetalis, generalized ichthyosis, and facial 
dysmorphy.140

Echocardiographic features of this disease in the nonneuro-
pathic (adult) form include increase in LV mass with a septal 
muscular prominence, areas of apical akinesis, and pericardial 
changes.141 Ascending aortic as well as aortic and mitral valve 
calcification has been described in a family.142

Enzyme replacement therapy in type 1 Gaucher disease 
regresses hepatosplenomegaly, anemia, thrombocytopenia, 
bone fractures, and bone crisis, whereas neurologic abnormali-
ties and interstitial fibrosis do not respond to treatment.143

Glycogen Storage Disorder
Pompe disease occurs due to an α-1,4-glucosidase deficiency, 
characterized by progressive deposition of glycogen in all 
tissues.144 The disease has an autosomal recessive inheritance 
with a predicted frequency of 1 : 40,000. Pompe disease is associ-
ated with elevation of muscle enzymes creatine phosphokinase, 
lactate dehydrogenase, alanine aminotransferase, and aspartate 
aminotransferase in 90% to 95% of cases and is confirmed by 
measurement of α-glucosidase deficiency in leukocytes, fibro-
blasts, and/or in muscle tissue. The classic infantile form of the 
disease occurs in infants shortly after birth and is characterized 
by generalized hypotonia, failure to thrive, and cardiorespira-
tory failure. Muscular abnormalities and respiratory difficulties 
are the most common manifestations, followed by cardiac man-
ifestations, pain, epilepsy, fatigue, feeding problems, under-
weight, macroglossia, abnormal speech, hepatosplenomegaly, 
abnormal mental development, and hyperparathyroidism.145

One review of 225 patients with adult-onset Pompe disease 
found echocardiographic evidence of hypertrophic cardiomy-
opathy in 5% of patients, cor pulmonale in 2%, and other 
cardiac abnormalities in another 4% of patients.146 Cardiac 
hypertrophy was only found in subjects younger than 1 year. 
Echocardiographic features include severe thickening of the 
interventricular septum, free wall, and posterior LV wall146 with 
a tumor-like appearance of the papillary muscles, a small LV 
cavity, and poor LV systolic function.147 Case reports of apical 
hypertrophy causing artifacts on myocardial perfusion imaging 
and restrictive cardiomyopathy have been described.148 Normal 
motion of the intraventricular septum and mitral valve leaflets 
and midsystolic closure of the aortic valve have been noted.149 
The combination of echocardiographic and electrocardio-
graphic findings is helpful in the clinical diagnosis and recogni-
tion of the severity of cardiac involvement of this disease.

Patients with the infantile form of this disease usually die 
within the first year of life. The nonclassic or late-onset form of 
the disease may occur at any age in childhood or adulthood. It 
presents predominantly as a slowly progressive proximal myop-
athy (in 95% of patients), with or without respiratory difficul-
ties (in 44%).149,150

Patients with later onset of disease have better prognosis.146 
Respiratory failure is the most common cause of death. Benefi-
cial effects of recombinant human alpha glucosidase have been 
reported in patients with the classic infantile form151 as well as 
in patients with the nonclassic or late-onset form of the 
disease.152 Enzyme replacement therapy regresses cardiac 
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malignancy, radiation exposure, cardiotoxic drug exposure, or 
history of alcohol abuse. Interstitial fibrosis is the predominant 
histologic finding. LV systolic function is preserved in more 
than two third of patients.170 Compared to cardiac amyloidosis, 
long-axis function as measured by tissue Doppler imaging is 
often preserved in these patients.171 Atrial fibrillation is 
common.172 Endomyocardial biopsy shows mild to severe 
interstitial fibrosis and mild myocyte hypertrophy. The inter-
stitial fibrosis found in this condition only rarely interferes 
with the shortening of myocardial fiber bundles but is suffi-
cient to prevent ventricular dilation and thereby limit diastolic 
stretch.

The disease is characterized by increased mortality in adults, 
with 5- and 10-year survival rates of 64% and 37%, respec-
tively.172 LA dimension greater than 60 mm is associated with 
poor prognosis.173 The disease carries a poor prognosis in chil-
dren, with a median survival of 2 years.173 The strongest pre-
dictor of survival in children with idiopathic restrictive 
cardiomyopathy is the extent of increase in LA-to-aortic ratio 
at presentation followed by pulmonary capillary wedge pressure 
and LV end-diastolic pressure. Symptoms at the time of presen-
tation do not predict outcome.174

DRUG-INDUCED RESTRICTIVE 
CARDIOMYOPATHY

Fibrous thickening of LV endocardium with features of restric-
tive cardiomyopathy occurs in anthracycline cardiotoxicity.174 
Ultrastructural abnormalities of the myocytes with myofibrillar 
loss and cytoplasmic vacuolation are seen in both anthracycline 
and chloroquine cardiotoxicity. Both restrictive features as well 
as concentric LV hypertrophy have been shown to be reversible 

cardiomyopathy and hypertensive and normal subjects. One 
study in patients with aortic stenosis, hypertrophic cardiomy-
opathy, and Fabry disease found a characteristic double peak 
sign on strain rate imaging in the 42 segments that showed late 
gadolinium enhancement. This pattern consisted of a sharp 
early first systolic peak (negative for longitudinal function and 
positive for radial function) followed by a rapid fall of strain 
rate close to the zero line and an additional second strain-rate 
peak during the isovolumic relaxation period (directed in the 
same direction as the first peak and at least 50% in magnitude 
compared with the first peak).166

IDIOPATHIC RESTRICTIVE CARDIOMYOPATHY

Idiopathic restrictive cardiomyopathy occurs predominantly in 
elderly women. It is a rare entity distinguished from the other 
forms of restrictive cardiomyopathy by the presence of normal 
ventricular wall thickness. There have been a few reports of 
mutations in idiopathic restrictive cardiomyopathy, implicating 
the desmin and cardiac troponin I genes.167 Linkage of genes to 
a region on chromosome 10 has been found in autosomal dom-
inant restrictive cardiomyopathy in a family.168 Idiopathic 
restrictive cardiomyopathy accounts for 2% to 5% of all cardio-
myopathies in children.169 Biatrial enlargement and no or 
minimal hypertrophy are evident, as in the idiopathic restrictive 
cardiomyopathy of the adult.

There is marked biatrial enlargement and presence of atrial 
fibrillation in the absence of valvular heart disease, hyperten-
sion, and ischemic heart disease. This disease is seen in  
individuals where other etiologies for cardiomyopathy have 
been excluded, such as connective tissue disease, carcinoid syn-
drome, amyloidosis, hemochromatosis, eosinophilic syndrome, 

Figure 28-14  Two-dimensional echocardiography in four-chamber apical view and LV endomyocardial biopsy from two patients with Fabry 
disease cardiomyopathy. (A, D and B, E, respectively) and a patient with hypertrophic cardiomyopathy (C, F). Comparison of the three echocar-
diographic frames reveals the presence of a binary appearance of left ventricular endocardial border in the two Fabry patients (A, B). This echo-
cardiographic finding reflects the glycosphingolipids compartmentalization involving a thickened endocardium (End ) with enlarged and engulfed 
smooth muscle cells (SMC ), a subendocardial empty space (SES), and a prominent involvement of subendocardial myocardial layer (SL), while the 
middle  layer  (ML) appears partially spared (D, E). The echocardiographic pattern  is absent  in hypertrophic cardiomyopathy  (C), despite a similar 
thickening of the endocardium (F). (From Pieroni M, Chimenti C, De Cobelli F, et al: Fabry’s disease cardiomyopathy: echocardiographic detection 
of endomyocardial glycosphingolipid compartmentalization. J Am Coll Cardiol 47:1663-1671, 2006.)
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treatment, cardiomyopathy was seen even after low-dose 
treatment.186

OTHER CAUSES OF RESTRICTIVE 
CARDIOMYOPATHY

Connective tissue diseases such as scleroderma and systemic 
lupus erythematosus187 and pseudoxanthoma elasticum188 may 
produce features of restrictive cardiomyopathy. Calcified endo-
cardial bands may be seen in those with restrictive cardiomy-
opathy due to pseudoxanthoma elasticum.189

Differentiating between Restrictive 
Cardiomyopathy and Constrictive 
Pericarditis
The diagnosis of restrictive cardiomyopathy or constrictive 
pericarditis should be considered in any patient with a dispro-
portionate degree of right heart failure in the setting of normal 
or mildly depressed LV systolic function and normal valvular 
function. Both constrictive pericarditis and restrictive cardio-
myopathy are associated with increased intracardiac filling  
pressures; however, stiff pericardium versus stiff ventricle dif-
ferentiate the two conditions and produce specific echocardio-
graphic signs that help differentiate them.190-193

Pericardial calcification on chest radiography and thickened 
pericardium on computed tomography (CT) scan are diagnos-
tic findings of constriction, although CT may have difficulty 
differentiating pericardial fluid from thickened pericardial 
tissue in some cases. MRI provides comprehensive images of 
the pericardium and is superior to both CT and echocardiog-
raphy with respect to its ability to characterize pericardial effu-
sions and pericardial masses. Although a pericardial thickness 
of 3 mm or more on transesophageal echocardiography is 
highly suggestive of constrictive pericarditis, echocardiography 
is not an accurate approach for evaluation of pericardial thick-
ness.194 In about 18% of patients with surgically proven con-
striction, pericardial thickness may not be increased on 
noninvasive imaging because of the patchy nature of pericardial 
involvement.195 If pericardial thickness is normal on CT or MRI, 
biochemical tests to determine the etiology of restrictive cardio-
myopathy such as serum/urine protein electrophoresis or iron 
studies should be performed, followed by endomyocardial 
biopsy. This will confirm the specific etiology of restrictive car-
diomyopathy in about 39% of patients.196

The pathophysiologic feature that best separates constrictive 
pericarditis from restrictive cardiomyopathy is dissociation of 
intrathoracic and intracardiac pressure and increased ventricu-
lar interdependence (Table 28-4).174,197,198 With constrictive peri-
carditis, negative chest pressure during inspiration is not 
transmitted to the cardiac chambers but is transmitted to the 
pulmonary venous bed. Thus, during inspiration, there is a 
higher decrease in pulmonary venous pressure relative to LV 
diastolic pressure, causing a decrease in transmitral gradient 
during the inspiratory phase.

In addition, ventricular interdependence is increased in con-
strictive pericarditis due to the constrained total cardiac volume 
and the lack of transmission of intrathoracic forces to the ven-
tricular chambers. In contrast, ventricular interdependence is 
absent in restrictive cardiomyopathy because of involvement of 
the ventricular septum with a normal pericardium. In constric-
tive pericarditis, there is abrupt diastolic shift in the ventricular 

on chloroquine withdrawal.175 Methysergide cardiotoxicity 
involves encasing of heart valves with fibrous tissue causing 
valvular regurgitation.

POSTRADIATION CARDIOMYOPATHY

Radiation-induced heart disease, with its clinical manifesta-
tions, is becoming a growing problem. Its prevalence is increas-
ing, keeping pace with the increased survival of many 
malignancies. The majority of patients with radiation induced 
heart disease are constituted by Hodgkin disease survivors,  
followed by non-Hodgkin disease, esophageal carcinoma, 
thymoma, lung cancer, breast cancer, and metastatic seminoma. 
Pericardial disease is the most well-known expression of 
radiation-induced heart disease, present clinically in 60% to 
70% of patients receiving mediastinal irradiation.176 The mani-
festations include acute pericarditis, pericardial effusion with or 
without tamponade, and constrictive pericarditis. Almost all 
patients who develop radiation-induced heart disease develop 
a pericardial effusion with relative sinus tachycardia 3 to  
4 weeks postradiation, which may be transient. Six to 12 months 
after radiation, late damage is manifest as massive pericardial 
effusion followed by myocardial damage and coronary sclerosis 
depending on field and radiation dose. The mean time of pre-
sentation for constrictive pericarditis is 48 months. Follow-up 
of the irradiated patients by echocardiography, especially those 
who received more than 5000 rad to the heart area, is advis-
able.177 Appropriate cardiac shielding and minimum possible 
radiation dose are preventive measures.

Late cardiac effects occur from mediastinal radiation.178 Pub-
lished observations on the effect of radiation of LV function 
differ. Gustavsson and colleagues179 found a decrease of the LV 
shortening in 44% of patients and a decreased LV end-diastolic 
dimension in 28% of patients as well as evidence of diastolic 
dysfunction in 50% of patients. Others found decrease in LV 
systolic function in one third of patients and borderline value 
in another third;180 still others181 found no effect on LV function. 
The most conspicuous change is diffuse interstitial fibrosis seen 
chiefly in the RV, presumably because of the commonly used 
anterior radiation fields leading to congestive heart failure, and 
typically a restrictive cardiomyopathy. In an autopsy series, the 
endocardium was thickened from fibrous proliferation with 
some increase in elastic fibers mainly in the RV in 12 of 16 
patients making the ventricular muscle less compliant and 
necessitating higher filling pressures to maintain stroke 
volume.182 One series found cardiac involvement in 12 of 108 
patients after irradiation for Hodgkin disease. Chronic pericar-
dial disease and coronary artery disease were the most frequent 
manifestations.183

Coronary artery obstructive disease frequently involves ostial 
coronary segments and the left main coronary artery, and risk 
appears greater in those with known risk factors for coronary 
artery disease.184 All patients undergoing chest irradiation 
require serial cardiac evaluation. Important risk factors for 
radiation-induced heart disease are previous chemotherapy, 
radiation exposure exceeding 4000 rad, and administration next 
to the heart and on the left side of the chest.185 Doxorubicin 
treatment for acute lymphoblastic leukemia in children was 
found associated with chronic progressive cardiac dysfunction 
at 12-year follow-up and restrictive cardiomyopathy character-
ized by reduced cardiac mass, decreased LV dimension, and 
reduced wall thickness along with reduced LV systolic function. 
Although seen more commonly after high-dose doxorubicin 
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Figure 28-15  Mitral inflow PW Doppler in a patient with constriction (A) and in a patient with cardiac amyloidosis (B). Note marked respira-
tory changes with decrease in mitral inflow velocities during inspiration and increase during expiration in the patient with constriction and no sig-
nificant respiratory change in the patient with cardiac amyloidosis. 

A B

Echocardiographic Features of Restrictive Cardiomyopathy and Constrictive Pericarditis

Restrictive Cardiomyopathy Constrictive Pericarditis

Pericardium Normal Thickened

Left ventricle Small Small
May show systolic dysfunction Usually intact, may be abnormal particularly after CABG or radiation
No septal bounce Septal bounce

Atria Usually dilated Usually nondilated

Mitral inflow Increased E/A ratio, short DT Increased E/A ratio, short DT
No significant respiratory variation of E velocity >25% expiratory increase in E velocity
Diastolic MR Diastolic MR

Tissue Doppler long velocities Markedly reduced Normal

Circumferential strain Normal Reduced

Peak radial strain LV base Normal Reduced

Net twist Normal Reduced

Basal longitudinal strain Reduced Normal

Apical untwisting velocities Normal Reduced

Pulmonary vein inflow Decreased (0.5) S/D ratio
Prominent atrial reversal

S/D ratio = 1
↓ in S and D* wave with inspiration

No significant respiratory change

Tricuspid inflow Mild respiratory variation >25% inspiratory increase in E wave and TR velocity

Inferior vena cava Dilated Dilated

Hepatic veins Blunted S/D ratio Inspiration: minimal increase in S and D velocity; expiration: 
decreased diastolic flow and increase in reversals

>25% increase in atrial reversal in expiration compared to inspiration

Peak PA pressure >40 mm Hg <40 mm Hg

Color M-mode Decreased Vp <45 cm/s Normal or increased >100 cm/s

Mitral annular Doppler Low velocity <8 cm/s High velocity >8 cm/s

A, Atrial transmitral filling velocity; CABG, coronary artery bypass graft; D, diastolic flow; DT, deceleration time; E, early transmitral filling velocity; MR, mitral regurgitation; S, systolic 
flow; Vp, propagation velocity.

*One study found significantly greater decrease of D wave only with respiration in constriction.210

TABLE 
28-4 

septum toward the LV during inspiration and toward the RV in 
expiration.199 Doppler echocardiography demonstrates exag-
gerated interventricular interdependence in constrictive peri-
carditis by showing marked respiratory variations in mitral 
(Fig. 28-15) and tricuspid flow Doppler. Characteristic respira-
tory variations in Doppler flow velocities in patients with con-
striction, not seen in patients with restriction, include a greater 
than 25% expiratory increase in mitral E velocity and an expira-
tory decrease in hepatic vein diastolic flow velocity, along with 
a greater than 25% increase in hepatic vein atrial reversal com-
pared with inspiration; greater respiratory variation in pulmo-
nary venous flows; and a pulmonary venous systolic flow 
velocity lower than diastolic velocity throughout respira-
tion200,201 (Fig. 28-16).

In some patients who have been aggressively diuresed, volume 
loading helps to bring out the specific features of constrictive 
pericarditis.202 Alternatively, preload reduction helps to bring 
out the respiratory variation in volume-overloaded patients.203 
In some patients, there may be features of mixed restrictive 
cardiomyopathy and constrictive pericarditis, such as those 
with active myocarditis or with postradiation or other forms of 
cardiomyopathy. In patients with clinical as well as Doppler 
echocardiographic features of restrictive cardiomyopathy, con-
striction still must be excluded.

Recent observations using 2D speckle tracking have shown 
that deformation of the LV is constrained in the circumferential 
direction in constrictive pericarditis and in the longitudinal 
direction in restrictive cardiomyopathy.204 Longitudinal tissue 



558 PART V Cardiomyopathies and Pericardial Disease

and tethering involves the mitral annulus, E′ velocities may be 
reduced in constrictive pericarditis.208 A recent study209 found 
the utility of S′ velocity of septal and lateral mitral annulus in 
differentiating constriction versus restriction.209 Receiver oper-
ating characteristic (ROC) analysis demonstrated an area under 
the curve of 0.889 (S′ septal), 0.823 (S′ lateral), 0.974 (E′ septal), 
and 0.915 (E′ lateral) for the differentiation of restrictive car-
diomyopathy and constrictive pericarditis with a cutoff value of 
less than 8 cm/s.

Similar to an increased E′ mitral annular velocity, preserved 
diastolic function in patients with constriction is manifest by a 
rapid propagation slope on color M-mode of greater than 
100 cm/s.210 The myocardial velocity gradient, which is reduced 
in patients with restriction, also differentiates restrictive cardio-
myopathy from constrictive pericarditis.211 Even if mitral 
and pulmonary vein inflow are not diagnostic, TDI and  
color M-mode are able to correctly differentiate patients  
with constrictive pericarditis from those with restrictive 
cardiomyopathy.207

However, echocardiographic findings are not always diag-
nostic, and catheterization is often necessary for performing 
hemodynamic evaluation and obtaining endomyocardial 
biopsy specimens. The following three criteria have been  
proposed to differentiate the two conditions: (1) Equalization 
(less than 5 mm Hg difference between RV end-diastolic  
pressure and LV end-diastolic pressure) favors constriction.212 

Doppler velocity (E′) of 5 cm/s had 92% sensitivity and 90% 
specificity, peak untwisting velocity (Er) of −50°/s had 57% 
sensitivity and 95% specificity, and net LV twist of 10° had 83% 
sensitivity and 84% specificity in differentiating constrictive 
pericarditis from restrictive cardiomyopathy. The area under 
the receiver-operating characteristic curve was significantly 
higher for early diastolic longitudinal velocities as compared 
with early diastolic untwisting velocities (P = 0.01). Mean tissue 
Doppler velocities (averaged from the four basal LV walls) of 
greater than 5 cm/s distinguished all patients with constriction 
versus restriction, whereas overlap was noted for brain natri-
uretic peptide and basal septal PW TDI velocity.205

Early diastolic mitral annular velocity (E′) by tissue Doppler 
echocardiography can be used to differentiate constrictive peri-
carditis from restrictive cardiomyopathy.35,206 Patients with con-
strictive pericarditis have a significantly higher E′ at septal 
annulus than those with primary restrictive cardiomyopathy or 
cardiac amyloidosis (12.3 vs. 5.1 cm/s, P < 0.001) (see Fig. 
28-16). Specifically, an E′ cutoff value of 8 cm/s or greater is 
able to distinguish the two conditions with a high sensitivity 
and specificity (95% sensitivity and 96% specificity). Even in 
patients who do not manifest the diagnostic sign of greater than 
25% variation of mitral inflow with inspiration in patients with 
constriction, mitral annular E′ velocity remains normal and 
helps differentiate constrictive pericarditis from restrictive car-
diomyopathy.207 Occasionally, when pericardial calcification 

Figure 28-16  Doppler and 2D imaging findings in constrictive pericarditis. Parasternal long-axis (A) and short-axis (B) views showing pericardial 
calcification posterior to LV (arrows). Mitral inflow shows a higher E than A velocity with a steep deceleration slope (C) but tissue Doppler velocities 
of  the septal  (D)  and  lateral  (E) mitral annulus are normal. Phasic  increase  in pulmonary vein flow  reversal  in expiration  in F  (white arrows). S : D 
reversal often seen in constriction is also shown. 
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Echocardiographic Predictors of Outcome in Restrictive Cardiomyopathy

Type of CMP Study Findings 2D Echo Predictors Other Features References

Amyloidosis 132 patients with biopsy-proven 
systemic amyloidosis, median 
survival 1.1 years

Increased LV wall thickness >15 mm and reduced LV 
systolic function predicted decreased survival

78

63 patients with biopsy-proven 
systemic amyloidosis, 32 deaths 
at a median 18 ± 12 month 
follow-up (78% cardiac deaths)

Shortened deceleration time of mitral inflow (<150 
ms) and increased E/A ratio 2.1 were predictors of 
cardiac mortality

LV wall thickness and fractional 
shortening were not 
predictors of overall survival

79

45 patients with biopsy-proven 
systemic amyloidosis

Mitral inflow deceleration time, EF, and TEI on 
univariate analysis, MPI index on multivariate 
analysis. Median TEI index >0.77 vs <0.77 predictor 
of all cause mortality and cardiac death.

80

208 patients with biopsy-proven 
primary amyloidosis, 32 cardiac 
deaths at 307 ± 156 days

Cycle-dependent variation of myocardial integrated 
backscatter (CV-IB) of the posterior LV wall is the 
strongest predictor of cardiovascular mortality.

Fractional shortening, mean LV 
wall thickness, and MPI 
index were not a predictor of 
cardiac death

81

37 patients with AL amyloidosis 
Patients with a dilated right 
ventricle (LV/RV area ratio <2) 
had a shorter median survival (4 
months) compared with patients 
with an area ratio >2

Right ventricular dilation 82

Sarcoidosis LV dilation, reduced LVEF 116

Idiopathic restrictive CMP 94 patients with IRCMP. 5-year 
survival 64%

LA dimension >60 mm predictor of decreased survival 172

CMP, Cardiomyopathy; DB, decibel; DT, deceleration time; EF, ejection fraction; IRCMP, idiopathic restrictive cardiomyopathy; LVEF, left ventricular ejection fraction; MPI, myocardial 
performance index.

TABLE 
28-5 

(2) Constriction is more often associated with modest eleva-
tions of RV systolic pressure (less than 50 mm Hg), whereas in 
restriction, RV systolic pressures frequently exceed 50 mm 
Hg.213 (3) Constriction is associated with RV end-diastolic 
pressure exceeding one third the RV systolic pressure, whereas 
in restriction the ratio is characteristically less than one third. 
In one study that evaluated the value of these hemodynamic 
criteria,214 the predictive accuracies of difference between right 
and LV end-diastolic pressures, RV systolic pressure, and the 
ratio of RV end-diastolic pressure to RV systolic pressure were 
85%, 70%, and 76%, respectively.

Echocardiography in Clinical Decision 
Making in Restrictive Cardiomyopathy
Echocardiography provides diagnostic and prognostic informa-
tion in patients with restrictive cardiomyopathy (Table 28-5). 
Restrictive ventricular filling in the presence of mildly decreased 
or normal systolic function is strongly indicative of restrictive 
cardiomyopathy, particularly when associated with diffuse 
thickening of LV and RV walls (in the infiltrative forms and in 
the storage diseases) and biatrial enlargement. Echocardiogra-
phy, however, is of limited value in determining the cause of 
restrictive cardiomyopathy.215

KEY POINTS

 The primary abnormality in restrictive cardiomyopathy is 
diastolic dysfunction with increases in LV end-diastolic 
and LA filling pressures. LV systolic function is usually 
preserved until late stages of the disease. Patients may be 
asymptomatic in early stages and present with signs and 
symptoms of right heart failure, left heart failure, or low 
cardiac output.

 2D, M-mode, and Doppler echocardiography remain the 
most useful clinical tools for diagnosis. Nuclear imaging is 
an adjunctive diagnostic modality. MRI shows specific 
patterns on T1- and T2-weighted images and shows spe-
cific late gadolinium enhancement patterns in infiltrative 
cardiomyopathies. Tissue diagnosis remains the gold stan-
dard for the diagnosis of infiltrative cardiomyopathies but 
carries a low sensitivity.

 Small LV cavity size with increased wall thickness, 
valvular, and interatrial septal thickening along with a 
granular, sparkling texture on echocardiography, and low 
voltage on electrocardiography are hallmarks of cardiac 
amyloidosis.

 Doppler signs of restrictive cardiomyopathy (in the absence 
of known coronary disease or hypertension) include: 

Mitral inflow E/A ratio greater than 2, short deceleration 
time (less than 150 ms), decreased pulmonary vein S/D 
ratio with blunted S, a large D wave with prominent atrial 
reversal, TDI E′ <8 cm/s, slow M-mode propagation, and 
increased pulmonary systolic pressure and RA pressure.

 A combination of diagnostic tests is often needed to dif-
ferentiate restrictive cardiomyopathy from constrictive 
pericarditis. Tissue-Doppler imaging may help in differ-
entiating between the two conditions.

 Prognosis of patients with restrictive cardiomyopathy is 
highly variable depending on underlying etiology.

 Restrictive cardiomyopathy should be considered in a 
patient post chest radiation who presents with heart failure 
of unknown etiology.

 Atrial arrhythmias and marked biatrial enlargement, in 
the absence of valvular and myocardial disease, are the 
most common presenting features in idiopathic restrictive 
cardiomyopathy in the elderly.

 Drug-induced cardiomyopathy and infiltrative cardiomy-
opathy in several storage disorders may be reversible on 
withdrawal of the culprit agent or by enzyme replacement 
therapy.
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Basic Principles
ANATOMY OF THE PERICARDIUM

The pericardium consists of two layers that surround the heart 
and proximal segments of the aorta, pulmonary artery, pulmo-
nary veins, and venae cavae. The outermost layer is a thick 
fibrous structure, which blends with the adventitia of the aorta 
and pulmonary arteries to provide firm support for the heart. 
This layer has supporting ligamentous attachments to the dia-
phragm, sternum, and vertebrae.1,2 The inner layer is a serous 
membrane consisting of a single layer of mesothelial cells, 
which directly overlies the epicardial fat to form the visceral 
pericardium. This membrane reflects back on itself to line the 
inside of the fibrous layer and forms the parietal pericardium. 
The pericardial space is enclosed between the two layers of 
serous pericardium. This space is limited superiorly by the 
attachments of the fibrous pericardium to the great arteries. It 
is limited posteriorly by reflections of the pericardium as the 
pulmonary veins and venae cavae enter the atria (Fig. 29-1). 
These reflections result in the formation of two blind-ending 
tunnels or sinuses. The oblique sinus lies behind the left atrium 
(LA) and left ventricle (LV) and is limited superiorly by the 
pericardial reflection to the upper pulmonary veins, laterally by 
the reflections of the pericardium around the left pulmonary 
veins, and medially by the reflections of the pericardium around 
the right pulmonary veins and venae cavae. The transverse sinus 
lies above the pulmonary vein reflection and is bounded ante-
riorly by the great arteries and posteriorly by the LA roof (see 
Fig. 29-1). The main arterial supply of the pericardium is from 
a branch of the internal thoracic artery, the pericardiophrenic 
artery. Venous drainage is by the pericardiophrenic veins, which 
drain into the brachiocephalic veins. The phrenic nerve pro-
vides sensory innervation; the sympathetic trunks provide 
vasomotor innervation.

PERICARDIAL FLUID

The pericardial space normally contains 10 to 50 mL of fluid 
that lubricates the contact between the two serosal layers of the 
pericardium.3 This fluid is an ultrafiltrate of plasma and con-
tains proteins, electrolytes, and phospholipids. It is believed to 
be formed in the visceral pericardium. The pericardial space 
drains via the thoracic and right lymphatic ducts. Any condi-
tion obstructing lymphatic flow or raising central venous pres-
sure will lead to accumulation of pericardial fluid. Fluid will 
also accumulate in conditions increasing the normal pericardial 
permeability. The normal pericardium has a relatively small 
capacitance volume; acute accumulation of fluid will result in 
small increases in pericardial pressure until the capacitance has 
been exceeded. With additional increase in pericardial volume, 
a rapid rise in pericardial pressure and progressive hemody-
namic disturbances will ensue (Fig. 29-2).4

FUNCTIONS OF THE PERICARDIUM

The pericardium serves to reduce friction between the heart and 
the surrounding mediastinal structures and provides a barrier 
against the local spread of infection or malignancy to the heart.2 
The pericardium serves to distribute the pressure within the 
pericardial space to the cardiac structures enclosed within the 
pericardium and mediates ventricular coupling or interaction.5 
Understanding the role of the pericardium in pressure modula-
tion and ventricular interaction is important to appreciate the 
hemodynamic effects and therefore the echocardiographic fea-
tures of compressive pericardial disease.

Pericardial Pressure
The influences of pericardial restraint and pericardial pressure 
are important to bear in mind when assessing ventricular filling 
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determination of pericardial pressure. Using a balloon to 
measure pericardial pressure, pericardial pressure approximates 
right atrial (RA) and right ventricular (RV) end-diastolic pres-
sure. Others contend that balloon-based measurement tech-
niques overestimate pericardial pressure and therefore 
underestimate true transmural pressure.7

Pericardial Restraint and Ventricular Interaction
Because the pericardium is a relatively stiff structure, intraperi-
cardial pressure rises rapidly as intrapericardial volume is 
increased acutely.8 This increase in intrapericardial pressure 
may occur because of an accumulation of pericardial fluid or 
an increase in the volume of any intracardiac structure—
particularly an increase in RV volume (Fig. 29-2). Shirato and 
colleagues9 showed that acute volume loading in dogs with an 
intact pericardium caused a reduction in LV compliance. This 
is because an increase in intrapericardial volume (as a result of 
an increase in right-sided chamber volumes) increases intra-
pericardial pressure restraining LV filling. The opposite effects 
were seen with reductions in cardiac volume using nitroprus-
side. These effects were abolished by pericardectomy. Examples 
of ventricular interaction under different loading conditions 
have been seen in human studies (Fig. 29-3).10

The restraining effects of the pericardium are much less 
apparent in the chronic volume overloaded state because of 
adjustment in pericardial compliance8 (see Fig. 29-2).

An increase in pericardial pressure resulting from pericardial 
fluid accumulation will also reduce transmural filling pressure 

and function. Over a century ago, Bernard concluded that the 
pericardium significantly constrained cardiac filling.6 The 
concept of transmural pressure (the intracavity end-diastolic 
pressure minus the pericardial pressure) subsequently evolved 
to take into account this pericardial restraint. This concept is 
extremely important because transmural pressure is likely to be 
a closer representation of preload than the intracavity end-
diastolic pressure. However, controversy exists as to the magni-
tude of this constraint because of difficulties in the accurate 

Figure 29-1  Pericardial sac with heart removed: anterior view. (From Netter FH: Atlas of human anatomy, ed 1, Ciba-Geigy Pharmaceutical, 
1989.)
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Figure 29-2  Pericardial pressure-volume relationships in a patient 
with normal pericardial anatomy (red line) and a patient who has 
gradually developed a pericardial effusion (blue line). (From Edmunds 
HL: Cardiac surgery in the adult, New York, 1997, McGraw-Hill, p 1305.)
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Visualization of the RV and RA free walls, often with high–
frame-rate M-mode or two-dimensional (2D) recordings of 
motion, is required to determine the hemodynamic significance 
of pericardial effusions. As well, pulsed-wave (PW) Doppler 
recordings of RV and LV inflow, with respiratory tracking and 
multiple complexes recorded, are needed as a minimum.

We strongly advocate that all patients with pericardial effu-
sions undergo an initial comprehensive echocardiographic 
evaluation to rule out conditions that may modulate echocar-
diographic indicators of pericardial tamponade (such as atrial 
septal defects, RV hypertrophy), and detect coexisting cardiac 
conditions (Box 29-1). Follow-up examinations may be of a 
more directed, limited nature.

and shift ventricular pressure/volume relationships. Under con-
ditions of raised pericardial volume and pressure or where the 
pericardium is stiff, there is enhanced potential for the LV and 
RV to interact and influence each other’s diastolic function. 
Ventricular interaction can be either in series (i.e., the output 
of the right ventricle (RV) influencing left heart and LV filling), 
or in parallel, in which ventricular filling characteristics are 
changed by the side-by-side nature of the ventricles within a 
constrained pericardial volume. An understanding of the effects 
of ventricular interdependence is key to understanding the 
hemodynamic and therefore the echocardiographic features of 
compressive pericardial disease.

ECHOCARDIOGRAPHIC EVALUATION FOR 
PERICARDIAL DISEASE

The pericardium covers the entire external surface of the heart 
and therefore is visualized from all standardized echocardio-
graphic windows. The pericardium appears as a thin echogenic 
structure that is most obvious posteriorly. Normal pericardial 
thickness measures 1 mm or less. Normal pericardial fluid 
volume is minimal, and therefore the pericardial space is not 
appreciated in most normal subjects. Occasionally, a small 
amount of physiologic pericardial fluid may be seen in the 
posterior pericardial space. during ventricular systole. With the 
exception of some postsurgical pericardial effusions, the major-
ity of pericardial processes are evident in the parasternal long-
axis view.11,12 When the clinical suspicion of a primary pericardial 
disease is low, therefore, a normal parasternal long-axis view has 
been considered adequate to rule out pericardial pathology. 
Unfortunately, in a recent series of patients who underwent 
pericardiocentesis for tamponade,13 the diagnosis of pericardial 
effusion was not initially considered in 44% of patients before 
echocardiography. Accordingly, we advocate that the pericardial 
space be studied in all standard acoustic windows as part of the 
standard echocardiographic examination.

Because there is questionable correlation between measure-
ments of pericardial thickness by transthoracic echocardiogra-
phy (TTE) and pathologic examination,14 we prefer computed 
tomography (CT) or magnetic resonance imaging (MRI) to 
evaluate the pericardium for thickening. These techniques also 
allow better visualization of adjacent thoracic structures.

Figure 29-3  TEE images showing marked variation in mitral inflow velocities with respiration in a patient with dilated cardiomyopathy, 
RV enlargement, and volume overload. A, Tricuspid inflow. B, Mitral Inflow. Note marked and opposite change in mitral and tricuspid flow veloci-
ties with first inspiratory beat (arrow). Marked ventricular interaction that simulates tamponade physiology can occur in settings other than pericardial 
effusion. 

Mitral inflow
(inverted)

Tricupsid inflow
(inverted)
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Box 29-1 

ECHOCARDIOGRAPHIC IMAGING PROTOCOL IN 
SUSPECTED PERICARDIAL DISEASE

1.	 Full	2D	examination	with	emphasis	on	the	location,	
volume,	and	characteristics	of	the	pericardial	fluid	and	
the	characteristics	of	the	pericardium.	Views	of	RA	and	
RV	free	walls	are	especially	important.	When	recording	
digital	images,	extended	loops	(up	to	10	beats)	may	be	
required	to	be	recorded	to	capture	changes	related	to	
the	respiratory	cycle.

2.	 M-mode	examination	with	attention	to	imaging	the	RV	
free	wall.

3.	 PW	Doppler	assessment	of	tricuspid	(RV)	inflow,	mitral	
(LV)	inflow,	pulmonary	vein	flow,	and	hepatic	vein	flow.	
Superior	vena	cava	flow	can	be	imaged	in	selected	
patients.	Long	loops	with	respiratory	tracking	are	
recorded	to	appreciate	respiratory	changes	in	Doppler	
velocities.

4.	 Tissue-Doppler	recordings	of	medial	and	lateral	mitral	
annulus,	with	systolic	(s′)	and	diastolic	(E′	and	A′)	waves	
shown.

5.	 Careful	2D	and	M-mode	imaging	of	the	inferior	vena	
cava	and	associated	changes	with	respiration	and	a	
“sniff.”

6.	 In	postoperative	patients,	a	detailed	search	for	localized	
fluid	collections	and	any	resulting	localized	chamber	
compression.
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2D, and Doppler abnormalities and leads to the typical square 
root sign seen with invasive hemodynamic measurement.15

One of the cardinal features of constriction is the dynamic 
changes in filling that occur throughout the respiratory cycle. 
At a physiologic level, these changes may be understood in 
terms of twin phenomena: the dissociation of intracardiac from 
intrathoracic pressures and ventricular interaction.16 In the gen-
erally accepted model, thickened pericardium partially isolates 
the heart from the normal respiratory swings in intrathoracic 
pressure. Respiratory fluctuations in pulmonary venous pres-
sure still occur (because portions of the pulmonary veins and 
the LA lie outside the pericardium), and a fall in pulmonary 
venous pressure with inspiration leads to a fall in LA filling 
without corresponding fall in the LV diastolic pressure.4 The 
driving pressure across the mitral valve is therefore reduced. 
This prolongs the isovolumic relaxation time, reduces early dia-
stolic transmitral flow velocity, and prolongs the deceleration 
time.17 These changes can be useful diagnostically, as respiratory 
variations in flow are not characteristic of patients with other 
forms of diastolic heart failure such as restrictive cardiomyopa-
thy. The pericardial limitation to filling also serves to exaggerate 
normal ventricular coupling/interaction. A reduction in LV 
filling with inspiration allows a compensatory increase in right-
sided heart filling. This being said, it should be recognized that 
the interactions between the heart and the respiratory cycle in 
pericardial disease are complex and may also be modulated by 
abdominal venous pooling, blood volume, intraabdominal 
pressure, and their effects on the right side of the heart.18,19 
Irrespective of the primary driving forces, these respiratory 
fluctuations in left-sided and right-sided heart filling cause 
characteristic changes in mitral and tricuspid Doppler inflow 
patterns, ventricular dimensions, and hepatic vein flow 
dynamics.

ECHOCARDIOGRAPHIC DIAGNOSIS

Given the challenges associated with the diagnosis of constric-
tion, certain clinical scenarios should alert the cardiologist or 
sonographer and prompt the institution of a comprehensive 
imaging protocol appropriate to pericardial disease (see Box 
29-1). Unexplained clinical evidence of right heart failure (espe-
cially in the setting of preserved LV ejection fraction) or unex-
plained hepatic dysfunction should arouse suspicion. Similarly, 
patients with a history of prior acute pericarditis or effusion, 
cardiac surgery, radiation, or systematic inflammatory disease 
are good candidates for careful pericardial evaluation.

M-Mode and Two-Dimensional Abnormalities
The abrupt cessation of flow in mid-diastole results in flattening 
of the motion of the posterior LV wall in mid and late diastole. 
This follows relatively normal motion in early diastole associ-
ated with rapid ventricular filling and is the M-mode equivalent 
of the square root sign. This sign is relatively sensitive, being 
reported in 85% of patients with constriction, but is not spe-
cific.20 Abnormalities of interventricular septal motion are 
common in constriction. Septal position is influenced by pres-
sure gradients between the LV and RV, and changes in septal 
position with respiration are exacerbated by the constricting 
effect of the rigid pericardium. Both parasternal M-mode and 
2D echocardiography can demonstrate marked movement of 
the septum posteriorly with inspiration and the anteriorly with 
expiration, and consequent respiratory changes in LV and RV 
volumes.21 An additional M-mode sign seen with constriction 

Constrictive Pericarditis
A variety of disorders can cause pericardial inflammation and 
subsequent thickening, fibrosis, and calcification (Box 29-2). 
Pericardial inflammation and organization can lead to altered 
compliance characteristics of the pericardium (visceral, pari-
etal, or with fusion of both layers). The underlying epicardium 
may also be abnormal. This results in impaired cardiac filling 
and characteristic echocardiographic signs. The echocardio-
graphic recognition of pericardial constriction and its differen-
tiation from other forms of diastolic heart failure (and in 
particular restrictive cardiomyopathy) remain among the essen-
tial challenges in echocardiography.

PATHOPHYSIOLOGY

The thickened, fibrotic pericardium constricts the heart and 
reduces operative chamber compliance. Consequently, diastolic 
filling is impeded as the end-diastolic cardiac volume is limited 
by the pericardial volume. Early diastolic filling is usually not 
impaired (and in fact may be supranormal), whereas mid-
diastolic and late-diastolic filling is impaired.

The pericardial thickening usually involves the whole peri-
cardial surface (although the degree of thickening can vary) and 
leads to elevation and equalization of diastolic pressures in all 
four cardiac chambers, especially at end-diastole. In early dias-
tole, ventricular filling can occur more rapidly than usual 
because of elevated atrial pressure. Once the pericardial volume 
is reached, however, filling halts abruptly, and there is little 
further increase in total chamber volume. This limitation to 
filling in mid and late diastole explains many of the M-mode, 

Box 29-2 

CAUSES OF PERICARDIAL INFLAMMATION

Idiopathic

Infectious Diseases
Bacterial	(including	tuberculosis,	Chlamydia,	borreliosis,	

Treponema pallidum,	Haemophilus,	Meningococcus,	
Pneumococcus,	Gonococcus)

Fungal	(including	Candida,	histoplasmosis)
Viral	(including	coxsackie	A9,	B1-4,	echo	B,	mumps,	

Epstein-Barr,	cytomegalovirus,	Varicella,	rubella,	human	
immunodeficiency	virus,	parvo	B19)

Parasitic	(including	Toxoplasma,	Echinococcus,	Entamoeba 
histolytica)

Trauma
Blunt	or	penetrating	trauma
Cardiac	surgery

Systematic Inflammatory Disorders
Including	rheumatoid	arthritis,	systemic	lupus	

erythematosus,	systemic	sclerosis,	Reiter	syndrome

Neoplasia
Primary	benign	or	malignant	pericardial	tumors
Secondary	(including	lung,	breast,	gastric,	colon,	leukemia,	

melanoma)

Metabolic Disorders
Including	renal	failure,	hypothyroidism,	Addison	disease

Miscellaneous
Mediastinal	irradiation
Pulmonary	asbestosis
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Doppler Flow Abnormalities
No single M-mode or 2D echocardiographic feature is diagnos-
tic of constrictive pericarditis, nor is any combination. For this 
reason, careful analysis of Doppler imaging is an integral com-
ponent in the diagnosis of constriction. In keeping with rapid 
early diastolic flow, the LV (mitral) inflow pattern typically 
shows a high E wave velocity, a short deceleration time, and a 
low A wave velocity. However, this restrictive filling pattern 
reflects elevated LA pressure and therefore is not specific to 
pericardial constriction. Of greater significance is the change in 
LV (mitral) and RV (tricuspid) inflow and hepatic vein flow 
patterns seen with respiration, which together form the corner-
stone of the diagnosis of constriction. Several studies17,32 have 
reported that in patients with pericardial constriction there is: 

1. prolongation of the LV isovolumic relaxation time by 
greater than 25% with inspiration in all patients with 
constriction, whereas normal individuals changed by less 
than 5%;

2. reduction of greater than 25% in peak early LV inflow (E 
wave) velocity with inspiration in all patients compared 
with less than 5% in normal individuals;

3. larger expiratory decreases in RV inflow velocity than in 
normal individuals;

4. a 14% reduction in aortic velocity with inspiration versus 
a 4% reduction in normal individuals;

5. a 16% increase in pulmonary artery velocity with inspira-
tion as compared to 5% in normal individuals;

6. changes in all parameters that were greatest in the first 
beat following inspiration as compared to changes two  
or three beats later in those patients with pulmonary 
disease;

7. an absence of these significant respiratory fluctuations 
after successful pericardectomy. In modern series, approx-
imately 60% of patients have complete normalization of 
cardiac physiology postpericardectomy. There is a greater 
normalization of values in patients who become asymp-
tomatic postpericardectomy.33

In the clinical setting, the major focus is on mitral inflow and 
hepatic vein Doppler; however, respiratory fluctuations in 
mitral inflow velocity are not invariably present. One study 
suggested normal respiratory fluctuations in 12% of patients 
with proven constriction,32 whereas others have suggested that 
the proportion with less than 25% fluctuation in mitral E 

is a “double component” of septal motion also known as the 
septal “bounce.” A variety of abnormalities of septal motion 
after the onset of diastole have been reported,21 with both initial 
anterior and posterior motion of the septum followed by resti-
tution being described. Explanations advanced include phasic 
pressure differences between the LV and RV and, more recently, 
the effect of the tricuspid inflow jet on septal motion.22 Tissue 
Doppler analysis of septal motion in the short-axis plane has 
revealed additional complexity: High-velocity early biphasic 
diastolic motion may be followed by multiple recoil waves 
(polyphasic diastolic septal fluttering).23 Abrupt cessation of LV 
filling may sometimes be appreciated on 2D imaging as a per-
ceptible “checking” of LV diastolic expansion.

Because of the interaction of ultrasound with thickened or 
calcified pericardium, suboptimal images are frequently 
obtained. Pericardial thickening and calcification can be appre-
ciated using M-mode and 2D modalities (Fig. 29-4), although 
the sensitivity and specificity have been questioned. Early 
reports of M-mode sensitivity of almost 100% in diagnosing 
pericardial thickening24 or diagnosing constrictive pericarditis 
from other findings25 have not been confirmed in later 
studies.20,26-28 A systematic overestimation of true thickness 
using TTE was found in dogs with experimental constrictive 
pericarditis.14 These difficulties have been attributed to techni-
cal issues such as gain settings and resolution, fibrosis obscuring 
cardiac boundaries, and the nonuniform nature of pericardial 
thickening. A more recent study found that transesophageal 
echocardiography (TEE) was more accurate, with a sensitivity 
of 95% and specificity of 86% in the detection of thickened 
pericardium (using CT scanning as the gold standard).29 It 
should be understood that while echocardiographic evaluation 
of the pericardium may arouse suspicion of the diagnosis, CT 
or MRI are the preferred imaging modalities for the diagnosis 
and measurement of pericardial thickening. It is also critical to 
recognize that surgically verified constriction has been noted in 
patients with normal pericardial thickness.30 Adhesion of the 
epicardium to the pericardium with attendant loss of the usual 
sliding motion or tethering of the pericardium to surrounding 
anatomic structures may be appreciated on 2D imaging, espe-
cially from the subcostal view.

The inferior vena cava is also typically dilated with blunting 
of the normal inspiratory collapse, consistent with elevated 
right atrial pressure.31

Figure 29-4  Pericardial thickening in surgically proven constriction.  A,  Echogenic,  thickened  pericardium  in  relation  to  the  mid  and  basal 
inferior wall of the LV. B, Similar pericardial thickening at mid-RV and basal lateral LV wall. Contour of RV is distorted. Cardiac MRI findings were 
similar. At surgery, pericardium was up to 1 cm in thickness. 
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chronic obstructive pulmonary disease or marked obesity, a 
more gradual, phasic variation may be anticipated. Doppler 
interrogation of superior vena cava (SVC) flow is also useful. In 
chronic obstructive pulmonary disease, significant increases in 
superior vena cava flow velocity will be noted with inspiration. 
In constrictive pericarditis, minimal or no increase in superior 
vena caval flow velocity with inspiration is noted.40

Tissue-Doppler and Strain Imaging
The advent of advanced Doppler and strain imaging has 
enhanced our understanding of myocardial mechanics in  
constriction. Most notably, tissue-Doppler imaging (TDI) may 
be useful in differentiating pericardial constriction from restric-
tion and in solidifying the diagnosis when increased respiratory 
variation in mitral inflow Doppler is nondiagnostic or absent.34 
Early diastolic tissue velocities (E′) in patients with constriction 
are generally equivalent to those in normal controls41 but may 
on occasion be supranormal. This is likely a result of the fact 
that whereas circumferential diastolic expansion of the heart is 
impeded in constriction, myocardial lengthening is relatively 
preserved. Most important, myocardial relaxation velocities 
(reflecting intrinsic myocardial disease) are usually lower in 
restriction than in constriction.42 An E′ velocity 2 cm/s greater 
than predicted for age could differentiate patients with constric-
tion from controls with a sensitivity of 76% and a specificity of 
82%.41 Similarly, a septal E′ cut-off value greater than 8 cm/s 
resulted in 95% sensitivity and 96% specificity for the diagnosis 
of constrictive pericarditis over a mixed group of cardiac 
amyloid and primary restrictive cardiomyopathy.43 In constric-
tion, septal E′ is more likely to exceed E′ at both lateral tricuspid 
and mitral annuli than in controls or restriction. This finding 
has been termed annulus reversus and may be due to tethering 
of the lateral wall44,45 (Fig. 29-5). Annular mitral motion may 
precede mitral inflow in constriction, in contradistinction to 
the usual situation with restriction.46

Recent work has pointed to some limitations that exist in the 
use of TDI in differentiating constriction from restriction,47 
where myocardial dysfunction, marked segmental variation in 
myocardial velocities, and extensive mitral annular calcium can 
be problematic. It should be remembered that the two disease 
states can coexist in the same patients, especially after radiation 
therapy.48

Although less studied than tissue Doppler, rapid propagation 
of the mitral inflow wave by color M-mode has also been used 
to demonstrate relative preservation of early myocardial relax-
ation in constriction.49

velocity may be as high as 47%.34 It is speculated that markedly 
elevated LA pressure forces mitral valve opening to occur on a 
steeper part of the LV curve, thus masking inspiratory changes 
in inflow velocity and isovolumic relaxation time.32 This is sup-
ported by the finding that preload reduction in patients with 
constriction, and blunted respiratory change, unmasked the 
characteristic respiratory variation.35

Increased variation in flow through the right heart (with the 
resultant phasic changes in RV volume and pressure) also alters 
tricuspid regurgitation jet parameters. Increased RV preload 
increases the cavity pressure, increasing the regurgitation veloc-
ity and velocity-time integral (VTI). Klodas and colleagues36 
showed that in patients with constrictive pericarditis, there was 
a 13% increase in tricuspid regurgitation velocity with inspira-
tion, as compared to an 8% drop in jet velocity in normal 
patients. Premature cessation of pulmonary regurgitant flow 
with inspiration has been reported in constriction.37 Important 
abnormalities of hepatic vein flow have been described in asso-
ciation with constrictive pericarditis. Normal hepatic vein flow 
is biphasic and augments slightly with inspiration. There are 
brief flow reversals in late RV systole and atrial systole that are 
more prominent in expiration.38 The predominant forward 
hepatic vein flow in constriction is typically during early dias-
tole. This is the result of an elevated RA pressure inhibiting 
inflow during systole and driving flow across a high early dia-
stolic transtricuspid gradient.32 However, this pattern is not 
uniform, and systolic forward flow can also predominate. Expi-
ration causes a reduction in diastolic forward flow along with 
significant diastolic flow reversals, although inspiratory flow 
reversals of lesser magnitude are sometimes also identified.32 If 
the flow reversals are more prominent in inspiration, restriction 
is probably present. In a series of patients with surgically proven 
constrictive pericarditis, echocardiographic criteria based on 
respiratory variations in mitral and hepatic vein flow correctly 
diagnosed constriction in 22 of 25 patients.32

TEE-recorded pulmonary vein flow abnormalities and their 
role in distinguishing constriction from restriction have been 
described. Most notable are the higher systolic-to-diastolic 
filling ratio in constriction (as compared to restriction) and 
increased respiratory variation, in particular expiratory reduc-
tion in the diastolic flow component.39

Difficulty may occasionally arise in other clinical states where 
enhanced ventricular interaction is present and in which sig-
nificant variation in mitral and tricuspid inflow velocities may 
occur. Typically constriction shows a fall in the mitral E wave 
velocity on the first inspiratory beat. In other settings, such as 

Figure 29-5  Tissue-Doppler velocity recordings obtained from septal (medial) annulus (A) and lateral annulus (B). Note that early diastolic 
septal annular velocity (E′) is supranormal, 13 cm/s. In contrast to the usual situation, lower E′ velocity is recorded at lateral annulus, termed annulus 
reversus. Patient also exhibits annulus paradoxus, low E/E′ ratio with elevated filling pressures. Patient subsequently had surgically confirmed peri-
cardial constriction. 
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separating the fluid-filled spaces is often seen (Fig. 29-6). 
Occasionally, the use of a nonstandard imaging window 
through the pleural effusion may be helpful, and visualization 
of partially atelectatic lung in the fluid cavity confirms the 
diagnosis of pleural effusion.

Epicardial fat also leads to the appearance of an echolucent 
space within pericardium (Fig. 29-7). Unlike pericardial fluid, 
which tends to accumulate first in the posterior pericardial 
space, epicardial fat is generally more prominent anteriorly. 
This fat can occasionally cause diagnostic difficulty when 

The use of speckle-tracking myocardial stain imaging is a 
new development that has already enhanced our understanding 
of myocardial mechanics but may in the future prove a useful 
diagnostic tool. Strain analysis confirms preserved longitudinal 
strain but abnormal circumferential strain in constriction com-
pared to controls. Circumferential strain was also reduced in 
constriction compared to restrictive cardiomyopathy, and con-
strictive patients also showed significant abnormalities of tor-
sional mechanics.50

CONSTRICTION VERSUS RESTRICTION

A comparison of the echocardiographic features of constriction 
and restriction is presented in Chapter 28 (Table 28-4).

The echocardiographic evaluation of pericardial constriction 
and its distinction from restrictive cardiomyopathy remains a 
challenging task. Important diagnostic pitfalls may arise when 
localized constriction or mixed constriction and restriction or 
right-sided pathology can lead to heterogeneity of myocardial 
mechanics and atypical findings. Arrhythmias, especially atrial 
fibrillation, may make the interpretation of Doppler velocities 
difficult. The diagnosis of pericardial constriction relies on the 
integration of information acquired from high-quality 2D 
M-mode and Doppler imaging with a good understanding of 
the underlying clinical picture. Multimodality imaging is usually 
required and provides information that is complementary to 
echocardiography. On occasion, hemodynamic evaluation in an 
experienced cardiac catheterization lab will still be required.

Pericardial Effusion
A wide variety of conditions, broadly divided into inflamma-
tory, neoplastic, endocrine, and traumatic, can lead to an 
increase in the normal volume of pericardial fluid (see Box 
29-2). Clinically, the consequences of this pericardial effusion 
are alterations in the physiology of cardiac function as intra-
pericardial pressure increases, reducing true (transmural) intra-
cardiac filling pressures. Because right-sided pressures tend to 
be lower than left-sided pressure, direct effects of the pericardial 
fluid are usually first seen in right-sided chambers.51

M-MODE AND TWO-DIMENSIONAL 
ECHOCARDIOGRAPHY

Echocardiographic Appearance of Pericardial Fluid 
and Other Common Disorders Simulating 
Pericardial Effusion
The hallmark of a pericardial effusion is visualization of an 
echolucent zone corresponding to a greater than physiologic 
volume of fluid in the pericardial space. If pericardial anatomy 
is relatively normal before fluid accumulation, fluid will first 
accumulate in the oblique sinus posterior to the left ventricle 
(LV)11 (see Fig. 29-1) and is best viewed in the parasternal long-
axis view. Once approximately 100 mL of fluid has accumulated 
in the pericardium, the fluid will tend to become circumferen-
tial, filling the entire pericardial space.

It is important to differentiate normal anatomic variants 
and nonpericardial processes from pericardial fluid. Left-sided 
pleural effusions appear posterior to the heart and should be 
distinguished from posterior pericardial effusion. Pericardial 
fluid will track anterior to the proximal descending thoracic 
aorta, whereas pleural effusions will not. When pericardial and 
pleural effusions coexist, the outline of the pericardium 

Figure 29-6  Parasternal long-axis view of patient with both peri-
cardial and pleural effusions. Pericardial fluid tracks anteriorly to the 
descending thoracic aorta; pleural fluid is more posterior. Parietal peri-
cardium is clearly seen separating fluid layers (arrow). A smaller amount 
of fluid is seen in the anterior pericardial space. DAo, Descending tho-
racic aorta; PE, pericardial effusion. 
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Figure 29-7  TTE parasternal long-axis view. Prominent echolucent 
zone is noted in the anterior pericardial space consistent with epicardial 
fat. Note the characteristic speckled appearance. There are in fact two 
fat layers, separated by parietal pericardium. Note also a smaller lucent 
zone in the posterior pericardial space, likely also due to epicardial fat. 
Ao, Aorta; PP, parietal pericardium; PPS, posterior pericardial space. 
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It should be remembered that an incompletely understood, 
complex interaction of factors influences the ultimate physio-
logic consequences of pericardial effusion and modulates the 
hemodynamic expression in any given patient. These include 
the pericardial pressure/volume relationship, the rapidity of 
fluid accumulation, underlying cardiac pathology (particularly 
hypertrophy and shunts), and systemic volume status.61 It is 
well understood, for instance, that small acute pericardial effu-
sions (occurring most commonly postintervention or traumati-
cally) can lead to dramatic physiologic effects (Fig. 29-8), 
whereas moderate-sized or even large pericardial effusions that 
accumulate slowly can be hemodynamically well tolerated.8 
Localized cardiac compression may lead to dramatic hemody-
namic consequences without producing classical echocardio-
graphic indications of “tamponade.”62-65

Pericardial Tamponade
ECHOCARDIOGRAPHIC EVALUATION

Right Ventricular Compression, Inversion,  
or Collapse
Perhaps the most useful echocardiographic indicator of a 
hemodynamically significant pericardial effusion is RV diastolic 
collapse. Echocardiographically, this is seen on M-mode or 2D 
recordings as a persistent inward motion of the RV free wall 
during diastole (Fig. 29-9). By the time this is noted in experi-
mental preparations, there is already a significant reduction 
(approximately 20%) in forward cardiac output and elevation 
in heart rate without a change in mean arterial pressure.66 There 
is no precise relationship between the duration or degree of RV 
diastolic collapse and the degree of elevation of intrapericardial 
pressure or the severity of the hemodynamic effect of the peri-
cardial fluid.67 Clinically, one can appreciate all degrees of this 
phenomenon, from a barely perceptible dip only seen with 
high–frame-rate recordings to complete collapse and oblitera-
tion of the RV throughout diastole.

Increases in intravascular volume,68 RV pressure,69 and 
increased chamber stiffness will all reduce the amount of RV 
diastolic collapse for any given increase in intrapericardial pres-
sure. This means that in certain patients with pulmonary hyper-
tension, RV hypertrophy, or RV volume overload (e.g., atrial 

prominent posteriorly or when in unusual locations such as 
adjacent to the right atrium (RA). Epicardial fat will have echo-
genicity between that of the blood pool and myocardium52,53 
and tends to have a characteristic speckled appearance. Epicar-
dial fat is more common in older, female, obese, and diabetic 
subjects, but correlation with severe obesity is not invariable.54,55 
MRI or CT imaging will resolve difficult cases.56

FACTORS AFFECTING THE APPEARANCE OF 
PERICARDIAL EFFUSIONS

The echogenicity of the pericardial fluid will be influenced by 
features intrinsic to the fluid or related to the underlying patho-
logic process (e.g., tumor infiltration of the pericardium). In 
general, as the inflammatory nature of the fluid increases, so 
does its echogenicity. However, precise characterization may be 
elusive and tends to be more accurate with CT or MRI.57,58 

DETERMINATION OF PERICARDIAL  
FLUID VOLUME

2D (using a prolate ellipse model)59 and especially three-
dimensional (3D) echocardiography60 has the ability to deter-
mine fluid volume. However, for clinical purposes, reporting of 
the effusion as minimal, small, moderate, or large is adequate. 
For circumferential pericardial effusions, we characterize any 
pericardial effusion with less than 5 mm of pericardial separa-
tion in diastole (corresponding to a fluid volume of 50 to 
100 mL) as minimal, 5 to 10 mm of separation as small (cor-
responding to a fluid volume of 100 to 250 mL), 10 to 20 mm 
of separation as moderate (corresponding to a fluid volume of 
250 to 500 mL), and greater than 20 mm separation as large 
(corresponding to a fluid volume greater than 500 mL). For any 
significant effusion, we report location, degree of loculation or 
septation, and the feasibility, risk, and suggested route for per-
cutaneous intervention.

CLINICAL CONSIDERATIONS

A common clinical scenario is a request for determination of 
the presence or absence of pericardial effusion and, if effusion 
is present, a determination of its size and hemodynamic effect. 

Figure 29-8  Contrasting cases of pericardial hematoma.  A,  Extensive  pericardial  hematoma  (arrows)  noted  when  the  patient  experienced 
hemodynamic collapse following an atrial septal defect repair. Contrast with B, where small  layer of pericardial hematoma is noted on subcostal 
images. The fluid is relatively echogenic, consistent with blood in pericardial space. Patient experienced chest pain immediately following RV biopsy. 
Despite only a small volume of pericardial hematoma, severe hypotension was present. Ascites is also noted. 
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Figure 29-9  Parasternal long-axis image of a patient with large pericardial effusion (PE) and cardiac tamponade. A, Late diastole; no RV 
collapse is evident. B, Marked RV collapse is present in early diastole (arrow). Ao, Aorta. 

A B

PE
PE

LV

RV

RV diastolic
collapse

Ao

septal defects), RV diastolic collapse may not occur despite sig-
nificant elevations in pericardial pressure.

Because the sensitivity and specificity and therefore the nega-
tive and positive predictive value of RV diastolic collapse depend 
on the definition of tamponade (Table 29-1),31,51,62,70-72 we use a 
clinical approach to this finding. In a patient with clinical find-
ings of tamponade, we would interpret RV diastolic collapse to 
indicate a significant hemodynamic contribution of the effu-
sion to the patient’s clinical state and require immediate therapy 
to remove pericardial fluid. In a patient without clinical tam-
ponade, we would interpret RV diastolic collapse to indicate 
intrapericardial pressure at or above RV diastolic pressure and 
a potential for relatively acute hemodynamic deterioration. 
Although this is not viewed as an indication for immediate 
pericardial fluid removal, urgent action is indicated to reverse 
any factors worsening the hemodynamic effect of the effusion.

Large pleural effusions can cause RV diastolic collapse.73 
Where there is uncertainty as to the genesis of tamponade phys-
iology, we drain the pleural effusion and then reevaluate the 
patient clinically and echocardiographically.

Right Atrial Compression, Inversion, or Collapse
RA pressures are lower than RV pressures throughout most of 
the cardiac cycle. Because intrapericardial pressure is evenly 
distributed over the heart, one would surmise that RA compres-
sion would occur before RV compression as pericardial pressure 

is raised. This is borne out in imaging studies in which the RA 
and RV are continuously imaged during pericardiocentesis.51 
Subsequently, RA inversion, which tends to begin in late ven-
tricular diastole but persists into early ventricular systole, is an 
extremely sensitive sign of cardiac tamponade63 (Fig. 29-10). 
However, it is less specific than RV diastolic collapse (see Table 
29-1). The depth of RA collapse bears an imprecise relationship 
to the hemodynamic effect of the fluid.63,72 Conversely, the RA 
inversion time index (determined by counting the total number 
of frames showing atrial inversion divided by the total number 
of frames in the cycle) has been reported to have high sensitivity 
and specificity for the presence of clinical cardiac tamponade72 
(see Table 29-1). Marked elevation in RA pressure and ventricu-
lar pacing have the potential to influence the accuracy of  
this sign.72

Left Atrial Compression, Inversion, or Collapse
Normally, mean LA pressure is higher than RA pressure. There-
fore LA compression, inversion, or collapse is generally less 
sensitive but more specific than RA findings for tamponade.62,63 
(see Table 29-1). LA collapse may, however, be useful in settings 
of abnormally high right-sided pressures (e.g., pulmonary 
embolism) and may be the only sign of tamponade in the post-
operative patient.65

Isolated LV diastolic collapse is occasionally seen with local-
ized effusion, usually in the postsurgical setting.

Figure 29-10  Apical four-chamber view of large pericardial effusion (PE) with transient RA collapse (arrow). A, Systole. B, Diastole. 
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Sensitivity, Specificity, Negative, and Positive Predictive Values of Echocardiographic Features of Pericardial Tamponade

Study Year
Echocardiographic Sign 

Evaluated
Patients  

(Total/Tamponade) Definition of Tamponade
Sensitivity 

(%)
Specificity 

(%)
PPV 
(%)

NPV 
(%)

Armstrong70 1982 RV diastolic collapse, M-mode, 
(posterior movement of the 
RV free wall in early and 
mid diastole as timed from 
the ECG)

86/17 Presence of a moderate to large 
pericardial effusion, plus at 
least two of the following: (1) 
elevated venous pressure, (2) 
systemic hypotension, (3) 
pulsus paradoxus and 
resolution of signs after 
pericardiocentesis

76 84 54 93

Armstrong70 1982 RV diastolic collapse, 2D (any 
indentation of the RV free 
wall during diastole)

41/10 Same as above 100 87 71 100

Engel71 1982 RV diastolic collapse, M-mode 
(persistent posterior motion 
of the RV free wall greater 
than 50 ms after mitral 
valve opening)

37/21 Pulsus paradoxus >10 mm Hg, 
elevated systemic venous 
pressure, and resolution of 
signs with pericardiocentesis

81 94 89 80

Gillam72 1983 RA collapse (inversion of the 
RA free wall at any point of 
the cardiac cycle)

123/19 Two or more of the following: 
(1) elevated jugular venous 
pressure, (2) relative 
hypotension, (3) pulsus 
paradoxus >10 mm Hg and 
resolution of the symptoms 
with pericardiocentesis

100 82 50 100

Gillam72 1983 RA diastolic collapse (RA 
inversion time index >0.34 
[defined as the number of 
video fields demonstrating 
RA inversion divided by the 
total number of fields per 
cardiac cycle])

36/18 Same as above 94 100 100 95

Kronzon62 1983 RA collapse, 2D (any reduction 
in RA size during diastole)

29/9 Clinical with relief after 
pericardiocentesis

100 85 75 100

Kronzon62 1983 LA collapse, 2D (posterior LA 
wall motion of at least 
10 mm in diastole)

29/9 Same as above 54 95 83 83

Singh51 1984 RV diastolic collapse, 2D 
(persistent inward motion 
of the RV endocardial 
surface after opening of the 
mitral valve)

16/12 Equalization of RA, pulmonary 
capillary wedge, and 
intrapericardial pressures and 
elevation of these pressures to 
>10 mm Hg

92 100 100 80

Singh51 1984 RA collapse, 2D (RA free wall 
appears to be inverted at 
any point during the cardiac 
cycle)

12/8 Same as above 63 100 100 57

Singh51 1984 RV diastolic collapse, 2D 
(persistent inward motion 
of the RV endocardial 
surface after mitral valve 
opening)

21/16 Equalization of the 
intrapericardial, RA, and 
pulmonary wedge pressures 
with elevations of these 
pressures to >10 mm Hg

93 100 100 83

Himelman31 1988 Inferior vena cava plethora, 2D 
(a decrease in proximal vena 
cava diameter by >50% after 
a deep inspiration)

115/33 Either of the following: (1) 
elevation (mean >12 mm Hg) 
and equalization (≤5 mm Hg) 
of diastolic filling pressures; 
(2) systolic blood pressure 
<100 mm Hg that increased by 
>20 mm Hg after 
pericardiocentesis

97 40 40 97

Himelman31 1988 RA collapse, 2D (dynamic 
inversion of the RA wall 
occurring in late diastole or 
early systole)

115/33 Same as above 55 66 39 78

Himelman31 1988 RV diastolic collapse, 2D (early 
diastolic inversion of the RV 
free wall that varied with 
respiration)

115/33 Same as above 48 68 38 77

Some of the values in the table differ from those reported in the original studies, as data from patients with “equivocal” tamponade have not been used. Sensitivity = true positives/(true 
positives + false negatives) and specificity = true negatives/(true negatives + false positives).

ECG, Electrocardiogram; NPV, negative predictive value (true negatives/[true negatives + false negatives]); PPV, positive predictive value (true positives/[true positives + false positives]).

TABLE 
29-1 

Data from references in the chart.
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intrathoracic (but extrapericardial), the pulmonary venous 
pressure falls with inspiration; however, the fall in pericardial 
pressure is blunted, resulting in a fall in driving pressure filling 
the LA and therefore a reduction in LV filling.75 Respiratory 
augmentation remains intact on the right side, and RV filling 
increases during inspiration.76 As pericardial fluid volume 
increases, available pericardial space becomes limited, enhanc-
ing the potential for ventricular interaction, which in turn 
amplifies the disparate patterns of left-sided and right-sided 
filling with respiration (Fig. 29-11). Although the magnitude of 
this flow disturbance is greater, and separation of values from 
normal occurs earlier with right-sided flows, in the clinical 
setting most attention has focused on the mitral inflow, because 
diagnostically adequate tricuspid inflow signals are obtained in 
around one third of patients.38 In tamponade, there is charac-
teristically an appreciable fall in mitral E wave velocity and VTI 
and lengthening of the isovolumic relaxation time on the first 
inspiratory beat. A summary of the magnitude and direction of 
flow disturbance in intracardiac flows are best illustrated in 
Figure 29-12 and summarized in Table 29-2.38,76-78 Although 
most literature has concentrated on changes in transvalvular 
flow velocities, there is also a decrease in LV ejection time and 
LV inflow duration.76

Although some have noted a quantitative relationship 
between rise in pericardial pressure and the degree of respira-
tory variation in inflow velocities,79 the relationship of the mag-
nitude of this change to the severity of tamponade has been 
questioned.80

Interrogation of superior vena cava and hepatic vein flow may 
provide information that is complementary to analysis of mitral 
inflow velocities in equivocal cases. The superior vena cava is 
best imaged from the right supraclavicular window at a depth 

Phasic Respiratory Changes and Plethora of the 
Inferior Vena Cava
Decreased phasic respiratory changes and plethora of the infe-
rior vena cava have been reported in tamponade31; however, this 
is a nonspecific finding (see Table 29-1).

Doppler Echocardiography
The determination of variations in intracardiac flows with res-
piration, specifically using PW Doppler, has been proven to aid 
clinical decision making in patients with pericardial effusions. 
Although tamponade bears certain similarities to the physiol-
ogy of constriction, there are important differences. It should 
be recalled that, in tamponade, impedance to ventricular filling 
is pandiastolic and inspiratory augmentation of right-sided 
filling is somewhat preserved. Ventricular interaction and rela-
tive dissociation of intrathoracic from intrapericardial, and 
hence transmural, filling pressure are key to the understanding 
of both processes.74

During inspiration, normally intrathoracic, intrapericardial, 
and intracardiac pressures decrease in unison and to a similar 
extent. There is normally a small augmentation of right-sided 
transvalvular flows and a decrease in left-sided transvalvular 
flows accompanying inspiration.75 Echocardiographically this is 
appreciated in normal subjects as minimal change in mitral E 
wave velocity with inspiration, and slightly more prominent 
respiratory changes in the right heart. The explanation for this 
is a combination of increased venous return secondary to 
decreased intrathoracic pressure, a fall in pulmonary vascular 
impedance, and ventricular interaction. With accumulation  
of pericardial fluid, there is a blunting of transmission of  
pressure changes from the intrathoracic compartment to the 
intrapericardial compartment.75 As the pulmonary veins are 

Figure 29-11  Top: Normal situation in which 
changes in intrathoracic pressure are transmitted to 
both pericardial sac and pulmonary veins.  Effective 
filling gradient (EFG) changes only slightly during respi-
ration. Bottom: Cardiac  tamponade. Changes  in  intra-
thoracic  pressure  are  transmitted  to  pulmonary  veins 
(PV ) but not to pericardial sac. EFG falls during inspira-
tion. Insp, Inspiration; PC, pulmonary capillaries. (From 
Sharp JT, Bunnell IL, Holland JF, et al: Hemodynamics 
during induced cardiac tamponade in man. Am J Med 
29:640-646, 1960.)
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Tissue Doppler
In eight patients with pericardial effusion and tamponade, E′ 
was reported to be lower than in age-matched and sex-matched 
control subjects, and unlike LV inflow (E wave), velocity did not 
show respiratory variation. E′ values returned to normal after 
pericardiocentesis.41

THE ROLE OF ECHOCARDIOGRAPHY IN 
PATIENT MANAGEMENT

Echocardiographic signs of elevated pericardial pressure may 
precede the appearance of clinical tamponade (which we define 
as a fall in mean arterial pressure and a pulsus paradoxus greater 

of 5 to 7 cm. Normal superior vena cava flow patterns reflect 
phasic changes in RA pressure.81 Doppler echocardiography of 
the superior vena cava in normal subjects reveals a biphasic, 
systolic flow pattern without significant flow reversals.82 Patients 
with cardiac tamponade have been reported to show reduced, 
absent, or reversed diastolic flow with the first expiratory cardiac 
cycle, the Doppler counterpart of the loss of the Y descent and 
the prominent X descent.76,83 In advanced tamponade, loss of 
diastolic filling throughout the respiratory cycle has been 
reported. Similar changes occur in hepatic vein flow, with 
marked expiratory loss of diastolic filling, along with expiratory 
diastolic flow reversals. Examples of abnormal Doppler flow 
recordings in cardiac tamponade are noted in Figure 29-13.

Figure 29-12  Respiratory variation of mitral and tricus-
pid inflow velocities in cardiac tamponade, normal sub-
jects, and patients with effusion without tamponade. 
Mean percentage changes in mitral and tricuspid early filling 
velocities (E ) with first beat of inspiration (Insp) and of expira-
tion  (Exp)  are  compared  with  mean  apnea  values.  In  com-
parison with normals and patients without  tamponade,  the 
mital E wave velocity in patients with tamponade decreases 
significantly with inspiration and increases with expiration. All 
patients  exhibited  an  increase  in  tricuspid  E  wave  velocity 
with  inspiration,  but  only  those  with  tamponade  showed  a 
decrease  in  expiratory  E  wave  velocity.  (With permission 
from Burstow DJ, Oh JK, Bailey KR, et al: Cardiac tampon-
ade: characteristic Doppler observations. Mayo  Clin  Proc 
64:312-324, 1989.)
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Study/
Parameter Year Subjects

Normal Tamponade Effusion without Tamponade

Inspiration Expiration Inspiration Expiration Inspiration Expiration

Pandian7 1985 9 dogs*
3 patients (all with 

tamponade)

Mitral mean flow velocity ↓10 ± 2% ↓42 ± 3% ↓12 ± 1%

Tricuspid mean flow 
velocity

↑17 ± 2% ↑117 ± 19% ↑17 ± 3%

Leeman80 1987 19 (11 tamponade) Post-pericardiocentesis
Mitral VTI ↓8% ↓35% ↓3%

Tricuspid VTI ↑9% ↑80% ↑11%

Aortic VTI ↓3% ↓33% ↓7%

Pulmonary VTI ↑9% ↑86% ↑11%

Appleton78 1988 27 (7 tamponade)

Mitral E velocity (cm/s) 82 ± 17 85 ± 18 39 ± 12 68 ± 19 71 ± 12 77 ± 13

Tricuspid E velocity 
(cm/s)

64 ± 10 56 ± 9 60 ± 6 30 ± 9 60 ± 9 50 ± 8

Aortic velocity (cm/s) 109 ± 9 113 ± 9 80 ± 22 107 ± 26 103 ± 22 107 ± 22

IVRT (ms) 74 ± 15 72 ± 14 117 ± 39 64 ± 20 69 ± 15 67 ± 17

Burstow39 1989 28 (16 tamponade)

Mitral E velocity (cm/s) 73 ± 12 74 ± 15 37 ± 12 59 ± 15 77 ± 19 78 ± 20

55 ± 8 51 ± 7 51 ± 7 29 ± 5 54 ± 10 43 ± 11

IVRT (ms) 82 ± 7 79 ± 6 104 ± 17 75 ± 7 87 ± 10 84 ± 12

Data from references in the table.
E, Early diastolic filling wave of the left (mitral) or right (tricuspid) ventricle; IVRT, isovolumic relaxation time; VTI, velocity-time integral.
*Dogs were studies in three states: baseline, effusion without tamponade, and with tamponade.

TABLE 
29-2 
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pericardial process to the clinical state difficult. This is especially 
challenging when hypotension occurs after cardiac surgery (see 
Fig. 29-12).63-65 A high index of suspicion is especially appropri-
ate in anticoagulated patients and following transvenous pacing 
lead removal. In this setting, traditional echocardiographic 
markers of tamponade may not be present. A careful search for 
localized chamber compression, localized collections of blood 
inside or adjacent to the pericardial space, and less usual fea-
tures, such as LV or LA diastolic collapse,84 must be performed. 
Transesophageal echocardiography may add incremental infor-
mation, especially if imaging quality is poor.85-87 Sometimes the 
most important role of the echocardiogram is to rule out  
other cardiac causes of the patient’s clinical state. If doubt 
remains as to the presence or hemodynamic effect of a collec-
tion, alternative imaging techniques, catheter-based hemody-
namic monitoring with volume manipulation, or even surgical 
exploration may be required for both diagnostic and therapeu-
tic purposes.65

ECHOCARDIOGRAPHICALLY GUIDED 
PERICARDIOCENTESIS

Before the advent of 2D echocardiography, percutaneous peri-
cardiocentesis was viewed with trepidation. In cardiac catheter-
ization laboratories, for instance, clinicians in large-volume 
centers achieved success rates of 86% in obtaining fluid, with 
death rates of 4%, and a further 4% risk of other major com-
plications.88 In contrast, echocardiographically guided series 
have indicated success rates of 97% or more, rare deaths, and 
total complication rates of 3% to 5%. Major complications have 
included cardiac laceration requiring surgery, hemothorax 
requiring thoracotomy, major pneumothoraces, and rare  
bacteremia or ventricular tachycardia. Less significant or 

than 10 mm Hg as a result of raised pericardial pressure).66 
Given that the clinical transformation from stable to unstable 
can occur abruptly, echocardiography has come to play a pivotal 
role in the management of patients with pericardial effusion.  
It must be appreciated that the physiologic effects of an increas-
ing pericardial effusion lie on a continuum, and therefore any 
separation into distinct stages is arbitrary. We find it useful, 
however to divide patients with pericardial effusions into three 
hemodynamic categories. First, those without echocardio-
graphic evidence of hemodynamic compromise, (no RV col-
lapse, no RA or LA collapse, physiologic changes in intracardiac 
flows with inspiration) we describe as “no evidence of hemo-
dynamic effect.” Second, those with any degree of RV diastolic 
collapse, prolonged (more than 35% of the cardiac cycle) RA 
collapse, or marked (greater than 25% LV or greater than 50% 
RV) early filling [E] velocity changes with inspiration, we report 
as showing “echocardiographic indications of ‘tamponade.’” 
The use of quotation marks is to underscore the fact that tam-
ponade is a clinical syndrome. Third, we report patients who fit 
into neither of the aforementioned categories as having “echo-
cardiographic indicators of elevated pericardial pressure 
without echocardiographic features of ‘tamponade.’” It cannot 
be overemphasized, however, that with localized cardiac com-
pression or abnormal physiologic states, hemodynamic com-
promise may be present as a result of elevated pericardial 
pressure without any classic M-mode, 2D, or Doppler echocar-
diographic indicators of raised intrapericardial pressure.63-65

LOCALIZED AND LOCULATED PERICARDIAL 
FLUID COLLECTIONS

In some cases, localized cardiac compression can occur render-
ing both the diagnosis of tamponade and attribution of the 

Figure 29-13  Doppler findings in cardiac tamponade. A, Significant reduction in mitral inflow velocity is noted on first inspiratory beat (arrow). 
B, Marked fall  in tricuspid inflow velocity is noted on first expiratory beat (arrow). C, Hepatic vein Doppler indicates marked flow reversal on first 
expiratory beat (arrow), after slight augmentation in forward velocities on inspiration. D, Superior vena cava Doppler in a patient with acute tam-
ponade. Note loss of normal diastolic filling wave throughout respiratory cycle. 
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2. Imaging: A second operator or sonographer usually 
images from a window remote to the puncture site (usually 
parasternal or subcostal) to provide real-time visualization 
of the procedure. Alternatively, the imaging probe can be 
covered with a sterile sleeve and hence be manipulated by 
the operator. Imaging probes that allow needle insertion  
in the center of the imaging plane have been described.95 
Like other operators,96 we favor the apical route as the 
safest and easiest approach, but other approaches may be 
more appropriate in certain situations or with loculated 
effusions.

3. Pericardial puncture: We then attach the pericardiocentesis 
needle to a 10-mL syringe with 5 mL of 1% lidocaine. The 
needle is advanced until pericardial fluid is obtained or a 
depth of needle is inserted that could contact a cardiac struc-
ture. Constant aspiration during the advancement of the 
needle followed by a slight pause for injection should be 
performed to guard against needle plugging. There is a char-
acteristic “feel” or “pop” associated with contact of the needle 
with the pericardium and its puncture. Given the tomo-
graphic nature of 2D imaging and potential for imaging 
artifacts, care must be taken in interpretation of the image 
during this phase. In particular, the tip of the pericardiocen-
tesis needle and its course are difficult to identify with 
imaging from a remote acoustic window. Indentation of the 
pericardium by the needle just before puncture is helpful if 
seen. Monitoring of the needle electrogram is no longer 
performed.

4. Guidewire and catheter: Once the pericardium is entered, 
there should be free flow of fluid into the syringe. If we are 
uncertain as to the position of the needle, if we aspirate 
blood, or in the case of small effusions, the intrapericardial 
position of the needle is confirmed with the injection of 1.0 
to 5 mL of agitated saline via a three-way stopcock configu-
ration. Visualization of the contrast in the pericardial space 
confirms correct needle position (Fig. 29-14, A). In larger 
effusions, the needle may be advanced incrementally, once 
pericardial fluid is obtained. A “J” guidewire is then intro-
duced into the pericardial space. The wire is usually well 
seen in the pericardial space from the remote window. The 
track of the guidewire is dilated, and a pigtail catheter is 
placed over the wire into the pericardial space. Fluid is with-
drawn for analysis. We do not routinely measure pericardial 
pressure; however, progressive disappearance of fluid from 
the pericardial space and resolution of signs of tamponade 
provides the final confirmation of successful pericardiocen-
tesis. Once the majority of the fluid has been removed,  
the catheter is secured and a suction drain attached. Analy-
sis of pericardial fluid should be ordered according to  
the clinical context.

5. Subsequent catheter management: The pericardial drain 
may be removed after the pericardial fluid has been fully 
aspirated. However, in most cases we leave the catheter in 
situ for 12 to 36 hours, removing once the drainage is 
minimal (less than 30 mL in 24 hours). In traumatic peri-
cardial effusions occurring in the electrophysiology or cath-
eterization lab, our practice is early removal, as recurrence 
in this setting is rare. Occasionally, the catheter is withdrawn 
slightly to avoid kinking or facilitate drainage. Small saline 
flushes are occasionally necessary to maintain patency. We 
generally avoid readvancing the catheter because of risk of 
infection.

6. Troubleshooting: See Table 29-3.

self-limiting complications include transient chamber entry, 
small pneumothoraces, vasovagal response, and minor arrhy-
thmias.89-91 It should be recalled that surgical approaches may 
be associated with significant morbidity.92 Needle pericardio-
centesis is generally not indicated in patients with pericardial 
effusions as a result of aortic dissection, penetrating trauma, or 
ruptured ventricular aneurysm where definitive surgical therapy 
is indicated.

In emergencies, the physicians at our institution prefer to 
have echocardiographic confirmation of an effusion, if at all 
possible. Most often, this occurs during percutaneous interven-
tions or ablation procedures. When effusions are found, they 
use the information obtained to guide the percutaneous 
approach. This so-called rescue pericardiocentesis is successful 
in relieving tamponade in 99% of cases and may be the only 
and definitive therapy in 82% of cases.93

Although minor variations in approach to echocardiographi-
cally guided pericardiocentesis exist, certain basic principles 
apply.90,91,94 We have evolved an institution approach, which is 
outlined next in point form.
1. Preparation and orientation: (See Box 29-3.) Outside of 

emergencies, we perform this procedure in our cardiac 
intensive care unit. Immediately before the procedure, we 
image the patient at the bedside to confirm that the correct 
approach (i.e., the most direct route to the largest collection 
of fluid) has been chosen. Attention is focused on avoiding 
both the internal thoracic arteries (located 0.5 to 2 cm lateral 
to the sternal edge) and intercostal vessels (inferior border 
of the rib). We then mark a proposed entry point with a 
permanent marker or reimage from this location to deter-
mine the depth to the fluid, the depth to the nearest cardiac 
structure, and the correct angle of approach. Most impor-
tantly, the angulation of the transducer in 3D space is care-
fully noted, as this will be subsequently replicated with the 
pericardiocentesis needle. We find it useful to form a mental 
map by drawing an imaginary line along the direction of the 
transducer and then noting its intersection with a remote 
anatomic structure, such as the point of the left shoulder or 
tip of the scapula. In our experience it is the inability to 
accurately reproduce this angle that causes most unsuccess-
ful initial attempts. After a sterile field is established, local 
anesthesia is administered. Adequate topicalization along the 
line of approach is mandatory.

Box 29-3 

PERICARDIOCENTESIS CHECKLIST

•	 Review	indications,	urgency	of	pericardiocentesis
•	 Review	echo	images,	determine	feasibility,	select	

approach
•	 Review	for	bleeding	diathesis,	anticoagulant	drugs,	

significant	electrolyte	disturbance,	anemia,
•	 Consent
•	 Appropriate	setting,	monitoring	(oxygen	saturation,	

electrocardiogram,	invasive	or	noninvasive	blood	
pressure	minimum)

•	 Intravenous	access
•	 Check	pericardiocentesis	kit
•	 Check	sedation,	analgesia	available
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The finding of a pericardial effusion without a regional wall 
motion abnormality suggests that pericarditis is more likely.

An integrated multimodality imaging approach, in the form 
of cardiac CT and/or cardiac MRI in addition to TTE, may 
provide incremental value in more complicated cases of acute 
pericarditis. The complementary role of CT and MRI lies in 
their ability to clearly visualize pericardial thickening and 
inflammatory changes within the pericardium. An integrated 
approach can be considered in the case of therapeutic difficulty, 
recurrent pericarditis, development of constrictive physiology, 
or traumatic etiologies.

Effusive Constrictive Pericarditis
Effusive constrictive pericarditis is an uncommon condition 
characterized by both a pericardial effusion and constrictive 

Acute Pericarditis
Acute pericarditis is caused by inflammation of the pericardium 
and can occur in isolation or secondary to an underlying sys-
temic condition.97,98 As an isolated entity, acute pericarditis is 
most commonly caused by a viral infection. In practice it is 
considered idiopathic when the viral agent is not identified.99,100 
Other causes include autoimmune disease; neoplastic invasion 
of the pericardium; uremia; acute myocardial infarction; and 
less commonly bacterial infections, previous cardiotomy, or 
aortic dissection.

Echocardiography remains the initial imaging modality of 
choice as it can rapidly and accurately assess the pericardium 
and underlying cardiac structure and function. In general, there 
is a paucity of echocardiographic findings. Patients with uncom-
plicated pericarditis will often have a normal echocardiogram.

The value of echocardiography in acute pericarditis lies in its 
unique ability to detect complications, at times aiding in the 
diagnosis of the underlying etiology or detecting other cardiac 
processes that may account for the patient’s symptoms or clini-
cal findings. Complications include pericardial effusion with or 
without hemodynamic effect, constrictive physiology, and/or 
myopericarditis. A large pericardial effusion or tamponade is a 
high-risk feature of pericarditis that warrants hospital admis-
sion and therefore is important to rule out either clinically or 
by echocardiography.101 A transient constrictive phase during 
acute pericarditis has also been described,102,103 and acute peri-
carditis may on occasion progress to overt constrictive pericar-
ditis. In this setting echogenic inflammatory material may be 
noted in the pericardial space (Fig 29-15). Associated myocar-
ditis can manifest as regional or global myocardial dysfunction. 
In occasional cases, tumor and/or neoplastic invasion of the 
pericardium may be seen. Myriad other cardiac diagnoses can 
mimic acute pericarditis, and the echocardiogram may be useful 
in this regard as well. One such scenario is in patients presenting 
with chest pain and electrocardiographic changes in which the 
differential diagnosis includes acute coronary syndrome and 
pericarditis. The finding of a regional wall motion abnormality 
in a coronary distribution without a significant effusion sug-
gests that a diagnosis of acute coronary syndrome is more likely. 

Figure 29-14  Use of bubble contrast in needle pericardiocentesis. A, TTE parasternal short-axis view of saline bubble contrast in large peri-
cardial effusion (PE ) during pericardiocentesis. Saline contrast is seen in lateral pericardial space, confirming correct catheter position. B, Bedside 
off-axis apical five-chamber TTE. Emergency pericardiocentesis performed at bedside after patient became severely hypotensive  following atrial 
fibrillation ablation procedure. Effusion was small and pericardiocentesis technically difficult. Bloody tap was obtained, and saline contrast was used 
to determine needle location. Saline contrast is seen to opacify the RV, confirming intracardiac needle position. After readjustment of needle ori-
entation, pericardial space was entered and 150 mL of blood removed with marked hemodynamic improvement. Ao, Aorta. 

A B
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LV

LV
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Figure 29-15  Subcostal view of a large pericardial effusion. Exten-
sive echogenic organized material is noted in pericardial space in rela-
tion to free wall of RV (arrow). 

LV

RV
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pericarditis.104 Based on a series of consecutive patients present-
ing with tamponade, the prevalence of effusive constriction is 
close to 8%.104 Imaging of this entity should look for elements 
of pericardial effusion, a thickened pericardium or thick intra-
pericardial material, and evidence of constrictive physiol-
ogy.105,106 The hallmark of effusive constrictive pericarditis is 
persistence of constrictive physiology after removal of the peri-
cardial fluid.107 The hemodynamic findings may share common 
features of both pericardial tamponade and constriction.

The most common causes are idiopathic pericarditis and 
malignancy, but effusive constrictive pericarditis can also be 
seen after radiation, after pericardiotomy, and in tuberculosis 
pericarditis. The natural history of this condition is not well 
understood. However, in a subset of patients, constrictive peri-
carditis may be due to reversible inflammation, and there may 
be resolution of the constrictive physiology either spontane-
ously or following antiinflammatory treatment weeks to months 
after the effusion has been drained.103

Pericardial Effusion as an Incidental 
Finding on Echocardiography
Occasionally a pericardial effusion will be noted as an incidental 
finding on an echocardiogram requested for another indication 

Troubleshooting Pericardiocentesis

Problem Diagnosis Action

I can’t hit the effusion. Incorrect line of approach. Usually occurs with 
smaller, deeper pericardial effusions, 
especially with thick chest wall.

Recheck landmarks, reimage if uncertain. Check 
depth; consider long needle if deep fluid. 
Consider alternative window/approach. Use 
bubble contrast to confirm position in difficult 
tap. If repeated unsuccessful attempts, reconsider 
indication, consider surgical approach.

My catheter won’t track over the 
guidewire.

Tip of catheter may not track guidewire 
because of tight tissue planes or thick skin. 
May be very thick, stiff pericardium. 
Guidewire may be kinked over periosteum, 
pleura, pericardium.

Ensure adequate skin “nick” at guidewire entry 
point. Consider redilatation over existing 
guidewire. If guidewire kinked, consider 
repuncture/replace guidewire.

I hit the effusion OK and advanced my 
guidewire, but now I can’t aspirate 
pericardial fluid.

Catheter is no longer in the pericardial space, 
or the catheter is kinked. Occasionally dilator 
will displace wire from pericardial space if 
long tissue track or inadequate length of 
intrapericardial wire inserted.

Consider saline contrast to verify intrapericardial 
position. Usually repuncture is required (i.e., 
start again).

I keep aspirating blood from the 
catheter, but the effusion doesn’t get 
any smaller.

Consider large hemorrhagic effusion. Consider 
intracardiac needle/catheter position.

If pulsatile flow, withdraw needle. Use saline 
contrast to rule out intracardiac needle/catheter 
placement. If dilators used and catheter 
intracardiac, consider surgical consult before 
removal of catheter.

I keep aspirating straw-colored fluid, but 
the effusion isn’t getting any smaller.

Catheter in pleural effusion or ascites. Recheck approach, depth. Give contrast bubbles if 
in doubt.

My patient is in severe pain after the 
pericardial catheter is placed.

Local irritation from pericardial catheter can 
occasionally cause intense pain; however, it 
may indicate more serious complication.

Check catheter position, ensure intrapericardial. 
Rule out other causes, including coronary artery 
injury, pleural catheter placement, myocardial 
tear. Consider nonsteroidal antiinflammatory 
drug, narcotic. Consider intrapericardial 
lidocaine. Consider early removal of catheter 
once effusion is drained.

My patient has acute shortness of 
breath.

Consider pneumothorax. Chest radiograph if stable, intercostal catheter 
placement.

My patient is experiencing severe 
hypotension, hemodynamic collapse.

Consider vasovagal response, chamber 
laceration, tension pneumothorax, 
intrathoracic bleeding, acute myocardial 
infarction.

Repeat echocardiography, electrocardiogram, 
hematocrit. Therapy may include intrapleural 
drain, volume, atropine, thoracotomy.

The effusion recurred rapidly after the 
pericardial fluid was aspirated.

Needle pericardiocentesis without drainage 
catheter or catheter removed too soon.

Reaspirate and leave drain in situ 24-36 hours. 
Consider malignancy; consider surgical window.

The pericardial catheter has stopped 
draining, but there is still fluid 
around the heart.

Plugged or kinked catheter. Loculated 
pericardial fluid.

Continuous suction drainage helps prevent 
plugging. Consider small sterile saline flush/
aspirate. Consider repuncture and guidewire 
placement of new catheter if significant residual 
pericardial fluid and/or echocardiographic signs 
of tamponade.

TABLE 
29-3 

or as an ancillary finding during lung or abdominal imaging. 
Therapeutic pericardiocentesis is an absolute in the setting of 
cardiac tamponade. Among those with large pericardial effu-
sions and no hemodynamic compromise, nearly one third will 
go on to develop tamponade.108 Therefore, it is reasonable to 
perform a pericardiocentesis in the setting of a persistent large 
pericardial effusion (greater than 1 month) or those with non-
specific signs of tamponade such as RA collapse for less than 
one third of the cardiac cycle.109 Small to moderate-sized peri-
cardial effusions do not require drainage, provided that there is 
no evidence of hemodynamic compromise and the patient is 
asymptomatic. However, the question of diagnostic pericardio-
centesis arises. This is not routinely recommended, given that 
the diagnostic yield is low. Instead, regardless of effusion size, a 
careful search for underlying disease likely to result in a peri-
cardial effusion needs to be undertaken (see Box 29-2). In all 
cases, clinical and echocardiographic follow-up is imperative.

Congenital Disorders of the Pericardium
CONGENITAL ABSENCE OF THE PERICARDIUM

Congenital absence of the pericardium is a rare clinical entity 
found in approximately 1 in 10,000 autopsies. The defects, 
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are in either the anterior or posterior superior mediastinum.124 
The echocardiographic hallmark of a pericardial cyst is a round 
or oval echo-free structure adjacent to the cardiac border, most 
commonly near the RA, from which it is separated by a definite 
wall of echoes.125,126 The presence of internal echoes suggesting 
a more solid structure should alert the clinician to the possibil-
ity of a less benign process. Color-flow and pulsed-Doppler 
assessment at a low velocity setting can be performed to ensure 
that there is no flow within the structure. Rarely, hydatid peri-
cardial cysts127 or a cardiac hemangioma128 may have echocar-
diographic features mimicking pericardial cysts. Additional 
imaging with contrast CT can be performed if the diagnosis 
remains uncertain with echocardiography.129,130 A pericardial 
cyst appears as a thin-walled, sharply defined homogenous mass 
with attenuation slightly higher than water, which fails to 
enhance with contrast on CT. Therapy is not required in the 
asymptomatic patient; however, there are numerous noninva-
sive treatments for pericardial cysts, including videoscopic 
resection, ethanol sclerosis, or needle aspiration and drainage if 
symptoms do develop. Symptoms commonly reported include 
chest pain and shortness of breath. Reported rare complications 
of pericardial cysts include cardiac tamponade,131,132 hemor-
rhage,124 or erosion of cardiac structures.133,134

classified as partial or complete, are most commonly partial, 
with two thirds of cases located on the left and the remainder 
on the right side.110,111 Complete absence of the pericardium is 
rare and of minimal clinical importance. Leftward displacement 
of the heart is pronounced, and as a result, cardiac motion, 
especially of the LV posterior wall, is exaggerated. The right-
sided chambers appear prominent, and there is abnormal septal 
motion.112,113 Other echocardiographic signs include unusual 
apical imaging windows into the axilla and the appearance of 
compressed atria. At least one and usually two of these findings 
are reported in all patients with complete absence of the peri-
cardium.117 In contrast, partial absence of the pericardium often 
requires ancillary imaging techniques to fully delineate the 
nature and extent of the defect. In this regard, CT and MRI have 
proven to be especially useful (Fig. 29-16).114,115

Most patients are asymptomatic; however, closure of the 
defect can become necessary in symptomatic patients.97 With 
significant leftward cardiac shift, patients may on occasion 
experience nonexertional chest pain or a prominent cardiac 
pulsation. Rarely, herniation of cardiac chambers through 
partial defects can occur, with reported cases of coronary artery 
obstruction resulting in sudden cardiac death,116,117 LA strangu-
lation,118,119 herniation of the LA causing syncope,120 or hernia-
tion of the LV or RV causing mitral or tricuspid regurgitation.121 
In addition, associated congenital defects should also be con-
sidered and include atrial septal defect, bicuspid aortic valve, 
patent ductus arteriosus, tetralogy of Fallot, and mitral stenosis 
in up to 30% of cases.113,122 Reports of combined congenital 
pericardial and diaphragmatic defects also exist.123

PERICARDIAL CYSTS

Pericardial cysts are rare, benign congenital lesions with an 
incidence of 1 in 100,000 and thought to be remnants of a defect 
in embryologic development of the pericardium. They are 
usually an incidental finding on chest radiography or TTE. The 
majority are located at the right costophrenic angle (70%), fol-
lowed by the left costophrenic angle (20%), and the remainder 

Figure 29-16  MRI image of patient with congenitally absent peri-
cardium. Abnormal position of heart in thorax explains unusual appear-
ance of heart through usual imaging windows, including appearance of 
RV enlargement. Nonstandard imaging windows (axillary) are required 
in some patients. 

KEY POINTS

 An understanding of the effects of ventricular interde-
pendence is key to understanding the hemodynamic and 
therefore echocardiographic features of compressive 
pericardial disease, such as tamponade or constriction.

 The diagnosis of pericardial constriction requires a 
careful integration of the results of M-mode Doppler 
and 2D imaging and a consideration of the clinical 
context. A good understanding of the uses and limita-
tions of tissue Doppler imaging augments traditional 
tools for diagnosing constriction.

 Echocardiography is pivotal to management strategy 
and decision making in pericardial effusion.

 Traditional echocardiographic markers of cardiac tam-
ponade may be absent in patients with localized pericar-
dial effusions, especially in the postcardiac surgery 
setting.

 The presence of diastolic collapse of the free wall of the 
RV is a specific but not sensitive sign of pericardial 
tamponade.

 Percutaneous drainage of pericardial fluid may be safely 
performed with echocardiographic guidance.

 When an acute hemopericardium occurs, for instance in 
the setting of interventional cardiologic procedures, 
rapid and serious hemodynamic disturbance may ensue, 
despite the accumulation of a relatively small amount of 
fluid in the pericardial space.

 In acute pericarditis, the echocardiographic examination 
is commonly normal.

 The hallmark of effusive constrictive pericarditis is per-
sistence of constrictive physiology following the removal 
of the pericardial fluid.

 In complex pericardial disease, or when echocardio-
graphic images are suboptimal, integration of echocar-
diographic findings with findings from other imaging 
modalities may be required.
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Improvements in medical management and advances in surgi-
cal techniques have increased the number of patients who 
survive with severe heart failure. Cardiac transplantation 
remains the treatment of choice for appropriate candidates with 
end-stage heart failure. More than 3000 cardiac transplants are 
performed worldwide annually. At the time of transplantation, 
roughly half of cardiac transplant recipients are treated with 
inotropic agents, whereas almost one quarter need some form 
of mechanical circulatory support, most frequently in the form 
of a left ventricular (LV) assist device. International registry 
data show that the mortality rate is greatest in the first 6 months 
after transplantation; the 1-year survival rate after cardiac 
transplantation is about 85%, with a 3% to 4% linear decrease 
annually thereafter and a median survival rate of 10.4 years for 
the cohort of patients who underwent transplantation in the 
1992 to 2001 era. Survival rates have steadily improved since  
the early 1980s, despite the increasingly high-risk profile of the 
recipient population. Graft failure and infections account for a 
significant proportion of deaths in the first year after transplan-
tation, whereas after 5 years, cardiac allograft vasculopathy 
(transplant coronary disease), late graft failure (likely a result of 
allograft vasculopathy), and malignancy disease are more 
common causes of death.1

Evaluation before Cardiac 
Transplantation
RISK ASSESSMENT

Box 30-1 summarizes echocardiographic markers of poor prog-
nosis in the setting of advanced systolic heart failure. Although 
these generally are not included in widely used composite risk 
scores for heart failure (with the exception of ejection fraction), 
they are useful adjuncts to assessment of prognosis. In the 

context of evaluation before possible cardiac transplantation, 
right heart function and presence of pulmonary hypertension 
are of particular interest. Preoperative pulmonary hyperten-
sion, particularly if not medically reversible with vasodilators 
or if reversible at the expense of systemic hypotension, is associ-
ated with very high risk of short-term mortality, frequently as 
a result of right heart failure.2 Although direct measurement of 
central hemodynamics with a pulmonary artery catheter is cur-
rently the gold standard, echocardiography has the advantage 
of being noninvasive and more widely available. Estimates of 
hemodynamic measurements with Doppler echocardiography 
have been shown to correlate closely with direct invasive mea-
surements in patients with heart failure, with use of the follow-
ing calculations for cardiac output (CO), right atrial (RA) 
pressure, pulmonary artery systolic pressure (PASP), pulmo-
nary capillary wedge pressure (PCWP) and pulmonary vascular 
resistance (PVR)3:

CO HR VTI D /LVOT LVOT= ( )( )( )( )π 2 2

Mean RA pressure Ac= + ×– . . ,1 263 0 01116

where Ac is the acceleration rate (cm/s2) of early tricuspid 
filling, D is diameter, HR is heart rate, LVOT is the left ventricu-
lar outflow tract, and VTI is the velocity time integral of flow

PASP RA pressure VTR= + 4 2( ) ,

where VTR is peak velocity of the tricuspid regurgitation signal.

PCWP
E A DT E/A and

=
+ − + + − +32 16 0 1045 0 1345 0 17 4 95. ( . ) ( . ) ( . ) ( . ),

PVR PEP /AcT/TT=[( ) ],
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Echocardiography is essential for assessment of structure and 
function of the donor heart. The evaluation for regional and 
global wall motion abnormalities, and for valvular or congenital 
abnormalities, is particularly important because these findings 
could potentially preclude use of the heart for transplantation. 
Estimates of the frequency of structural or functional abnor-
malities in potential donor hearts range from 10% to 45%. 
Although regional or global wall motion abnormalities may be 
present on initial assessment, in some cases, contractile func-
tion can be improved with medical therapy, particularly if the 
dysfunction is related to brain death or is catecholamine-
induced. Serial echocardiograms can often confirm improve-
ment in contractile function in the setting of hemodynamic and 
metabolic correction.5 However, the lower the initial ejection 
fraction, the less likely the heart is able to be optimized for use 
for transplantation because this likely reflects intrinsic and irre-
versible causes for contractile dysfunction. Although early 
studies suggested suboptimal outcomes with the use of donor 
hearts with LV hypertrophy, more recent studies have found 
that transplant patients who received donor hearts with mild 
(interventricular septum or posterior wall 1.2 to 1.3 cm) or 
moderate (more than 1.3 to 1.7 cm) LV hypertrophy had similar 
short-term and long-term survival rates, up to 5 years after 
transplantation.6

Figure 30-1  Continuous wave Doppler recording of tricuspid 
regurgitant flow (top) and pulsed wave Doppler recording of pul-
monary flow (bottom) in the same patient with invasive pulmonary 
vascular resistance of 3.3 Wood U.  AcT,  Acceleration  time;  CO, 
cardiac output; ET, ejection time; PAPm, pulmonary mean arterial pres-
sure;  PCWP,  pulmonary  capillary  wedge  pressure;  PEP,  preejection 
period; PVR, pulmonary vascular resistance; TT, total time. (From Tem-
porelli PL, Scapellato F, Eleuteri E, et al: Doppler echocardiography in 
advanced systolic heart failure. Circ Heart Fail 3:387-394, 2010.)
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Box 30-1 

ECHOCARDIOGRAPHIC MARKERS FOR POOR 
PROGNOSIS AND POTENTIAL NEED FOR 
CARDIAC TRANSPLANTATION IN SYSTOLIC 
HEART FAILURE

Left ventricular ejection fraction1

Left ventricular cavity dilation2

Doppler-derived measures of systolic and diastolic 
function
Restrictive mitral filling pattern (mitral deceleration time)3

Rate of change in pressure over time (dP/dt, −dP/dt)4

Right ventricular function (tricuspid annular plane systolic 
excursion)5

Tissue Doppler measures of systolic and diastolic function 
(systolic mitral annular velocity, mitral E/E′)6,7

Presence of severe mitral or tricuspid regurgitation8

Speckle tracking measures of systolic function (strain)9

9Cho GY, Marwick TH, Kim HS, et al: Global 2-dimensional strain as a new 
prognosticator in patients with heart failure. J Am Coll Cardiol 54:618-624, 
2009.

8Koelling TM, Aaronson KD, Cody RJ, et al: Prognostic significance of mitral 
regurgitation and tricuspid regurgitation in patients with left ventricular 
systolic dysfunction. Am Heart J 144:524-529, 2002.

7Dokainish H, Zoghbi WA, Lakkis NM, et al: Incremental predictive power of 
B-type natriuretic peptide and tissue Doppler echocardiography in the 
prognosis of patients with congestive heart failure. J Am Coll Cardiol 
45:1223-1226, 2005.

6Nikitin NP, Loh PH, Silva R, et al: Prognostic value of systolic mitral annular 
velocity measured with Doppler tissue imaging in patients with chronic heart 
failure caused by left ventricular systolic dysfunction. Heart 92:775-779, 
2006.

5Ghio S, Recusani F, Klersy C, et al: Prognostic usefulness of the tricuspid 
annular plane systolic excursion in patients with congestive heart failure 
secondary to idiopathic or ischemic dilated cardiomyopathy. Am J Cardiol 
85:837-842, 2000.

4Kolias TJ, Aaronson KD, Armstrong WF: Doppler-derived dP/dt and −dP/dt 
predict survival in congestive heart failure. J Am Coll Cardiol 36:1594-1599, 
2000.

3Giannuzzi P, Temporelli PL, Bosimini E, et al: Independent and incremental 
prognostic value of Doppler-derived mitral deceleration time of early filling 
in both symptomatic and asymptomatic patients with left ventricular 
dysfunction. J Am Coll Cardiol 28:383-390, 1996.

2Lee TH, Hamilton MA, Stevenson LW, et al: Impact of left ventricular cavity 
size on survival in advanced heart failure. Am J Cardiol 72:672-676, 1993.

1Levy WC, Mozaffarian D, Linker DT, et al: The Seattle Heart Failure Model: 
prediction of survival in heart failure. Circulation 113:1424-1433, 2006.

References

where E and A are LV diastolic filling velocities, PEP is preejec-
tion period, AcT is acceleration time, and TT is total systolic 
time, as measured with pulsed Doppler pulmonary systolic flow 
(Fig. 30-1).

EVALUATION OF THE DONOR HEART

Echocardiography is necessary for the evaluation of potential 
donor hearts to help optimize the individual heart to undergo 
transplantation and, on a larger scale, to maximize use of this 
scarce resource. Once individuals with brain death are identified 
as potential heart donors, they typically are managed with the 
assistance of the regional donor procurement agency according 
to specific protocols to prepare the heart to undergo procure-
ment and transplantation. In general, these protocols aim  
to optimize volume status and hemodynamics with volume 
resuscitation or diuretics, inotropes or vasopressors as needed, 
and hormonal manipulation with triiodothyronine, steroids 
and vasopressin,4 frequently with the assistance of invasive 
hemodynamic monitoring with a pulmonary artery catheter. 
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Structure and Function of the Cardiac 
Allograft
TRANSPLANT TECHNIQUE

With the earlier biatrial technique for cardiac transplantation, 
bilateral atrial cuffs from the recipient were retained for direct 
anastomosis of the cardiac allograft. This approach produced 
large atrial cavities with long suture lines, which resulted in 
abnormal atrial geometry and function. In older series, mean 
measurements of left atrial (LA) diameter ranged from about 
58 to 83 mm versus 41 to 42 mm for biatrial versus bicaval 
techniques, respectively.7-9 Larger atrial size and atrial anatomic 
distortion have been implicated as contributors to mitral and 
tricuspid valve abnormalities and atrial thrombus forma-
tion.10,11 The bicaval technique, with separate caval and pulmo-
nary vein anastomoses, was developed to circumvent these 
problems. This approach did not become popular until the late 
1980s and is currently the more commonly used technique.12,13 
Transplantation with the biatrial technique is associated with 
higher frequency of spontaneous contrast and atrial thrombi on 
echocardiography and also risk for systemic arterial embolism 
(roughly 15% incidence rate in one series).7,14 Atrial thrombi 
are frequently located in areas not well seen on transthoracic 
echocardiography, such as the donor LA appendage or posterior 
wall, and require transesophageal echocardiography for visual-
ization.15 These echocardiographic findings and the elevated 
incidence of systemic embolism have not been observed with 
bicaval transplant recipients.7,8,14 In addition to more normal 
atrial size and geometry, the bicaval technique results in more 
physiologic atrial function. Measures of atrial contractile func-
tion are significantly better in patients who underwent cardiac 
transplantation with the bicaval technique versus those who 
underwent transplantation with the biatrial technique and have 
been found to be comparable with those of normal controls.16,17 
Despite evidence for LA dysfunction, LA contraction appears to 
contribute significantly more to LV stroke volume than in 

Figure 30-2  Bicaval technique for heart transplantation.  The 
cardiac  allograft  is  anastomosed  to  the  recipient  at  the  superior  and 
inferior vena cavae, at the pulmonary artery and aorta, and at the LA. 
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Figure 30-3  Comparison of the echocardiographic appearance of cardiac allografts transplanted with the biatrial (A) versus bicaval (B) 
techniques. In comparison with the bicaval technique, the biatrial technique results in much larger atria; prominent atrial suture lines are visible on 
echocardiogram (arrows). 
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nontransplant patients,18 with the donor component of the LA 
contributing more to atrial emptying than the recipient atrial 
component.19 Thus, the transplant patient may have poor toler-
ance for conditions in which the atrial contribution to cardiac 
output is compromised, such as with atrial tachyarrhythmias 
(Figs. 30-2 and 30-3).
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restrictive filling pattern may persist to some degree chronically 
in some patients or may reemerge during episodes of acute 
rejection. Early after transplantation, a restrictive filling pattern 
is present, characterized by shorter isovolumic relaxation time 
and E wave deceleration time and an increased E/A ratio (Fig. 
30-4), with gradual evolution to a nonrestrictive pattern by 
6 weeks after transplantation. Various clinical factors, such as 
preoperative pulmonary systolic pressures or pulmonary vascu-
lar resistance, duration of cardiopulmonary bypass, total isch-
emia time, or age of donor heart, did not significantly correlate 
with parameters of restrictive filling early after transplantation 
in one study.29

The incidence of diastolic dysfunction decreases over time, 
but diastolic abnormalities persist beyond the early postopera-
tive period in a small proportion of patients. One estimate of the 
prevalence rates of diastolic dysfunction after cardiac transplan-
tation was 22% at 6 weeks, 8% at 6 months, and 12% at 1 year. 
Right ventricular diastolic dysfunction (elevated right atrial 
pressure to stroke volume ratio) was associated with increased 
mortality.30 In a series of 64 cardiac transplant recipients 1 year 
or more after transplant (mean, 5 years; range, 1 to 13 years) 
who underwent routine annual hemodynamic evaluation, 10 
(15%) had a pattern of right and LV filling consistent with 
restrictive-constrictive physiology, with a characteristic dip-
and-plateau hemodynamic tracing in early diastole. In general, 
transplant recipients with constrictive-restrictive hemodynam-
ics had higher right-sided and left-sided filling pressures, shorter 
LV isovolumic relaxation times and E wave deceleration times, 
and higher mitral and tricuspid E/A ratios. Transplant recipi-
ents with constrictive-restrictive physiology had significantly 
more previous rejection episodes, a greater proportion had 
heart failure symptoms, and a significant proportion also had 
acute rejection diagnosed with biopsy performed concurrent 
with echocardiography.31 Persistence of restrictive filling pattern 
up to 6 months after cardiac transplantation may be associated 
with reduced long-term survival.32 The etiology of persistent 
diastolic dysfunction after transplantation is not fully defined 
but likely includes cumulative immune-mediated injury, fibro-
sis related to immune or nonimmune damage, and allograft 
vasculopathy. Newer techniques such as tissue Doppler imaging 

PHYSIOLOGY OF THE CARDIAC ALLOGRAFT

Although cardiac transplantation provides improved survival, 
functional capacity, and quality of life to patients with end-stage 
heart failure, the physiology of the cardiac allograft is not 
exactly the same as that of a normal nontransplanted heart. 
Hemodynamics immediately after cardiac transplantation are 
characterized by elevated filling pressures associated with 
impaired relaxation. This hemodynamic profile improves over 
the initial few weeks to months after transplantation and may 
continue to normalize over years but also may persist to a subtle 
degree.20,21 Restrictive physiology early after transplantation 
may be the result of a combination of ischemic myocardial 
injury, recipient pulmonary hypertension, and volume over-
load, whereas persistent restrictive physiology may be attributed 
to donor-recipient size mismatch, ischemic fibrosis, increased 
afterload from systemic hypertension, or rejection. Because it is 
denervated, the cardiac allograft has an altered response to exer-
cise, characterized by a slower early rise in heart rate and an 
overall blunted chronotropic response, with increases in cardiac 
output primarily the result of increases in stroke volume rather 
than heart rate.21,22 Sympathetic reinnervation occurs over time 
and is associated with improved exercise capacity, including 
heart rate and ventricular contractile response to exercise.23 
Exercise capacity improves in the initial few years after trans-
plantation but may never reach normal nontransplant levels.24

VENTRICULAR SYSTOLIC AND  
DIASTOLIC FUNCTION

Early after transplantation, LV mass and end-diastolic volume 
increase; these changes may or may not persist for years, without 
adverse consequences to ejection fraction, although subtle dec-
rements in systolic contractility may manifest early.25-27 In the 
absence of complications that cause graft dysfunction, allograft 
ventricular systolic function generally remains normal as many 
as 10 to 15 years after transplant. LV hypertrophy is a common 
finding, as is postoperative septal motion.27,28 Although systolic 
ventricular function remains largely normal, diastolic function 
is abnormal early after transplantation, the effects of which are 
frequently compounded by postoperative volume overload. A 

Figure 30-4  Mitral valve inflow velocities show a normal E/A ratio and normal deceleration slope with normal diastolic function (A) com-
pared with a pattern of “restrictive” filling with an increased E velocity with a steep deceleration slope and a reduced velocity (B). A, Late 
transmitral flow velocity; E, early transmitral flow velocity. 
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Structure and Function of the Cardiac 
Allograft during Acute Rejection
Allograft rejection remains a significant limitation of cardiac 
transplantation. Acute cardiac allograft rejection is usually 
characterized by lymphocytic infiltration with or without 
myocyte necrosis, termed “cellular rejection.”41 A rarer, less well-
understood type of rejection, termed “antibody-mediated rejec-
tion” (also called vascular or humoral rejection), involves 
endothelial cell activation and complement deposition that pri-
marily involves the allograft vasculature.42 Although the inci-
dence rate of cellular rejection has drastically declined over the 
1990s as a result of improvements in immunosuppression 
therapy, the incidence rate of noncellular rejection has remained 
stable.43 Until recently, cardiac allograft rejection on endomyo-
cardial biopsy was graded 0, 1A, 1B, 2, 3A, 3B, and 4 in order 
of increasing severity of lymphocyte infiltration and presence 
and amount of myocyte necrosis. In 2005, the classification was 
simplified into grades 0 (previous grade 0); 1R, mild rejection 
(previous 1A, 1B, 2); 2R, moderate rejection (previous grade 
3A); and 3R, severe rejection (previous grades 3B and 4).41 
Echocardiographic abnormalities of the cardiac allograft during 
rejection may include changes in systolic and diastolic function 
and increases in LV wall thickness or mass. Currently, the gold 
standard for diagnosis of rejection is with endomyocardial 
biopsy, although this technique is limited by the risks inherent 
to an invasive procedure, sampling error, cost, and patient dis-
comfort. More recently, gene expression profiling from periph-
eral blood samples has been tested as a noninvasive method for 
assessment for rejection. Although echocardiography alone has 
not been proven to be a definitive diagnostic method for detec-
tion of rejection, it has provided insight into the changes that 
occur during and around the time of rejection and may be a 
useful adjunct to diagnosis of rejection.

CHANGES IN SYSTOLIC AND  
DIASTOLIC FUNCTION

New-onset systolic dysfunction in the setting of acute rejection 
is generally a late finding and indicates higher grade rejection, 
which is associated with hemodynamic compromise and clini-
cal symptoms and with poorer prognosis.44 The vast majority 
of rejection episodes are not associated with systolic impair-
ment, and significant changes in echocardiographic systolic 

have shown promise for assessment of early ventricular dys-
function caused by cardiac allograft vasculopathy.33

RIGHT VENTRICULAR STRUCTURE AND 
FUNCTION AND TRICUSPID REGURGITATION

A significant proportion of patients with severe heart failure 
have pulmonary hypertension as a result of longstanding ele-
vated left-sided filling pressures. Pulmonary hypertension fre-
quently improves to normal or near-normal levels in the weeks 
to months after cardiac transplantation. The evolution of right-
sided structure and function after transplantation parallels the 
resolution of pulmonary hypertension and volume overload,34 
although some right ventricular enlargement may persist long 
term.35 Many patients at 10 to 15 years after transplantation 
have right atrial and right ventricular enlargement (right 
atrium, 40.7 ± 11.8 mm; right ventricle, 37.4 ± 8.3 mm, in one 
series). Despite the abnormalities in right-sided heart size  
and function, in the absence of severe tricuspid regurgitation, 
clinical signs and symptoms of heart failure are generally not 
present.28

Tricuspid regurgitation occurs early and late after cardiac 
transplantation. Early tricuspid regurgitation is more related to 
preoperative and postoperative pulmonary hypertension and 
right ventricular failure,36 whereas valve injury from endomyo-
cardial biopsies is often responsible for late tricuspid regur-
gitation (Fig. 30-5). Severity of tricuspid regurgitation on 
intraoperative transesophageal echocardiogram may be a 
marker for right ventricular dysfunction and appears to corre-
late with poor late survival. In one series of 181 patients, 20% 
of donor hearts at the time of transplantation had at least mild 
tricuspid regurgitation, which correlated strongly with presence 
of right ventricular dysfunction. The 5-year survival rate in this 
series was 85% for patients with no or trace intraoperative 
tricuspid regurgitation, versus 57% for those with mild to severe 
tricuspid regurgitation, even in the absence of overt right ven-
tricular dysfunction on intraoperative transesophageal echocar-
diogram.37 Donor tricuspid valve annuloplasty has not been 
found to have any significant effect on hemodynamics as mea-
sured with right heart catheterization and has not been shown 
to improve long-term survival.38 At 10 years after transplanta-
tion, about 15% of patients may have severe tricuspid regurgita-
tion. These patients are at increased risk for heart failure and 
may need tricuspid valve replacement.39,40

Figure 30-5  Flail tricuspid valve leaflet with tricuspid regurgitation in a cardiac transplant recipient. A, 2D  imaging shows the flail  leaflet 
(arrow). B, Color Doppler shows a wide jet (arrow) of tricuspid regurgitation. 
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cellular rejection.56 Increased LV mass in the setting of rejec-
tion may be the result of increased interstitial edema or vascu-
lar leakage of fibrin. Significant increase in LV mass has been 
described during episodes of vascular rejection. In a series of 
41 cardiac transplant patients, LV mass increased from a base-
line of 109 ± 17 g to 151 ± 17 g during vascular rejection, 
although it did not significantly change during cellular rejec-
tion. Concurrently, LV wall thickness increased by nearly 20% 
during vascular rejection (1.3 ± 0.1 cm at baseline versus 1.6 ± 
0.1 cm).57

ECHOCARDIOGRAPHIC GUIDANCE FOR 
ENDOMYOCARDIAL BIOPSY

Endomyocardial biopsy remains the gold standard for diagnos-
ing allograft rejection and following response to immunosup-
pressive treatment for rejection. The usual approach for 
introduction of the biopsy catheter is via the right internal 
jugular vein or, less frequently, the left internal jugular vein or 
femoral vein (Figs. 30-6 and 30-7). Traditionally, fluoroscopy 
has been used to guide the biopsy catheter tip to the interven-
tricular septum to obtain biopsies. Echocardiography has been 
successfully used to guide endomyocardial biopsies with the 
benefits of lack of radiation exposure, portability, and provision 
of information on cardiac structure and function. Complica-
tion rates with echocardiography for biopsies are extremely low 
and comparable with those for fluoroscopic guided biopsies 
(about 0.4% of all biopsies attempts, or much lower with expe-
rienced operators).58,59 One disadvantage is that initial insertion 
and advancement of the bioptome from the superior vena cava 
until entry into the right atrium is not directly visualized with 
echocardiography. The development of severe tricuspid regur-
gitation in the cardiac allograft is correlated with the total 
number of biopsies performed, presumably as a result of inad-
vertent damage to the tricuspid valve apparatus by the biopsy 

function parameters are generally lacking. Abnormalities of 
diastolic filling are the earliest alterations to manifest in acute 
rejection.31,45 Rejection of increasing severity has been associ-
ated with a progressive shortening of isovolumic relaxation 
time and pressure half-time and with an increase in peak early 
mitral flow velocity, although the latter has not been a consis-
tent finding.45-47 Measures of diastolic dysfunction generally 
return to baseline values after treatment of acute rejection.47 
However, in general, diastolic indices such as mitral E wave, 
deceleration time, isovolumic relaxation time, tissue Doppler 
early diastolic (E′) wave, and late diastolic (A′) wave are not 
sensitive enough for reliable diagnosis of acute rejection.48

Defined as the sum of isovolumic contraction time and iso-
volumic relaxation time divided by ejection time, the myocar-
dial performance index is a single composite measurement of 
systolic and diastolic myocardial function. Although some 
studies have suggested a correlation between myocardial per-
formance index and presence of acute rejection, sensitivity and 
specificity were low, and the relationship has not been a consis-
tent finding. Concurrent decreases in isovolumic relaxation 
time and increases in isovolumic contraction time, which indi-
cate development of abnormalities in diastolic and systolic 
function, respectively, with acute rejection resulted in an overall 
neutral effect on the myocardial performance index.49,50

Traditional Doppler-derived parameters of diastolic func-
tion, such as transmitral Doppler flow analysis, are influenced 
by variables other than ventricular diastolic function, such as 
ventricular loading conditions; and in transplant recipients spe-
cifically, the cardiac allograft may develop baseline diastolic 
filling abnormalities unrelated to acute rejection. Tissue- 
Doppler imaging is a technique for assessment of LV systolic 
and diastolic function with measurement of the systolic (S′) and 
the early (E′) and late (A′) diastolic velocities of the mitral 
annulus. Although late diastolic mitral annular velocity (A′) 
and mitral annular systolic velocity (S′) appear to be sensitive 
markers of acute severe rejection, they are not particularly spe-
cific.51 Furthermore, the specificity is not significantly improved 
when both systolic and diastolic tissue-Doppler parameters are 
used. The combined peak systolic and peak diastolic velocity 
(peak-to-peak amplitude) of the tissue-Doppler mitral annular 
waveforms was significantly lower in patients experiencing any 
rejection (grade 1B or greater) and may be helpful in excluding 
presence of significant rejection.52 Although tissue-Doppler 
measurements appear to be sensitive for detecting various 
degrees of acute rejection and for excluding rejection if mea-
surements fall below receiver operating characteristic (ROC) 
determined cutoffs, they do not appear to be robust tools in 
differentiating impaired contraction or relaxation resulting 
from acute rejection rather than other causes. This poor speci-
ficity reflects confounding by the background diastolic filling 
abnormalities inherent to transplant physiology, which makes 
detection of early diastolic dysfunction as a result of acute rejec-
tion difficult. Newer modalities such as strain/strain rate 
imaging are being studied as methods to detect and monitor 
acute rejection.53

CHANGES IN LEFT VENTRICULAR MASS  
OR WALL THICKNESS

Although older reports have suggested LV mass increases in  
the setting of acute cellular rejection,54 this has not been a 
consistent finding,55 and change in LV wall thickness alone has 
not proven to be a sensitive enough marker for diagnosis of 

Figure 30-6  Endomyocardial biopsy via right internal jugular vein 
approach. A bioptome is advanced through the right atrium and tricus-
pid  valve  into  the  right  ventricle.  Samples  are  preferentially  obtained 
from the interventricular septum to lessen the risk of cardiac perforation 
and tamponade, which is increased with biopsy of the right ventricular 
free wall. 
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to 35%. The significant majority of these effusions do not 
appear to negatively impact short-term or intermediate-term 
outcomes, including hospital length of stay and survival, and 
there does not appear to be a correlation with occurrence of 
rejection.62-64 The likelihood of development of pericardial effu-
sion after cardiac transplantation may be higher in the absence 
of previous cardiac surgery or with undersized hearts.62,63 The 
natural history of these effusions varies widely, with estimates 
of necessary intervention ranging from approximately 10% to 
45% for pericardiocentesis and, in an older series, a minority 
for pericardiectomy.63,64 Pericardial effusion that occurs more 
than 1 month after transplantation may be associated with less 
favorable implications. Some authors have found an association 
between late-onset persistent or increasing pericardial effusion 
with occurrence and severity of rejection.65,66 Although pericar-
dial fluid is usually sterile, given the altered immunity of these 
patients, infection and neoplasm should also be considered as 
possible causes.

Posttransplant Monitoring
ROUTINE FOLLOW-UP

A general summary of consensus guidelines for routine 
follow-up care of the cardiac transplant recipient is shown in 
Figure 30-8. Echocardiography is primarily used for routine 
monitoring of cardiac allograft structure and function, includ-
ing valvular abnormalities such as tricuspid regurgitation; as 
part of stress imaging for cardiac allograft vasculopathy surveil-
lance; and as an adjunct to endomyocardial biopsy in the diag-
nosis of acute rejection. Elements of a standard echocardiogram 
of the cardiac transplant recipient are listed in Box 30-2. For 
patients with suspected acute rejection, an echocardiogram 
should be obtained with particular attention paid to identifica-
tion of changes in measures of systolic and diastolic function. 
Comparison with prior echocardiograms obtained when no 
rejection was present may be helpful.

catheter as it passes into the right ventricle.60 Although mea-
sures such as use of a long sheath to introduce the bioptome 
directly into the right ventricle lessen the risk of development 
of tricuspid regurgitation, whether the routine use of echocar-
diography to guide biopsies lessens this risk has not been defini-
tively established.

Early Postoperative Complications and 
Other Findings
EARLY POSTOPERATIVE COMPLICATIONS

Other than the routine use of intraoperative transesophageal 
echocardiography to monitor cardiac allograft function, echo-
cardiography is generally not a significant part of routine moni-
toring of the recipient immediate after transplant, unless routine 
monitoring suggests a problem. Frequently, early indications of 
a problem or complication involving the cardiac allograft are 
detected via abnormalities in hemodynamics, either systemic 
blood pressure or heart rate, invasively measured central hemo-
dynamics, or arrhythmias on telemetry monitoring. Early post-
operative problems that may be diagnosed and evaluated with 
echocardiography include pericardial effusion or tamponade 
(discussed in more detail in the following section), right ven-
tricular dysfunction, tricuspid valve regurgitation, and acute 
allograft failure.61

PERICARDIAL EFFUSION

Estimates of occurrence of moderate to large-sized pericardial 
effusions that occur in the postoperative period range from 9% 

Figure 30-7  Right ventricular biopsy of a cardiac allograft with 
echocardiographic guidance.  Arrow  indicates  tip  of  the  bioptome, 
which is advanced through the right atrium and tricuspid valve into the 
right ventricle for biopsy from the interventricular septum. 
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Box 30-2 

STANDARD ECHOCARDIOGRAM FOR THE 
CARDIAC TRANSPLANT RECIPIENT

The standard echocardiogram for the cardiac transplant 
recipient should include but is not necessarily limited to:
1. Standard 2D views, including parasternal long-axis and 

short-axis views and apical four-chamber, two-chamber, 
and long-axis views, for assessment of regional wall 
motion and overall systolic function.

2. Pulsed-wave Doppler recording of mitral inflow for 
assessment of diastolic function.

3. Tissue-Doppler measurement of septal and lateral 
mitral annular velocities for assessment of systolic and, 
especially, diastolic function.

4. 2D and color Doppler assessment of the valves, with 
particular attention to the tricuspid valve, which may 
have been traumatized by prior right ventricular 
biopsies.

5. Consideration of strain and strain rate analysis,  
either with Doppler-based or speckle tracking 
techniques, for more sensitive quantification of  
systolic function.
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result of cardiac denervation, clinical symptoms from cardiac 
allograft vasculopathy are frequently late and atypical, if at all.

Coronary Angiography  
with Intravascular Ultrasound
Coronary angiography is relatively insensitive in detection of 
early transplant vasculopathy; up to three quarters of patients 
with intimal thickening with intravascular ultrasound (IVUS) 
have normal coronary angiograms.70,71 Coronary angiography, 
which defines the luminal silhouette of the coronary artery, is 
not able to detect the often diffuse and concentric intimal 
hyperplasia that characterizes allograft vasculopathy. Because 
IVUS images vascular wall morphology, it has emerged as the 
gold standard for detection of transplant vasculopathy, particu-
larly in its early stages. Extent of vasculopathy can be quantified 
according to intimal thickness and circumferential extent and 
also by change in measures of plaque burden over time. IVUS 
findings of allograft vasculopathy can be classified as Stanford 
class I (minimal: intimal thickness less than 0.3 mm and  
circumferential involvement less than 180 degrees), class II 
(mild: intimal thickness less than 0.3 mm and circumferential 

Figure 30-8  Suggested guidelines for routine follow-up care of the cardiac transplant recipient. In addition, chronic kidney disease, diabetes, 
hypertension and osteoporosis are managed as per general population with awareness of potential drug interactions with transplant medications. 
CAV, Cardiac allograft vasculopathy; EMB, endomyocardial biopsy. (Adapted from Costanzo MR, et al: The International Society of Heart and Lung 
Transplantation guidelines for the care of heart transplant recipients. J Heart Lung Transplant 29:914-956, 2010.)

• Lifelong follow-up by transplant center
• Frequency of visits depends on time since
  transplant, postoperative clinical course
• Consider routine echocardiography to
  monitor cardiac structure and function,
  including valvular abnormalities

FOLLOW-UP VISITS
ENDOMYOCARDIAL BIOPSY FOR

REJECTION SURVEILLANCE ACUTE REJECTION

Acute rejection
suspected?

If high-grade rejection
diagnosed on routine EMB,
treat, even if asymptomatic

• EMB as soon as possible to confirm
• Consider echocardiogram, right heart
  catheterization to assess hemodynamic
  significance

Up to month 6-12:
Periodic EMB

Year 1-5:
Extended period

(for example, q 4-6 months)
for high-risk recipients

After 5 years:
Routine EMB optiovnal,

depending on clinical judgment,
risk for late rejection

CARDIAC ALLOGRAFT VASCULOPATHY MALIGNANCY SURVEILLANCE

Noninvasive monitoring for acute rejection for low-risk patients
• Ventricular evoked potentials, in experienced centers
• Gene expression profiling, for 6 months to 5 years
• Routine use of other noninvasive modalities (including ECG,
  imaging [including echo], or biomarkers) not recommended
  for rejection monitoring

• Primary prevention: control of traditional
   risk factors, statin therapy
• Consider annual or biannual coronary
   angiography

• Standard screening for breast, colon,
   prostate cancer as for general population
• Close skin cancer surveillance

• If no CAV at years 3-5, consider less frequent evaluation
• Stress echocardiography and myocardial perfusion imaging
  may be useful in recipients unable to undergo invasive
  evaluation

Month 1: q 7-10 days

Month 2: q 14 days

Month 3-12: q month

Year 1 and after:
q 3-6 months

MEDICATIONS

Regular monitoring of
immunosuppressive drug levels

If uneventful recovery, consider

DIAGNOSIS OF CARDIAC ALLOGRAFT 
VASCULOPATHY

Cardiac allograft vasculopathy is an entity distinct from native 
coronary disease of the nontransplanted heart and is one of the 
primary factors limiting the long-term functioning and life 
span of the allograft. Allograft vasculopathy is an accelerated 
form of intimal hyperplasia that likely results from both 
immune and nonimmune mechanisms. A classic finding is 
diffuse “pruning” of the smaller distal coronary vasculature, 
although discrete stenoses characteristic of native coronary 
disease may develop as well. In addition to transplant-specific 
immunologic risk factors, typical risk factors for native coro-
nary disease, such as dyslipidemia and hypertension, also impact 
the development of cardiac allograft vasculopathy. Distinct 
from the de novo development of allograft vasculopathy, some 
component of atherosclerosis is also already present in the 
donor allograft, progression of which does not appear to be 
correlated with development of de novo vasculopathy.67,68 An -
giographic identification of transplant vasculopathy is associ-
ated with a fivefold greater risk of cardiac events, including 
myocardial infarction, heart failure, and sudden death.69 As a 
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Dobutamine Stress Echocardiography
Dobutamine stress echocardiography is a valuable tool for 
detecting cardiac allograft vasculopathy and yielding prognostic 
information. With intracoronary IVUS as the gold standard, 
dobutamine stress echocardiography is highly sensitive and spe-
cific in detection of cardiac allograft vasculopathy. Positive 
dobutamine stress echocardiography is associated with increased 
risk of cardiac events, including myocardial infarction and heart 
failure, and risk for death.75-77 Estimates of accuracy of dobuta-
mine echocardiography for diagnosis of significant coronary 
allograft vasculopathy vary somewhat dependant on whether 
the gold standard being used is angiography or angiography 
with IVUS. In general, dobutamine stress echocardiography 
appears to agree better with IVUS–diagnosed disease and 
overall performs better than nuclear medicine myocardial per-
fusion scans (Table 30-1). In contrast, the sensitivity of stress 
echocardiography with exercise is somewhat limited by the 
blunted heart rate response to exercise that occurs from cardiac 
denervation; estimates of sensitivity of exercise echocardiogra-
phy for diagnosis of cardiac allograft vasculopathy are as low as 

involvement more than 180 degrees), class III (moderate: 
intimal thickness 0.3 to 0.5 mm, or intimal thickness more than 
0.5 mm and circumferential involvement less than 180 degrees), 
or class IV (severe: intimal thickness more than 1 mm, or 
intimal thickness more than 0.5 mm and circumferential 
involvement more than 180 degrees).70 Severity of transplant 
vasculopathy progresses most rapidly in the first 2 years after 
transplantation.72 Changes in the allograft vasculature in the 
first year after transplantation likely reflect the cumulative result 
of multiple insults, such as donor explosive brain death, early 
rejection, and cytomegalovirus infection, which influence  
the recipient’s immune response to the allograft and thus the 
likelihood of development of vasculopathy. Early changes with 
IVUS during the first posttransplant year correlate with long-
term prognosis. Progression of maximal intimal thickening  
of greater than or equal to 0.5 mm in the first year after  
transplantation is associated with a significantly higher risk of 
development of angiographic disease, nonfatal major adverse 
cardiac events, and death or graft loss in long-term follow-up 
(Fig. 30-9).73,74

Figure 30-9  The coronary angiogram (A) in this patient after transplant appears to show no significant narrowing of the lumen. However, 
an intravascular ultrasound image in the mid left anterior descending coronary (B) shows a significant atherosclerotic plaque. 
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Comparative Test Characteristics for Diagnosis of Cardiac Allograft Vasculopathy

Sensitivity Specificity PPV NPV

Dobutamine stress echocardiography, gold standard for diagnosis of CAV
 Angiographya-c 64%-83% 56%-95% 40%-78% 84%-90%

 Intravascular ultrasounda,d,e 72%-90% 55%-88% 75%-92% 62%-79%

Nuclear medicine–based myocardial perfusion scansf-h 63%-90% 55%-78% 42%-75% 75%-96%

NPV, negative predictive value; PPV, positive predictive value.
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Lung Transplant 14:647-653, 1995.

20. Corcos T, Tamburino C, Leger P, et al: Early and 
late hemodynamic evaluation after cardiac 
transplantation: a study of 28 cases. J Am Coll 
Cardiol 11:264-269, 1988.

21. Cotts WG, Oren RM: Function of the trans-
planted heart: unique physiology and therapeu-
tic implications. Am J Med Sci 314:164-172, 
1997.

22. Young JB, Winters WL, Jr, Bourge R, Uretsky BF: 
24th Bethesda conference: cardiac transplan-
tation. Task Force 4: function of the heart 

between interval dobutamine stress echocardiographic studies 
was still asso ciated with a roughly sevenfold higher risk of 
events.77 The addition of quantitative M-mode analysis or strain 
rate imaging to standard dobutamine stress echocardiography 
may also improve its diagnostic accuracy.77,81

15% to 20%.78,79 Although worsening on serial dobutamine 
stress echocardiogram studies (interval increase in number of 
segments with wall motion abnormalities or in wall motion 
score by 1.0 or more) is variably accurate in diagnosis of angio-
graphic/IVUS cardiac allograft vasculopathy,77,80 worsening 

KEY POINTS

 Preoperative pulmonary hypertension, particularly if not 
medically reversible with vasodilators or if reversible at 
the expense of systemic hypotension, is associated with a 
very high risk of short-term mortality, frequently as a 
result of right heart failure, after cardiac transplantation.

 Currently, the bicaval technique of cardiac transplantation 
is more widely used than the older biatrial technique, with 
resultant lesser appearance of biatrial enlargement seen on 
echocardiography and better structural and functional 
preservation of the donor atria.

 Diastolic dysfunction is common immediately after 
cardiac transplantation and may be related to ischemic 
injury, recipient pulmonary hypertension, volume over-
load, or recipient-donor size mismatch. Diastolic dysfunc-
tion generally normalizes over weeks to months, or in 
some patients over years, but may also persist to a subtle 
degree.

 Persistence of a restrictive filling pattern may be associated 
with reduced long-term survival. A restrictive filling 
pattern may recur in the setting of acute rejection.

 Cardiac allograft systolic function generally remains 
normal as many as 10 to 15 years after transplant. LV 
hypertrophy and postoperative septal motion are common 
findings.

 Tricuspid regurgitation, sometimes severe enough to need 
corrective surgery, may be induced by inadvertent injury 
during routine endomyocardial biopsies.

 New onset systolic dysfunction in the setting of acute 
rejection generally indicates higher grade rejection with 
hemodynamic compromise. Diastolic abnormalities may 
manifest earlier, although they are not accurate enough to 
be the sole criteria for diagnosis of acute rejection.

 Cardiac allograft vasculopathy is an accelerated diffuse 
intimal hyperplasia that ultimately limits the long-term 
life span of the allograft in many cardiac transplant 
patients. The clinical presentation is frequently atypical as 
a result of denervation of the cardiac allograft. IVUS is 
currently the gold standard for diagnosis, although dobu-
tamine stress echocardiography is also sensitive and spe-
cific and yields prognostic information.
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Cardiac assist devices are playing an increasingly important 
role in the treatment of heart failure. Early-generation ventricu-
lar assist devices (VADs) were used as a “bridge to recovery” to 
support patients expected to recover from reversible cardiac 
insults.1,2 Indications soon expanded to include stabilization of 
patients before transplant (“bridge to transplant”).3-5 Techno-
logic improvements reduced VAD size so that they could be 
implanted in the abdomen or chest, allowing patients to await 
transplant at home. The early devices, still used for temporary 
support, are the size of small refrigerators. The newest implant-
able pumps fit into the palm of one’s hand.

The success of early VADs,6 the limited number of donor 
hearts, and the large number of patients excluded from trans-
plant candidacy because of age or comorbidities led to the use 
of VADs as permanent treatment. The 2001 REMATCH study 
demonstrated improvement in 2-year mortality and quality of 
life for patients randomized to permanent left ventricular assist 
device (LVAD) support versus medical therapy.7 This use of 
LVADs as “destination therapy” has set the stage for more wide-
spread use.8,9

In addition to bridge to recovery, bridge to transplant, and 
destination therapy, VADs are increasingly employed as “bridges 
to decision”—support of patients undergoing workup to deter-
mine transplant candidacy (Table 31-1). If rejected for trans-
plant, these patients’ devices become destination therapy. 
Conversely, some patients will unexpectedly recover ventricular 
function. In this case, VADs originally classified as bridge to 
transplant or destination therapy become bridge to recovery.

Basic Principles of Cardiac Assist 
Devices and the Echocardiographic 
Approach
TYPES OF CARDIAC ASSIST DEVICES

Implanted Ventricular Assist Devices
Most implanted VADs consist of a pump, an inflow cannula,  
an outflow cannula, a power supply, and a controller. The 

controller collects data from the pump and directs its action via 
a driveline. VADs can be classified according to the location of 
these components. Extracorporeal VADs have pumps and con-
trollers outside the body. Patients with paracorporeal VADs 
have components strapped close to the body but not inside it. 
Intracorporeal VADs have implanted pumps, with drivelines 
connecting to a paracorporeal or extracorporeal controller 
(Table 31-2).

Cardiac assist devices can support the left ventricle (LVAD), 
the right ventricle (RVAD), or both ventricles (BiVAD) (Fig. 
31-1). LVAD inflow cannulae are connected to the LV apex or 
the left atrium (LA). The outflow graft cannula can be attached 
to the ascending aorta or the descending aorta. RVADs involve 
right atrial (RA) or right ventricular (RV) inflow and pulmo-
nary artery outflow cannulation.

Devices are also characterized by mechanism (see Table 
31-2).10 Early-generation cardiac VADs (still in use) use either 
a pneumatically compressed, distensible chamber or a pusher-
plate mechanism to expel blood into the outflow cannula (see 
Fig. 31-1, A). Because of the size of the chamber, these pumps 
cannot be implanted in small patients. These early-generation 
devices mimic cardiac pulsatile action through one-way inlet 
and outlet valves. They can be set to pump at a fixed rate or to 
maintain a constant stroke volume (asynchronous with the 
heart rate). In this mode, they have been used in patients with 
refractory ventricular arrhythmias.11 A third (rarely used) mode 
has pumping rate gated to the electrocardiogram.

The next VAD generation produces continuous flow. These 
devices have a rotating propeller and are called axial-flow 
pumps. Blood is drawn from the heart via the inflow cannula 
and propelled into the outflow graft cannula12 (see Fig. 31-1, B). 
The speed of the propeller in revolutions per minute (rpm) and 
the pressure difference between inflow and outflow cannulae 
determine rate of flow. There is greater flow during systole, 
when the aortic-LV pressure difference drops (LV pressure rises 
with ventricular contraction) than during diastole (LV pressure 
falls with ventricular relaxation and the pressure difference 
increases). These devices are sometimes called “nonpulsatile” 
VADs, but residual ventricular function and nonuniform 
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pressure differences between the inflow and outflow cannulae 
produce some pulsatility. These axial continuous-flow pumps 
provide increased flow at lower pressures than pulsatile pumps.12 
They also tend to be more durable, because they lack valves 
(which wear out over time).13,14 A 2009 trial of destination 
therapy LVADs demonstrated a benefit for axial flow over  
pulsatile devices in fewer strokes and device failures.15 Prelimi-
nary registry results also suggest lower complication rates in 
continuous-flow versus pulsatile-flow devices in the first 6 
months after implant.16

INTERMACS* Strategy for Ventricular Assist Device 
at Implant

Indication N (%)

Bridge to transplant 458 (45)

Bridge to decision 458 (42)

Destination therapy 100 (9)

Bridge to recovery 25 (2.3)

Other 13 (1.2)

*Interagency Registry for Mechanically Assisted Circulatory Support over 3 years, 1092 
patients. Overall survival was 74% at 1 year and 55% at 2 years.16

TABLE 
31-1 

Examples of Ventricular Assist Devices

Name
(Company) Pump Location Mechanism Cannulae

Specifications (Size/Flows/
Rates)

Approved and/or Proposed 
Indications

HeartMate XVE 
(Thoratec)

Anterior 
abdominal wall

Pulsatile I = LV apex
O = Asc Ao

1150 g
3-10 L/min at 180 bpm

FDA approved for BTT, destination 
therapy, CE mark for BTT and 
destination therapy

Novacor pumps 
(WorldHeart) 
(discontinued)

Anterior 
abdominal wall

Pulsatile I = LV apex 
O = Asc Ao

1000 g
2-12 L/min at 120 bpm

FDA approval for BTT, CE mark

Excor pediatric 
(BerlinHeart)

Extracorporeal Pulsatile BiVAD
I = LV apex, RA

O = Asc Ao, PA

6 different pump sizes from 
10 to 80 mL

Investigational, CE mark pediatric

I-VAD (Thoratec) Anterior chest Pulsatile BiVAD
I = LV apex, RA

O = Asc Ao, PA

330 g
Up to 7.2 L/min at 110 bpm

FDA approved BTR 
(postcardiotomy), BTT, CE 
mark

p-VAD (Thoratec) Paracorporeal Pulsatile BiVAD
I = LV apex, RA

O = Asc Ao, PA

419 g
Up to 7.2 L/min at 110 bpm

FDA approved BTR 
(postcardiotomy), BTT, CE 
mark

HeartMateII (Thoratec) Anterior 
abdominal wall

Axial I = LV apex
O = Asc Ao

400 g
3-10 L/min
6000-15,000 rpm

FDA approved for BTT, destination 
therapy, CE mark for BTT and 
destination therapy

Jarvik2000* (Jarvik Heart) LV apex Axial I = LV apex
O = Asc Ao, DA

90 g
8,000-12,000 rpm

Investigational DTT, CE mark

HeartAssist 5 (Micromed 
Cardiovascular)

Pericardium Axial I = LV apex
O = Asc Ao

92 g
1-10 L/min
7500-12,500 rpm

CE mark pediatric and adult

Incor (BerlinHeart) Pericardium Axial I = LV apex
O = Asc Ao

200 g
3-10 L/min
5,000-10,000 rpm

HDE for BTT, CE mark

HeartWare* HVAD 
(Heartware)

Pericardium Centrifugal I = LV apex
O = Asc Ao

145 g
Up to 10 L/min
2000-3000 rpm

FDA approved for BTT, CE mark

Duraheart* (Terumo 
Heart)

Anterior chest wall Centrifugal I = LV apex
O = Asc Ao

540 g
2-8 L/min
1200-2400 rpm

Investigational, CE mark

Levacor (WorldHeart) Anterior 
abdominal wall

Centrifugal I = LV apex
O = Asc Ao

440 g
Up to 10 L/min
1000-3000 rpm

Investigational BTT

Centrimag (Levitronix) Extracorporeal Centrifugal I = LA or LV via RSPV, RA
O = Asc Ao, PA. Can use 

existing cannulae via 
connectors

1700 g
Up to 9.9 L/min
1500-5500 rpm

FDA approved for support up to  
6 hours and under HDE for RV 
support up to 30 days

Impella Recover 2.5 or 5 
(Abiomed)

LVOT PVAD Single cannula placed 
retrograde across aortic 
valve

5 g
2.5 L/min or 5 L/min
25,000-50,000 rpm or 

10,000-31,000 rpm

FDA approved for support up to  
6 hours, CE mark

TandemHeart (Cardiac 
Assist)

Extracorporeal PVAD Transseptal LA and femoral 
artery cannulation

280 g
2-5 L/min
3000-7500 rpm

FDA approved for support up to  
6 hours, CE mark

Abiocor (Abiomed) TAH 900 g
Up to 8 L/min

Investigational, HDE for 
biventricular failure in non-HT 
candidate, CE mark

Cardiowest (Syncardia) TAH 180 g
Up to 9.5 L/min

FDA approved for BTT, CE mark

Company Headquarters: Thoratec (Pleasanton, Calif.), WorldHeart (Salt Lake City), BerlinHeart (Berlin), Jarvik Heart (New York), Micromed Cardiovascular (Houston), Heartware 
(Framingham, Mass.), TerumoHeart (Ann Arbor, Mich.), Levitronix (Waltham, Mass.), Abiomed (Danvers, Mass.), Cardiac Assist (Pittsburgh), Syncardia (Tucson).

Asc Ao, Ascending aorta; BTR, bridge to recovery; BTT, bridge to transplant; CE mark, “Conformité Européene” (product complies with essential requirements of relevant European health, 
safety and environmental protection legislation); DA, descending aorta; HDE, humanitarian device exemption; HT, heart transplant; I, inflow cannula location; LVOT, left ventricular 
outflow tract; O, outflow cannula location; PA, pulmonary artery; PVAD, percutaneous ventricular assist device; RSPV, right superior pulmonary vein; RV, right ventricle; TAH, total 
artificial heart.

*Pumps located in or near inflow cannula create imaging artifacts.

TABLE 
31-2 
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artery24 (see Fig. 31-2, B). The TandemHeart cannula can also 
be positioned in the RA (inflow) and the pulmonary artery 
(outflow) to support the RV. The TandemHeart improves 
cardiac index and pulmonary pressures in patients with decom-
pensated heart failure after myocardial infarction and has also 
been used to stabilize patients with incessant ventricular 
tachycardia.25

Total Artificial Heart
There are currently two available models of the total artificial 
heart. Both replace the ventricles with pulsatile pumps and 
metallic or plastic atrioventricular valves anastomosed to the 
native atria. The Syncardia temporary Total Artificial Heart 
(tTAH, Syncardia Inc, Tucson) pumping component is attached 
via drivelines to an extracorporeal controller and battery26 (Fig. 
31-3, A). The AbioCor (Abiomed, Danvers, Mass.) pump, con-
troller, and battery are all implanted; the battery is recharged 
via a transcutaneous energy transfer system. (see Fig. 31-3, B) 
Only the Syncardia device is currently approved by the U.S. 
Food and Drug Administration (FDA) as bridge to transplant 
(see Table 31-2).

PREIMPLANT ASSESSMENT

Specific criteria for placement of an LVAD as destination 
therapy include LV ejection fraction (EF) less than 25% to 30%, 
most often measured by echocardiography. Other criteria are 

The current generation of continuous-flow VADs employs 
centrifugal force to propel blood. Magnetic or hydrodynamic 
forces levitate and spin a disklike impeller, rather than a propel-
ler. Like axial-flow pumps, centrifugal pumps have no valves, 
but they also lack bearings, and they may prove even more 
durable than axial-flow pumps. They also allow a greater degree 
of pulsatility than the axial-flow devices.17-19

Percutaneous Ventricular Assist Devices
Percutaneous VADs are inserted via peripheral arteries and 
veins, usually in the catheterization laboratory, and can be 
placed quickly. Percutaneous VADs temporarily bridge patients 
to recovery, decision about transplant, or implanted VADs (see 
Table 31-2). Other indications include support during percuta-
neous coronary and valvular interventions.20,21

The Impella Recover (Abiomed, Danvers, Mass.) consists of 
an axial-flow pump (propeller) placed into the femoral artery, 
though the aorta, and across the aortic valve into the LV22 (Fig. 
31-2, A). The inflow port draws blood from the LV outflow tract 
and ejects it through the outflow port in the aorta. The Impella 
improves hemodynamic parameters in severe refractory cardio-
genic shock, but early trials comparing it to the intraaortic 
balloon pump failed to demonstrate a mortality benefit.23

The TandemHeart (Cardiac Assist, Pittsburgh) has an extra-
corporeal centrifugal flow pump. The pump is connected to an 
inflow catheter placed into the LA across the interatrial septum 
and an outflow cannula in the distal aorta via the femoral 

Figure 31-1  A, Example of a pulsatile left ventricular assist device (LVAD) (Thoratec XVE, Thoratec, Pleasanton, Calif.). B, Example of a continuous-
flow LVAD (HeartMate II, Thoratec). C, Example of a BiVAD (LVAD plus RV assist device). 
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Echocardiography identifies factors that complicate cardiac 
assist device placement or support use of one type of device 
over another28 (Table 31-3). It is particularly important to 
detect thrombi that can embolize. Microbubble contrast may be 
necessary to exclude ventricular thrombi in patients with inad-
equate images, and transesophageal echocardiography (TEE) 

detailed in Box 31-1.27 Although the hemodynamic criteria refer 
to invasively determined measurements, echocardiography can 
provide noninvasive assessment of cardiac index and intracar-
diac pressures. In addition, echocardiography may identify 
pathology that warrants interventions other than or in addition 
to VAD implant, including valve repair or replacement.

Figure 31-2  Percutaneous ventricular assist devices. A, Impella Recover (Abiomed, Danvers, Mass.) consists of an axial-flow pump (propeller) 
inside a single 12F catheter that has a distal inflow port and a more proximal outflow port. The catheter is inserted into the femoral artery, through 
the aorta and across the aortic valve into the LV. A pigtail catheter is left in the central lumen for stabilization. The inflow port is positioned below 
the aortic valve to draw blood from the LV outflow tract. The outflow port is located in the ascending aorta. Flow is determined by the propeller 
speed and the aortic-LV pressure difference. The Impella can also be inserted through the chest into the ascending aorta, or into the pulmonary 
artery, from where it is advanced into the RV outflow tract to support the failing RV. B, The TandemHeart (Cardiac Assist, Pittsburgh) has an extra-
corporeal centrifugal flow pump connected to a 21F inflow cannula  inserted in the femoral veins and advanced into the RA, across an  interatrial 
septotomy, and into the LA. A separate 15-17F outflow cannula is inserted into one femoral artery and advanced into the distal aorta. Alternatively, 
a 12F outflow catheter can be inserted into each femoral artery. The TandemHeart cannula can also be positioned in the RA (inflow) and the pul-
monary artery (outflow) to support the RV. 
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Figure 31-3  Total artificial hearts. A, Syncardia. B, AbioCor. TET, Transcutaneous energy transmission. 
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should be used to examine left and right atrial appendages. 
Intracardiac shunting producing systemic hypoxemia and/or 
paradoxical emboli after LVAD placement should be repaired at 
the time of implant.29 High LA pressure may prevent passage of 
agitated saline contrast across a patent foramen ovale (PFO), 
even after Valsalva. An LVAD will decompress the LV, lower LA 
filling pressure, and return more blood to the RA by increasing 
cardiac output, potentially opening the PFO.

Moderate or greater aortic regurgitation complicates the use 
of VADs.30 Placement of an outflow cannula in the ascending 
aorta or an Impella Recover device across the aortic valve may 
worsen baseline aortic regurgitation, leading to circulation of 
blood from LV to VAD to aorta and back into the LV. High LV 
pressure and low diastolic pressure in the aortic root from 
severe aortic regurgitation can reduce coronary perfusion pres-
sure, which is exacerbated by the fact that the TandemHeart 
draws blood from the LA and ejects it into the distal aorta 
(bypassing the coronary ostia). Preimplant grading of the 
degree of aortic regurgitation is complicated in end stage heart 
failure patients who commonly have low systemic pressure and 
high LV diastolic pressure (see Chapter 20). The low aortic-to-
LV pressure gradient may artificially decrease the amount of 
regurgitation through an incompetent aortic valve.

Preimplant identification and characterization of RV dys-
function is vitally important31-33 (Box 31-2) (see Chapter 33). 
RV failure is cause of morbidity and mortality in 10% to 30% 
of the LVAD population.16,34,35 In patients with known RV dys-
function, planned early placement of an RVAD improves sur-
vival over delayed placement.36 LVAD placement produces a 
higher cardiac output and increased venous return to the RV. 
An RV with preexisting dysfunction may fail in the setting of 
increased preload.37,38 In addition, LVAD influence on septal 
motion reduces RV function and can worsen baseline tricuspid 
regurgitation.39,40 On the other hand, decompression of the LV 
by a VAD can reduce pulmonary pressures and RV afterload, 
leading to an improvement in RV function.

Box 31-1 

CRITERIA FOR DESTINATION THERAPY 
VENTRICULAR ASSIST DEVICE

Primary Criteria
LV ejection fraction ≤25% to 30%
Refractory NYHA class IV heart failure symptoms while on 

maximal medical therapy, including need for continuous 
inotropic support

Peak maximal oxygen consumption <12 mL/kg/min
Patients usually have an estimated 1-year cardiac mortality 

of >50% and/or life expectancy without mechanical 
cardiac assistance of <2 years.27,100

Additional Hemodynamic Criteria
Cardiac index <2 L/min/m2

Pulmonary capillary wedge pressure >20 mm Hg
Systolic blood pressure <80 mm Hg

Echocardiographic Findings That Complicate Ventricular 
Assist Device Implant

Finding Implications

Thrombus in cardiac 
chamber

Thrombectomy
Placement of cannula in alternate chamber

Intracardiac shunting Repair of shunt

Aortic aneurysms, 
tortuosity, atheromata

Graft repair of aneurysm
Placement of outflow graft cannula away from 

atheroma
Caution with Impella Recover

Aortic stenosis  
(≥ moderate)

Bioprosthetic valve replacement*
Impella Recover contraindicated

Aortic regurgitation  
(≥ moderate)

Bioprosthetic valve replacement*
Oversew valve cusps
Cannulation of descending aorta
Angle ascending aortic graft cannula away from 

aortic valve
Caution with TandemHeart (see text)
Impella Recover contraindicated

Mitral stenosis Valvuloplasty
Bioprosthetic valve replacement*
Placement of inflow cannula in LA
Caution with Impella Recover

Mitral regurgitation Repair or bioprosthetic valve replacement*
Caution with Impella Recover

RV failure Caution with TandemHeart for LV support (requires 
the RV to provide adequate preload to the LA)

Ventricular septal defect Caution with Impella Recover (right to left 
shunting)

Atrial septal defect Caution with TandemHeart and LA cannulation 
(right to left shunting)

Interatrial septal 
aneurysm

Caution with TandemHeart and atrial cannulation 
(suckdown of aneurysm into cannula)

Heavy trabeculation, 
aneurysms/dyskinetic 
walls, redundant 
chords, prominent 
ridges, small inflow 
chamber

Orient inflow cannula away from potentially 
obstructing structures

Excise trabeculation
Excise aneurysm

Clotting diathesis Avoid LA cannulation, caution with TandemHeart 
(stasis in bypassed LV)

Ensure aortic valve opening to “wash” aortic root
Higher INR target, additional antiplatelet agents

Pericardial effusion 
(chambers can 
collapse after 
decompression with 
VAD)

Effusion drainage

Peripheral vascular 
disease

Caution with Impella Recover
Caution with TandemHeart

INR, International normalized ratio; VAD, ventricular assist device.
*Mechanical valves are generally not used in VAD patients because of concerns for 

thrombus formation despite anticoagulation.

TABLE 
31-3 

PAP, Pulmonary artery pressure; PVR, pulmonary vascular resistance; RAP, right 
atrial pressure; RVEDD, right ventricular end-diastolic diameter; RVEDV, right 
ventricular end-diastolic volume; RVESV, right ventricular end-systolic 
volume; TAPSE, tricuspid annular planar systolic excursion.

Box 31-2 

PREOPERATIVE ECHOCARDIOGRAPHIC 
PREDICTORS OF POSTIMPLANT RV 
DYSFUNCTION

RV size
RVEDD >85 mm
RVEDV >200 mL
RVESV >177 mL
RV short-to-long axis ratio ≥0.6

RV function
TAPSE <7.5 mm
Qualitatively severe RV dysfunction

Moderate to severe tricuspid regurgitation
Hemodynamics (invasively determined, but measurable by 

echocardiography)
Elevated RAP
Low mean PAP
Low cardiac output
Low RV stroke work index
Elevated PVR



602 PART V Cardiomyopathies and Pericardial Disease

PERIPROCEDURAL GUIDANCE

Intracardiac echocardiography (ICE) or transesophageal echo-
cardiography (TEE) provides real-time visualization to direct 
cannula placement away from potentially obstructing cardiac 
structures (see Chapters 5 and 6). The Impella device can be 
guided to position the inflow port in the LV outflow tract and 
the outflow port above the aortic valve. Echocardiography  
can guide transseptal puncture in TandemHeart insertion, pre-
venting inadvertent puncture of the left or right atrial walls  
or the aortic root. As with other cardiac surgical procedures, 
TEE is useful in deairing the heart before coming off bypass. 
Air bubbles arise at cannula anastomosis sites and can embo-
lize if not detected before the aortic crossclamp is removed. 
Anterior structures, including the ascending aorta, the RV, and 
anterior portions of the LV, should be examined for air 
bubbles41 (Fig. 31-4).

APPROACH TO CARDIAC ASSIST  
DEVICE DYSFUNCTION

Echocardiography is often required to elucidate the compli-
cated processes and causes of VAD dysfunction42-44 (Box 31-3).

Overfilling
Regurgitation, obstruction and malfunction cause overfilling 
and pressure increase in the supported ventricle. In pulsatile 
VADs, failure of the one-way valves leads to regurgitation.45 
Cannula regurgitation can occur in continuous-flow devices 
when the systemic vascular resistance is elevated. Cannula 
obstruction can result from kinking, malposition, or thrombo-
sis and can be partial, complete, or intermittent. VAD pumping 
mechanisms may become partially or completely obstructed, 
leading to increased shear stress and hemolysis. Pulsatile VADs 
with a special texture on the blood interface surface may be less 
thrombogenic, and the lower flows in third-generation VADs 
may be less likely to cause hemolysis. Finally, there can be 
primary failure of VAD components: battery, controller, or 

Figure 31-4  Midesophageal TEE apex down two-chamber view. 
Air bubbles  (small arrows)  in  the LV and LA after placement of an LV 
apical inflow cannula (sides defined by large arrows). Echocardiography 
can detect bubbles arising at anastomotic sites. Ventricular chambers 
should be “de-aired” before coming off bypass. 

LA

LV

*Few data exist on normal velocities, but for most continuous-flow devices, 
patients probably have peak velocities around 1 m/s.84,101

Box 31-3 

ECHOCARDIOGRAPHIC FINDINGS IN 
VENTRICULAR ASSIST DEVICE DYSFUNCTION

Obstruction/Overfilling
↑ LVEDD
Septum → RV
Spontaneous echo contrast
↑ Aortic valve opening
↑ cannula velocities

Pulsatile: >2.3 m/s peak inflow, >2.1 m/s peak 
outflow*

Continuous flow: >2 m/s peak
Inflow cannula regurgitation

Pulsatile VAD peak outflow <1.8 m/s
Flow reversal by color, spectral Doppler

Thrombus or vegetation obstructing cannula

Underfilling
↓ LVEDD
Septum → LV
↓ Aortic valve opening
Pericardial effusion with chamber collapse
Suckdown of cardiac structures into inflow cannula
↑ cannula velocities

LVEDD, Left ventricular end-diastolic diameter; VAD, ventricular assist device

pump. These all cause the ventricle to dilate and the cardiac 
output to fall, and they may induce stasis and intracavitary 
thrombus formation.

Underfilling
Underfilling of the supported ventricle shrinks the cavity size 
and can cause obstruction of the inflow cannula due to 
encroachment by normal cardiac structures, sometimes called 
suckdown. Trabeculations, papillary muscles, chordal structures, 
ridges, and septae are drawn into the orifice of the inflow 
cannula as chamber size decreases in conjunction with a rigid 
inflow cannula (Fig. 31-5). Obstruction of the orifice leads to a 
decrease in flow and reduced cardiac output, as well as 
arrhythmias.

Anything that reduces preload can predispose to obstruction 
of the inflow orifice, including dehydration, overdiuresis, sepsis, 
and tamponade. Bleeding is a special concern because some 
form of anticoagulation is advised for most VAD patients to 
prevent thrombosis. Up to one fourth of VAD patients may 
require reoperation for bleeding in the periimplant period.46 In 
addition, continuous-flow VADs have been associated with 
increased risk of gastrointestinal bleeding, and a substantial 
number of patients cannot take anticoagulation for this 
reason.47,48 It has been postulated that high shear stress through 
VADs depletes large von Willebrand factor monomers.49-51

Valvulopathy
As described previously, relatively mild aortic regurgitation 
detected preimplant may worsen after LVAD placement.16,52 Sig-
nificant aortic regurgitation has been reported to arise months 
after implant. In addition, acquired aortic stenosis due to cusp 
fusion is an increasingly recognized complication of both pul-
satile and continuous-flow devices.53-55 The etiology is unknown, 
and echocardiographic examination of the valve leaflets reveals 
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an increase in mitral regurgitation. Suckdown events that tether 
chordae or papillary muscles may have the same result. As noted 
earlier, tricuspid regurgitation can increase after LVAD place-
ment because septal shift and annular distortion can lead to 
tethering on the septal leaflet.

Endocarditis on native valves or VAD components is another 
significant concern and one of the leading adverse events for 
cardiac assist devices. Infection is one of the top five causes of 
death in the VAD population.16,57 Vegetations on intracorporeal 
VAD cannulae or pump components put patients at risk for 
obstruction and septic embolism. Device explant is often 
necessary.

Optimization
In some cases, VAD pump function must be adjusted to address 
hemodynamic challenges. Reducing LVAD pumping rates, 
pumping volumes, or rotor speeds will increase preload. Higher 
preload may improve LV systolic function via Starling mecha-
nisms, increasing ejection through the aortic valve. For 
continuous-flow devices, some degree of aortic valve opening 
is desirable to prevent cusp fusion and thrombus formation. 
Alternatively, reduced LVAD flow may overdistend the LV, 
leading to a reduction in residual function and symptoms of 
congestion.

Increasing LVAD pumping rates, pumping volumes, or rotor 
speeds will decrease ventricular preload, potentially alleviating 
distension and congestion. However, LV systolic function may 
fall and the aortic valve may cease to open, increasing risk of 
root thrombosis. Excessive reduction in pumping rates will 
produce underfilling and impingement of the inflow cannula.

Percutaneous VAD positioning may require guided adjust-
ment. If the Impella migrates into the ventricle, the outflow 
portion may end up below the aortic valve (Fig. 31-7). If it 
migrates backward, the inflow portion may end up in the 

relatively normal structure (Fig. 31-6). Both native and biopros-
thetic cusps have been noted to fuse. Cusp fusion presents a 
significant problem in patients with VADs as bridge to recovery 
and may require balloon valvuloplasty. When the aortic valve 
does not open or opens minimally, there is a risk of thrombus 
formation in the aortic root, especially in continuous-flow 
VADs because of the lower, mostly nonpulsatile flows.56

Mitral regurgitation generally improves when an LVAD is 
placed, but the Impella Recover device may interfere with the 
chordal apparatus or the anterior mitral valve leaflet, leading to 

Figure 31-5  Inflow cannula obstruction with small LV. Parasternal  long-axis views of 
LV  demonstrate  an  apical  LVAD  inflow  cannula  (large arrows  define  sides  of  cannula). 
A,  Ventricular  cavity  is  small  (LVEDD  3.9 cm).  B,  Zoomed  view  of  the  cannula  shows  a 
papillary  or  chordal  structure  (small arrow)  being  drawn  into  the  cannula  orifice.  Color 
Doppler imaging shows color aliasing, indicative of high velocities from partial obstruction, 
confirmed by high velocities and aliasing of the PW spectral Doppler inflow cannula profile 
(C).  Ao,  Aorta;  LVAD,  left  ventricular  assist  device;  LVEDD,  left  ventricular  end-diastolic 
diameter. 

A B

C

LVEDD = 3.9 cm

LV
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Figure 31-6  Fused bioprosthetic aortic valve in a continuous-flow 
VAD patient, seen in zoomed parasternal short-axis view. Shadowing 
off the struts creates a linear artifact on the right side of the image. Arrow 
demonstrates this still frame is taken in systole, when there should be 
some opening of the aortic leaflets at a relatively low propeller speed 
(for this patient with a Heartmate II device) of 7400 rpm. Despite being 
fused, the leaflets appear free of thickening or calcification. 
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accuracy.72 Reduced unloading in the setting of increased power 
consumption will set off a low-flow alarm, but the cause of the 
reduced flow cannot be assessed. In continuous-flow devices, 
changes in flow amplitude are used to calculate a pulsatility 
index.73 Improvements in ventricular function will push blood 
through the inflow cannula, leading to increases in the pulsatil-
ity index from higher rotor speeds. However, the pulsatility 
index will also increase when there is intermittent cannula 
obstruction. Thus, VAD flow monitors provide a signal that 
dysfunction exists, but measurement of flows and definition of 
the cause of dysfunction require an imaging study.

Technical Details, Quantitation, and 
Data Analysis
Standard echocardiographic imaging protocols provide struc-
tural, functional, and hemodynamic information about hearts 
supported by cardiac assist devices. Certain standard assess-
ments deserve special emphasis, and specialized views to assess 
device components are necessary additions. Specific indication 
for the exam, device type, cannulation, mode, and pump set-
tings should be noted on every examination, as should blood 
pressure (taken with a special cuff in patients with continuous-
flow devices).

LVEDD AND SEPTAL ORIENTATION

LV end-diastolic diameter (EDD) is a surrogate marker for 
filling status in VAD patients. It also reflects the position of the 
interventricular septum, which in turn reflects the interaction 
between the left and right ventricles. Optimal unloading of the 
LV has been reported with reductions in EDD of 20% to 30%.74 
In most VAD patients, the ideal position of the septum is neutral 
between the ventricles (parallel to the long axis of the LV) (Fig. 
31-8). A neutral septum denotes adequate ventricular decom-
pression. In the case of a dysfunctional LVAD and overfilling, 
the EDD size increases, in part because of a shift of the septum 
into the RV.

ascending aorta. Pressure sensors at each port can identify a 
problem, though loss of sensor signal has been reported.58,59 A 
transseptally placed TandemHeart could move backward into 
the RA.

Ventricular Recovery
VADs, especially percutaneous devices, are increasingly used to 
temporarily support patients with reversible causes of acute 
heart failure. In patients with chronic heart failure and VADs, 
ventricular unloading can produce reverse remodeling, includ-
ing normalization of chamber sizes, regression of LV hypertro-
phy, recovery of beta receptor responsiveness, and normalization 
of calcium handing.59-64 With decompression, however, reduced 
preload produces loss of systolic function due to reduced ven-
tricular fiber stretch. Reductions in systolic function on VAD 
support are therefore not necessarily indicative of progression 
of myocardial dysfunction. LVAD-induced myocyte atrophy is 
controversial.65 Improvements in systolic function may be a sign 
of overfilling or may portend resolution of an acute insult and/
or reverse remodeling over time. Pulsatile LVADs may improve 
RV parameters, though not as rapidly,66 and continuous-flow 
LVADs may lead to reductions in RV size but no improvement 
in RV function.67 BiVAD/RVAD implant induces changes in RV 
function akin to the effect of an LVAD on the LV.68 Early clinical 
results suggest that pharmacologic interventions may enhance 
VAD-induced recovery.69-71

Turning down VAD flows will lead to increases in afterload 
and preload. In patients with recovered heart function,  
increasing preload will lead to an improvement in ventricular 
function and maintenance of ventricular size. In patients  
who are dependent on VAD support, ventricles will fail  
and/or dilate because of inability to accommodate increased 
preload and afterload.

Ventricular Assist Device Flows
Almost all of the currently available VADs calculate flows indi-
rectly from changes in power consumption. Several VADs have 
mechanisms that directly measure flow, but they are limited in 

Figure 31-7  Malposition of an Impella Recover device. In this sub-
costal view, the end of the device (arrow) is imaged at least 8 cm below 
the aortic valve,  twice  the  recommended distance of 3  to 4 cm. After 
appropriate initial placement, the device migrated apically. The outflow 
portion  was  located  in  the  LV  outflow  tract,  leading  to  device 
malfunction. 

RV

LV

Figure 31-8  LV size and appropriate septal position.  Parasternal 
long-axis view demonstrates normal LV size and a septum positioned 
neutrally  between  the  LV  and  RV,  indicative  of  adequate  ventricular 
decompression. Large arrows: sides of continuous-flow left ventricular 
inflow device inflow cannula. 
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VENTRICULAR FUNCTION

In the LVAD patient, it is often difficult to quantify LVEF using 
the biplane apical method,75 because of artifact from the apical 
inflow cannula (see Chapter 9). Use of microbubble contrast to 
improve endocardial border definition in LVADs can be consid-
ered. Calculation of LVEF from linear measurements is con-
founded by LVAD effects on septal orientation and ventricular 
dimensions. The Quinones method, which calculates LVEF 
from measurements of multiple diameters in two views and 
does not account for motion of the apex (which may be akinetic 
in most VAD patients) is theoretically attractive but has not 
been well validated.76,77

Comprehensive imaging of RV function requires 2D assess-
ment of size and systolic motion but also careful assessment  
of tricuspid regurgitation and measurement of right-sided 
hemodynamics.78 Examination of the tricuspid valve should 
include assessment of leaflet flattening or prolapse, septal leaflet 
tethering, and annular dilatation (see Chapter 34). Noninvasive 
pulmonary vascular resistance, in particular, can be measured 
as a marker of LVAD effect on RV afterload.79

AORTIC VALVE OPENING

Aortic valve opening is normally reduced because most of the 
LV output flows through the LVAD. Relative aortic valve opening 
can be a marker for both LVAD and ventricular contribution to 
cardiac output. The aortic valve may open minimally, briefly, 
and intermittently, or not at all when the ventricle is severely 
dysfunctional. In addition, the aortic-LV pressure difference 
opposes opening because the LV pressure is low as a result of 
decompression, and the LVAD outflow increases pressure in the 
aorta. Conversely, the aortic valve may open normally when 
there is ventricular recovery or LVAD dysfunction leading to 
high LV pressures. It has been proposed that the degree and 
frequency of aortic valve opening be assessed as complete 
opening, partial opening, intermittent opening, or complete 
closure.77 Quantitation of the degree of opening can be obtained 
by planimetry of the open valve in the short-axis view, or by 
linear measurement of systolic cusp separation in the long-axis 
view. M-mode imaging at a low sweep speed gives a quantitative 
frequency of aortic valve opening as a percentage of recorded 
cardiac cycles (Fig. 31-10). Duration of opening can be mea-
sured by M-mode as time of opening or as a percentage of the 
R-R interval in which the valve is open.

Figure 31-9  Leftward septal bowing. In a parasternal long-axis view, 
mild  septal  shift  into  LV  is  seen  (small arrow),  suggesting  either  LV 
underfilling or elevated right-sided pressures. Large arrows: sides of left 
ventricular assist device inflow cannula. 

Figure 31-10  Aortic valve opening. 
A,  M-mode  tracing  from  parasternal 
long axis demonstrates reduced opening 
of  aortic  valve  with  each  beat  (arrows), 
consistent  with  normal  left  ventricular 
assist  device  (LVAD)  function  that  pre-
vents thrombus formation in aortic root. 
Double-headed arrows  show  duration 
and  extent  of  opening,  which  can  be 
measured to allow quantitative compari-
son between studies or at different LVAD 
pump  settings.  Increased  opening  can 
be  a  sign  of  overfilling  or  ventricular 
recovery.  B,  No  aortic  valve  opening  is 
seen,  consistent  with  very  low  residual 
cardiac  output,  high  LVAD  pump  flow, 
oversewn valve to prevent aortic regurgi-
tation, or leaflet fusion. 

A B

Cannula obstruction related to a small LV can manifest as a 
decrease in the LVEDD and septal bowing into the LV (Fig. 
31-9). However, septal orientation toward the LV can also result 
from high right-sided pressures. Dyssynchrony from interven-
tricular conduction delay, ischemic wall motion abnormalities, 
poststernotomy state, pericardial constriction, and RV pacing 
can also complicate assessment of septal position.

LVEDD measured in the two-dimensional (2D) parasternal 
long-axis view at the mitral valve leaflet tips75 is generally 
reproducible, allowing detection of differences in size and  
septal position between serial studies, and in response to changes 
in VAD pump settings during optimization and weaning. None-
theless, care must be taken to record images in the same plane 
each time. 2D directed M-mode can be used if the M-mode 
cursor can achieve perpendicular axis with respect to the ven-
tricular walls. Although the direct measurement of LVEDD is 
most often used in the cardiac assist literature, it should probably 
be indexed to body surface area.75 Assessment of septal position 
is subjective, with no validated quantitative measure currently 
available.
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Figure 31-11  Imaging left ventricular assist device (LVAD) outflow graft cannula. A, LVAD outflow graft cannula can be visualized by TTE in 
many patients in right upper sternal border, but best imaging window depends on location of graft cannula, which can be variable. Large arrows: 
Sides of graft cannula. B, Although off axis with respect to axis of flow, PW Doppler profile demonstrates normal baseline flow with systolic peaks. 
C, Unlike inflow cannula (inserted through LV apical wall), outflow graft cannula is anastomosed end-to-side to ascending aorta. (See also Fig. 31-16, 
B.) Outflow graft cannula is usually very easily imaged by TEE from midesophageal position at 90° to 150°, depending on location of anastomosis. 
Large arrows: Sides of graft cannula. AR, Aortic root. 

A B C
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PERICARDIUM

2D imaging can visualize effusions or thrombus in the pericar-
dial space compressing cardiac chambers, leading to underfill-
ing and inflow cannula obstruction. Exaggerated Doppler flow 
variation across valves in the supported ventricle is generally 
unhelpful as a marker of intrapericardial pressure, because flow 
is affected by VAD function. The total artificial heart chambers 
are opaque to ultrasound, but the native atria, the superior and 
inferior vena cavae, and the pulmonary veins can be assessed 
for chamber collapse.

CANNULAE

2D imaging, especially with TEE, can determine orientation of 
the cannulae and whether cardiac structures (such as trabecula-
tions, septae and chordal structures) are sucked into the can-
nulae (see Fig. 31-5). 2D imaging should also assess for thrombi 
and vegetations on the cannulae. The LVAD inflow cannula in 
the LV should be imaged from all windows. Though the most 
parallel Doppler angle of insonation is often found in the apical 
views, the orientation of inflow cannulae can be variable, and 
the most parallel angle is sometimes found in the parasternal 
long-axis view or the subcostal view, especially if the cannula 
was placed via an inferior approach. VAD inflow cannulae 
placed in the left or right atrium may require TEE for visualiza-
tion. The LVAD outflow cannula in the ascending aorta is often 
difficult to image by transthoracic echocardiography (TTE) and 
is best visualized from a right parasternal view or upper left 
parasternal view (Fig. 31-11, A). Using TEE, it is usually seen in 
the upper-midesophageal position (90-150 degrees) (see Fig. 
31-11, C). The RVAD outflow cannula in the pulmonary artery 
can be seen in the short-axis view (Fig. 31-12).

The Impella Recover percutaneous VAD cannula is normally 
well seen from the parasternal long-axis view, but it may be 
necessary to angle the transducer off axis to ensure that the tip 
is visualized (see Fig. 31-7). Proper location of the inflow port 
(near the tip of the cannula) is 3 to 4 cm below the aortic valve. 
The outflow port should be 1.5 to 2 cm above the sinuses of 
Valsalva.22

Color Doppler examination of normal cannulae reveals 
laminar flow with minimal or no regurgitant flow. Aliasing of 
color flow may be seen at the inflow or outflow cannulae in 

cases of obstruction. The color Doppler jet can also help to 
direct angulation of the transducer to achieve a parallel align-
ment for spectral Doppler interrogation.

Pulsed-wave (PW) Doppler should be performed inside and 
immediately outside of the cannula orifice. Normal and abnor-
mal Doppler profiles through inflow and outflow cannulae are 
illustrated in Figure 31-13 for pulsatile and continuous-flow 
devices. Partial obstruction will lead to increases in inflow and 
outflow velocities, depending on the site of obstruction42,43 (see 
Box 31-3). Complete obstruction, as from thrombotic occlusion 
or kinking, leads to loss of Doppler signal or low velocities in 
the VAD cannulae.80 Regurgitation can lead to low outflow 
velocities.44 Continuous-wave (CW) Doppler interrogation is 
necessary to resolve high velocities, but, because of range ambi-
guity, the CW Doppler signal may become contaminated by 
other flows (e.g., LVAD inflow and aortic regurgitation).

Table 31-4 describes the formulas used to calculate the stroke 
volume through pulsatile VADs, flow through continuous-flow 
VADs, and VAD regurgitation using cross-sectional orifice  
area and PW Doppler velocity-time integral (VTI). Because 
continuous-flow VADs technically have no discrete stroke 
volume, VAD flows in liters per minute must be calculated 
indirectly using the residual output through the aortic valve  
and the output through the pulmonic valve, or directly by mea-
suring the Doppler velocity time integral over 3 s (multiplied 
by 20 s to convert to minute flow rate).81

OPTIMIZATION

LV EDD, septal position, and aortic valve opening are used to 
optimize VAD settings.82 For a continuous-flow VAD, the rotor 
speed is adjusted until the septum is neutrally positioned at a 
near-normal LV EDD and the aortic valve opens to a small 
degree, for a brief period of time and/or at a reduced fre-
quency.83 The optimal opening characteristics to prevent aortic 
root thrombus and cusp fusion while signaling appropriate ven-
tricular decompression have not been defined. Other targets of 
optimization can include mitral regurgitation, aortic regurgita-
tion, pulmonary artery pressures, and Doppler-derived cannula 
flows (see Table 31-4). Optimization of RVAD and BiVAD func-
tion is not well described to date but could apply the same 
principles to RV size, septal positioning, and pulmonic valve 
opening.
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Figure 31-12  Imaging the right ventricular assist device (RVAD) cannulae. A, The RVAD outflow cannula is often well seen in short-axis view 
in proximal main pulmonary artery (PA). Large arrows, left: Sides of cannula. Right: Color Doppler shows flow from cannula into main PA and left 
and right PA branches. Minimal pulmonic valve regurgitation is seen. B, RVAD inflow cannula is inserted into RA and is usually in far field by TTE 
(large arrow). C, Zoomed view of cannula from parasternal tricuspid inflow view demonstrates thrombus (small arrow) obstructing central lumen of 
cannula (sides denoted by large arrows). CS, Coronary sinus; RVOT, right ventricular outflow tract. 
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WEANING/TURNDOWN

Before cardiac assist device explant, weaning is usually neces-
sary to demonstrate the impact of reduced VAD support on 
cardiac structure and function. Protocols differ but generally 
involve echocardiography with or without invasive arterial and 
venous pressure monitoring. VAD support is decreased gradu-
ally, to avoid acute decompensation. Figure 31-14 provides an 
overview of echocardiographic parameters used during “turn-
down.” If the results are favorable after turndown to minimal 
levels of support, some protocols call for exercise or dobuta-
mine stress testing. Sometimes oxygen consumption measure-
ment is added. Echocardiographic imaging at peak exercise is 
facilitated with supine bicycle stress. There may be adequate 
cardiac reserve to support the patient after LVAD explants if the 
LVEF improves, the aortic valve opens more, and stroke volume 
increases in response to dobutamine.84

Echocardiographic RVAD weaning protocols are less well 
described. As RVAD flows are decreased, RV failure or recovery 
may be predicted by central venous pressure, RV function, LV 
filling pressures, and tricuspid regurgitation.23

Clinical Utility, Outcome Data
Echocardiography plays a major role in guiding care of VAD 
patients, but there are few outcome studies specifically evaluat-
ing the clinical utility of echocardiographic techniques.

Specific preimplant echocardiographic indices of RV struc-
ture and function have been reported to predict RV dysfunction 
post LVAD implant. (See Box 31-2.) However, only a few studies 
comprehensively evaluated echocardiographic techniques. Dif-
ferent studies tested different parameters, and most studies rep-
resent only single-center experiences.32,35,85-87
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Figure 31-13  VAD Doppler profiles. 
A, Normal pulsatile left ventricular assist 
device  (LVAD)  inflow  by  PW  Doppler 
(abnormal  peak  velocities  >2.3 m/s). 
B, Elevated pulsatile LVAD inflow veloci-
ties  by  TEE  (CW  Doppler  peak  velocity 
measured at 3.5 m/s). C, Normal contin-
uous LVAD inflow by PW Doppler. Peak 
velocities are 0.7 m/s, well below 2 m/s. 
Note  continuous  “background”  flow 
during  diastole  (arrow).  D,  Increased 
continuous  LVAD  inflow  velocities  by 
TEE.  Single arrow:  CW  Doppler  peak 
velocity of 2.5 m/s. Double arrows show 
that “background” flow is also elevated 
at  1.3 m/s,  suggesting  inflow  cannula 
obstruction. 
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Doppler Formulae for Ventricular Assist Device Flow Volumes

Formulae Measurements

Pulsatile VAD (VADp) stroke volume (SV)
SVVADp = π(Dcan/2)2 × VTIcan

Dcan = cannula diameter (usually 12-25 mm)
VTIcan = VTI of the PW Doppler signal measured just within the cannula orifice

Continuous flow LVAD (VADc)
SVVADc = (π(DRVOT/2)2 × VTIRVOT) – (π(DLVOT/2)2 × 

VTILVOT)

DRVOT = RV outflow tract diameter
VTIRVOT = RV outflow tract VTI
DLVOT = LV outflow tract diameter
VTILVOT = LV outflow tract VTI

SVVADc = VTI can3sec × 20 × π(Dcan/2)2 × C C = correction factor for inflow cannula = (0.67)
VTI can3sec = 3 second tracing of VTI continuous flow in the VAD cannula

Pulsatile VAD regurgitant volume (RV)
RVVADp = (π(DIN/2)2 × VTIIN) – (π(DOUT/2)2 × VTIOUT)

VTIIN = inflow cannula VTI
VTIOUT = outflow cannula VTI
DOUT = outflow cannula diameter
DIN = inflow cannula diameter

Continuous flow VAD regurgitant volume (RV)
RVVADc = (π(Dasc/2)2 × VTIasc) − (π(DPA /2)2 × VTIPA)

Dasc = ascending aorta diameter
DPA = pulmonary artery diameter
VTIasc = ascending aorta VTI above the outflow cannula
VTIPA = pulmonary artery VTI

VTI, Velocity time integral.

TABLE 
31-4 

Even fewer studies have examined postimplant RV function 
and its effects on clinical parameters. Maeder and colleagues38 
showed that reduced mortality and improved renal function 
was associated with improved RV function after LVAD implant. 
Lam and co-workers88 reported that a greater than 10% reduc-
tion in RV fractional area change postimplant portended worse 
quality of life and exercise capacity. Simon and associates89 
found that postimplant RV function was associated with lower 
maximum oxygen consumption.

Most of the studies investigating the use of echocardiographic 
measures to predict successful LVAD explant involve pulsatile 
devices.90 An LVEDD less than 5.5 cm with LVEF greater than 

45% at baseline (before turndown) predicted LV recovery in 
one study, with 87.5% of these patients exhibiting more than  
5 years of “cardiac stability.”91 The peak systolic wall motion 
velocities by tissue Doppler imaging (Sm greater than or equal 
to 8) in both radial and longitudinal directions at the basal 
inferolateral wall also predicted recovery. A 2010 study from the 
same group reported 5-year survival free of heart-failure events 
was 92% for patients with an LVEF of at least 50% and 79% for 
those with an ejection fraction of 45% or more during “pump 
off” echocardiography.92 Initial work has suggested that LVAD 
patients who respond favorably to exercise or dobutamine expe-
rience ventricular recovery allowing VAD explant.84
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Figure 31-14  LVAD weaning. This flow chart outlines the 
echocardiographic parameters which can be used to deter-
mine  whether  a  patient  has  experienced  LV  recovery  and 
may be a candidate for device explant. The same parameters 
used during the “turndown” phase can be assessed during 
exercise or dobutamine stress, including LVEDD, septal ori-
entation, LVEF, AV opening, LVOT VTI, degree of MR and RV 
size and function. Little data exists on the ability of any spe-
cific measures, but these parameters may form the basis for 
a “turndown score” to predict which patients are likely to be 
successfully explanted. AV, Aortic valve; LVEDD, left ventricu-
lar  end-diastolic  diameter;  LVEF,  left  ventricular  ejection 
fraction; LVOT, left ventricular outflow tract; MR, mitral regur-
gitation; PA, pulmonary artery; VTI, velocity-time integral. 
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Figure 31-15  Doppler artifact.  Ventricular  assist  devices  with 
continuous-flow pumps located close to the heart  (Jarvik 2000, Heart-
Ware,  Duraheart  see  Table  31-2)  create  Doppler  artifacts,  seen  here 
filling  entire  Doppler  sector  in  parasternal  long-axis  view.  Artifact  is 
located in mid-LV and precludes any assessment of flow into or out of 
inflow cannula (sides denoted by large arrows). 

Potential Limitations, Future Directions
Echocardiographic imaging is complicated in the postimplant 
state, when bandages, mechanical ventilation, and patient posi-
tioning compromise imaging windows. In addition to the atten-
uation artifacts created by LVAD inflow cannulae, significant 
artifacts are caused by continuous-flow rotor devices. VADs 
with continuous-flow pumps located very close to or in the 
inflow cannula (see Table 31-2) create Doppler distortion arti-
facts due to ultrasonic signals produced by the rotating propel-
ler or disk (Fig. 31-15). It is possible to avoid Doppler sampling 
near the device and thus interrogate other cardiac structures 
with color and spectral Doppler. But inflow cannulae cannot be 
assessed for color aliasing or regurgitation, and cannula veloci-
ties cannot be measured.

Cannula orientation, orifice location, and proximity to ven-
tricular structures are not always clear from 2D imaging planes. 
Real-time three-dimensional (3D) echocardiography may play 
a role in more precisely defining cannula position. 3D images 
of the LVAD inflow cannula and outflow cannulae are obtained 
from the midesophageal position (Fig. 31-16). 3D TEE also 
provides the best images of cannulae placed in the right and left 
atria. Real-time 3D imaging may facilitate visualization of the 
entire Impella Recover cannula, which tends to traverse 2D 
imaging planes. Real-time 3D echocardiography may also 
provide an assessment of RV size and function that accurately 
predicts which patients will experience RV failure after implant.93

Aortic stenosis from cusp fusion or degenerative disease is 
difficult to assess in the setting of an LVAD, because there is 
usually little flow through the valve. Detection and measure-
ment of aortic stenosis requires a turndown procedure to elicit 
a greater degree of aortic valve opening. If increased preload 
fails to augment cardiac output, and the aortic valve opening 
remains reduced, dobutamine can be infused to attempt to 
stimulate cardiac output, as in the assessment of low-gradient 
aortic stenosis. Improvement in LV function without increased 
aortic valve opening signals cusp fusion (and should accom-
pany increased flow through the LVAD).

Diastolic function is not well defined following cardiac  
assist device placement. Doppler inflow measures (E and  
A velocities), tissue Doppler relaxation velocities, and propaga-
tion velocity will be influenced by the LVAD inflow. A  
pulsatile LVAD in asynchronous mode and continuous-flow 
VADs draw blood to the LV apex independent of ventricular 
relaxation.

Although a favorable response to exercise and dobutamine 
stress testing may portend recovery to explant, a more precise 
and load-independent measure of intrinsic myocardial reserve 
is needed. Measures of myocardial deformation, including 
strain and strain rate, may provide a better way to predict recov-
ery. Isovolumic acceleration measured by tissue Doppler or 
speckle tracking may also prove valuable94 (see Chapter 10). 
Measures of myocardial deformation of the RV before LVAD 
implant may also improve the ability to predict which patients 
will require an RVAD.
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Alternate Approaches
Cardiac magnetic resonance imaging (MRI) provides highly 
accurate measures of ventricular volumes and function. In 
addition, MRI accurately measures RV size and function, poten-
tially improving prediction of RV function post implant.95 MRI 
can also accurately image the aorta and define pitfalls to Impella 
Recover and outflow cannula placement.96 However, MRI 
cannot be used with current-generation VADs after implant.

Computed tomography (CT) can be used postimplant. Initial 
studies suggest a high sensitivity and specificity for the detec-
tion of cannula thrombosis and inflow cannula malposition.97,98 
Most cannulae do not cause significant CT artifact, and direct 
visualization of cannula orientation is easily achieved from data 
sets. The entire length of cannulae can be examined. CT also 

KEY POINTS

 Echocardiographic imaging and interpretation must take 
into account the type of cardiac assist device (e.g., LVAD, 
RVAD, BiVAD, percutaneous VAD, total artificial heart), 
location of cannulation sites (e.g., LV apex, ascending 
aorta), mechanism of action (pulsatile versus continuous-
flow pumps), and settings (e.g., flows, rpm).

 Echocardiography plays a role before cardiac assist device 
implant to establish candidacy and identify specific obsta-
cles to device placement, including thrombi, intracardiac 
shunts, aortic regurgitation, and RV dysfunction.

 During implant procedures, echocardiography guides 
device placement and deairing.

 After implant, echocardiography identifies causes and 
effects of cardiac assist device dysfunction including over-
filling, underfilling inflow cannula obstruction, and 
valvulopathy.

 Optimization of cardiac assist device settings and monitor-
ing of cardiac function during weaning/turndown studies 
involves 2D and Doppler assessments of LV diastolic 
dimensions and septal position, aortic valve opening, ven-
tricular function, and mitral regurgitation.

 VAD stroke volumes can be calculated from cannula cross-
sectional areas and pulsed Doppler VTI measurements at 
the cannula orifice.

 Preliminary work suggests that Doppler estimates of pul-
monary pressures in cardiac assist device patients correlate 
with clinical outcomes.

 Real-time 3D echocardiography may overcome some of 
the limitations of cannula assessment by 2D 
echocardiography.

 CT shows promise in imaging cardiac assist device 
cannulae.
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The right ventricle (RV) plays an important role in the main-
tenance of normal circulatory function, and its assessment is 
valuable in a wide variety of cardiopulmonary diseases. However, 
clinical assessment of the RV has lagged behind that of other 
portions of the echocardiographic examination for several 
reasons—intense clinical focus on the left heart, historical lack 
of awareness of the clinical importance of RV function, the 
irregular shape of the RV, and a paucity of normative data.

Although practical challenges in assessment of the right heart 
persist, significant progress has been made, including genera-
tion of higher-quality normative data, validation of two-
dimensional (2D) and Doppler measurements, and continued 
improvements in three-dimensional (3D) techniques. A guide-
line statement from the American Society of Echocardiography 
(ASE) dedicated solely to the assessment of the right heart was 
published in early 2010, highlighting these advances and under-
scoring the need for increased clinical attention to the right 
heart.

This chapter addresses the echocardiographic evaluation of 
right heart function, with attention to the value and limitations 
of objective measurements of RV size and function. The inte-
gration of echocardiographic findings into the diagnosis and 
treatment of specific disorders is discussed in greater detail in 
Chapters 33 (Echocardiographic Evaluation of the Patient with 
Pulmonary Hypertension) and 34 (Right-Sided Valve Disease 
in Adults).

Right Heart Anatomy and Physiology
The right atrium (RA) forms the right heart border, lying supe-
rior, posterior, and rightward of the RV. The RA drains the 
superior vena cava superoposteriorly, the inferior vena cava 
(IVC) inferiorly, and the coronary sinus posteriorly, with the 
coronary sinus ostium between the IVC and the tricuspid valve 

annulus. The interatrial septum forms the posteromedial wall 
of the RA and contains the fossa ovalis lying between the caval 
orifices.

The tricuspid valve normally inserts on the septum approxi-
mately 2 mm more apical than the mitral valve. More apical 
insertion of the tricuspid valve may indicate Ebstein malforma-
tion, whereas insertion of the tricuspid valve at the same level 
as the mitral valve may be seen in atrioventricular canal defects. 
Each of the three tricuspid valve leaflets receives chordae from 
two of the three papillary muscles. The anterior papillary muscle 
is the largest of the three, arising from the anterior RV and fused 
with the moderator band. The posterior and septal papillary 
muscles are often multifid.

The RV forms the majority of the anterior and inferior 
borders of the heart and comprises two embryologically distinct 
regions, the inflow (sinus) portion and a funnel-shaped outflow 
portion—the conus or infundibulum (Fig. 32-1). The body of 
the RV is formed by the free wall and interventricular septum. 
The normal interventricular septum is convex toward the RV 
cavity, imparting a crescentic shape to the RV in short-axis 
views.

Unlike the left ventricle (LV), the RV is heavily trabeculated. 
A moderator band is present in approximately 75% of patients,1 
spanning the interventricular septum and the anterior free wall. 
The moderator band and tricuspid valve are always contained 
by the RV and may help distinguish the morphologic RV in 
patients with complex congenital heart disease.

The inflow and outflow portions of the RV are separated by 
the crista supraventricularis, a U-shaped muscular ridge that 
originates at the tricuspid annulus, extends to the interventricu-
lar septum, and bridges across the RV cavity by way of the 
moderator band to attach to the anterior wall of the RV and 
anterior papillary muscle. The crista functions as a contractile 
strut, transmitting septal contraction to the RV free wall—one 
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Figure 32-1  Anatomy of normal RV. Left: Left lateral view. Right: Basal view. Endocardial surfaces generated by reconstruction using 3D echo-
cardiography and knowledge-based reconstruction. Hollow mesh is RV endocardial surface; solid red that of LV. RV is crescentic in short-axis section, 
with tricuspid and pulmonic valve orifices widely separated by crista supraventricularis. Ant, Anterior; Inf, inferior; MV, mitral valve; Post, posterior; 
PV, pulmonic valve; Sup, superior; TV, tricuspid valve. (Images courtesy Dr. Florence H. Sheehan, University of Washington Cardiovascular Research 
and Training Center.)
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of many forms of ventricular interdependence. Via the crista, 
LV contraction narrows the tricuspid valve annulus and pulls 
the RV free wall toward the septum, promoting tricuspid valve 
competence and RV contraction. LV contraction normally 
accounts for an estimated 30% of pressure generation in the RV 
through the transmission of systolic forces from the LV to the 
RV.2 Even an akinetic RV will generate some intracavitary sys-
tolic pressure as the LV “pulls” the RV free wall toward the 
septum. Experimental animal studies showed that damage to 
the RV alone did not alter central venous or systemic arterial 
pressure, but when a portion of the LV was also damaged via 
cautery, the animals rapidly succumbed to shock.3

The right coronary artery supplies the vast majority of the 
RV free wall (Fig. 32-2). A small anterior portion of the RV 
apex and the moderator band are supplied by the left anterior 
descending coronary artery, the latter via the moderator band 
artery, which arises from the first septal branch of the left ante-
rior descending artery. In fewer than 10% of hearts, postero-
lateral branches of the left circumflex coronary artery supply a 
portion of the posterior RV free wall. The conus artery, arising 
from a separate coronary ostium in 30% of cases, supplies the 
infundibulum. Although coronary blood flow to the LV occurs 
predominantly in diastole, RV coronary blood flow occurs 
equally in systole and diastole because of lower intramural  
systolic pressure.4 RV myocardial oxygen demand is much 
lower than that of the LV because of lower stroke work. Thus, 
the RV is far more tolerant of ischemia, and recovery of RV 
function following RV infarction is the rule rather than the 
exception. However, in the presence of pulmonary hyperten-
sion and RV hypertrophy, RV coronary flow becomes diastole-
predominant5 in like fashion to the LV and is much less tolerant 
of ischemia.6

Absent shunt, the RV generates the same stroke volume as 
the LV, but with one sixth the muscle mass. This is possible 
because of the low resistance of the pulmonary arterial vascu-
lature. Because the normal RV is slightly larger than the LV, RV 
ejection fraction (EF) is normally lower than LV EF, typically 
between 45% and 70%.7

The pulmonary arterial vasculature consists of relatively thin 
and distensible large arteries without well-developed arterioles. 
Functionally, this translates to a pulse pressure that is one half, 

a mean arterial pressure that is one sixth, and vascular resistance 
one tenth that of the systemic circulation. In health, a transpul-
monary gradient of only 5 mm Hg drives blood across the  
pulmonary circulation. Isovolumic RV contraction is brief 
compared to the LV,8,9 and pulmonary artery flow continues 
throughout systole despite falling RV systolic pressure (the 
“hangout” period), due to blood inertia created by early RV 
ejection into a low-resistance vascular bed.

RV contraction is peristaltic, with initial activation of the RV 
inflow region followed in 30 to 40 ms by contraction of the 
conus region. Conus contraction contributes less than 15% of 
RV SV.10 Whereas the LV shortens symmetrically in the trans-
verse and longitudinal planes, normal RV contraction appears 
principally due to longitudinal shortening.11 RV longitudinal 
shortening closely correlates with RV EF, whereas transverse RV 
shortening does not.12 Similarly, longitudinal stroke work cor-
relates with global RV stroke work, whereas circumferential 
regional RV stroke work does not.13 Thus, normal RV contrac-
tion perhaps more closely resembles a piston than a bellows, 
which has important implications for strategies for quantifying 
RV systolic function noninvasively. However, chronic RV pres-
sure or volume overload may result in relative hyperplasia of 
circumferential fibers14; in such chronically diseased RVs, cir-
cumferential contraction and free wall translation may have a 
greater relative contribution to systolic function.15

Diastolic function of the RV differs from that of the LV. The 
thin walls of the RV and its concave interventricular septum are 
relatively distensible, imparting high compliance to the RV 
(large changes in RV volume with only small changes in RV 
diastolic pressure). Thus, the RV may dilate significantly in 
response to acute pressure or volume overload, unlike the LV.

Basic Principles and  
Echocardiographic Approach
BASIC APPROACH TO ASSESSMENT OF THE 
RIGHT HEART

The complex shape of the RV makes assessment of its size and 
function difficult by any method, whether objective or subjec-
tive. Early studies estimated RV volume by modeling the RV as 
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a sum of prisms, with disk summation, or with area-length 
methods.16 In brief, 2D methods of RV volume estimation are 
limited by geometric assumptions, resulting in only modest 
correlation with angiography and water displacement and sig-
nificant underestimation of volumes compared to both 3D 
echocardiography and cardiac magnetic resonance imaging 
(MRI).17 Thus, 2D-derived RV volumes and EF are not recom-
mended for clinical use and are fading as a reference standard 
in research.

3D methods obviate geometric assumptions and are superior 
to 2D echocardiography for estimation of RV volumes and EF, 
but they are not yet routinely available in the community. 
Despite its limitations, 2D echocardiography therefore remains 
the principal clinical modality for assessment of the RV. Rather 
than attempting to calculate RV volume or EF from linear or 
area measurements, the clinician should compare 2D-derived 
measurements directly against normative values. These mea-
surements should be considered together with visual estimation 
when classifying RV size and function. Because the RV lacks 
rotational symmetry and may remodel nonuniformly, individ-
ual 2D-derived indices of RV size may correlate poorly with RV 
volume, and multiple measurements should be taken when 
possible.

Figure 32-2  Coronary supply of RV.  Ao,  Aorta;  CS,  coronary  sinus;  EV,  Eustachian  valve;  LAD,  left  anterior  descending  coronary  artery;  PA, 
pulmonary artery; RCA,  right coronary artery; RVOT,  right ventricular outflow  tract.  (From Rudski LG, Lai WW, Afilalo J, et al: Guidelines for the 
echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography endorsed by the European 
Association of Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography. J Am 
Soc Echocardiogr 23:685-713, 2010.)
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TRANSTHORACIC IMAGING

Because RV dilation may occur regionally as well as globally, 
assessment of RV size requires visualization from multiple 
windows.

The apical four-chamber view is critical for assessment of the 
RV, providing the basal minor dimension (measured just apical 
to the tricuspid annulus, normal less than 42 mm; Fig. 32-3, left 
panel), and most 2D measures of RV systolic function: tricuspid 
annular plane systolic excursion (TAPSE), systolic tricuspid 
annular velocity (S′), fractional area change, and tissue right 
ventricular myocardial performance index. Most of these mea-
surements rely heavily on good visualization of the RV free wall 
and lateral tricuspid annulus. If necessary, dedicated RV-focused 
apical four-chamber views should be obtained to ensure that 
the RV free wall and tricuspid annulus are well seen, away from 
the margin of the sector, and not shadowed. Anterior angula-
tion or slight medial or lateral displacement of the transducer 
should be performed to allow this, though care must be taken 
to maintain a true four-chamber view (i.e., containing the crux 
and the true cardiac apex) to avoid misrepresenting RV size. If 
LV size is normal, RV size may be subjectively assessed using the 
ratio of RV to LV area: less than 0.66 is normal; 1.0 suggests at 
least moderate enlargement (Fig. 32-4). The RV apex may 
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Figure 32-3  Recommended parameters of RV size. Left: Apical four-chamber view. Center: parasternal long-axis view. Right: parasternal short-
axis view. A, Basal minor dimension; B, mid-cavity minor dimension; C, RV major  (longitudinal) dimension; D, RVOT proximal diameter; E, RVOT 
proximal diameter; F, RVOT distal diameter; RVOT, right ventricular outflow tract. 
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Figure 32-4  Relative size of RV (compared to LV) in varying degrees of RV enlargement. Left: Normal heart, ratio of RV area to LV area (RV:LV) 
approximately 0.6. Center: Moderate RV dilation;  in  this case, LV  is dilated, and RV:LV  is  relatively  low for  the degree of absolute RV dilation at 
about 0.7-0.8. Right: Severe RV dilation, with RV:LV >1.5 and the RV is apex-forming. 
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Figure 32-5  Subcostal four-chamber view. 
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appear “squared” if the RV is enlarged and may displace the LV 
to form the true apex if enlargement is severe.

If apical images are poor, the subcostal window may provide 
similar views of the RV (e.g., four-chamber and short-axis; Fig. 
32-5). However, the difficulty in defining the anteroposterior 
plane needed to achieve a true four-chamber view from the 
subcostal window may result in foreshortening of the RV. RV 
wall thickness is best measured in the subcostal view, because 
the RV free wall is not in the near field (as in parasternal views) 
and is perpendicular to the ultrasound beam. The normal RV 
free wall is 2 mm thick, but a wall thickness of less than 5 mm 
is accepted as normal, because the RV free wall often cannot be 
resolved from the epicardium.18,19

The parasternal long-axis right ventricular outflow tract 
(RVOT) dimension is normally less than 60% of the LV dimen-
sion, but should be interpreted with care if obtained in supine 
position, as it can differ by up to 40% in the supine and left 
lateral decubitus positions. The parasternal RV inflow view 
shows more of the RV free wall and the anterior and posterior 
leaflets (the only standard view in which the posterior leaflet is 
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(end-systolic area 18 cm2 or less), one may infer a normal RAP 
of 5 mm Hg. Errors made in estimation of RAP are propagated 
to echocardiographically calculated pulmonary artery pres-
sures. This must be remembered especially in “torrential” TR, 
in which RAP may exceed 20 mm Hg by a considerable amount, 
leading to an underestimate of pulmonary artery pressure if 
20 mm Hg is the maximum value used.

Absent pulmonic stenosis, pulmonary artery systolic pressure 
(PASP) may be estimated by the simplified Bernoulli equation25: 
PASP = 4v2

TR + RAP, where vTR is the peak velocity of the TR jet 
by continuous-wave (CW) Doppler. When performed properly, 
this technique is highly reproducible and correlates closely with 
invasively derived PASP.25-29 If pulmonic stenosis is present, 
peak pulmonary artery pressure may still be estimated by sub-
tracting the gradient across the pulmonic valve from the peak 
RV systolic pressure. Pulmonary artery diastolic pressure 
(PADP) may be similarly be estimated: PADP = 4v2

PR + RAP, 
where vPR is the end-diastolic pulmonary regurgitation veloc-
ity.30 Mean pulmonary artery pressure (mPAP) may then be 
calculated: mPAP = (2 × PASP + PADP)/3, where PASP and 
PADP are estimated as before. As with all Doppler-based mea-
surements, interrogation from multiple windows is important 
to ensure parallel alignment with the TR jet and prevent under-
estimation of peak velocity and pressure. Only clearly visualized 
portions of the Doppler envelope should be measured to 
prevent overestimation of peak velocity (Fig. 32-6).

Invasively derived pulmonary vascular resistance (PVR) may 
be estimated by PVR (Wood units) = 10 × vTR/VTIRVOT, where 
vTR is the peak TR jet velocity and VTIRVOT the velocity-time 
integral of the RVOT. This method may be helpful when it is 

seen), but the imaging plane can be highly variable and is unre-
liable for assessing systolic function. Although tricuspid regur-
gitation (TR) may be seen, the maximum jet velocity is not 
commonly obtained in parasternal views.

The basal parasternal short-axis view allows reliable mea-
surement of the distal RVOT diameter (see Fig. 32-3, right 
panel). Parasternal short-axis views of the RV at midventricular 
levels may show septal flattening, which suggests volume over-
load if diastolic, pressure overload if systolic, and both if  
continuously present. However, beyond septal contour, the 
midventricular short-axis view is not reliable for assessment of 
RV size or systolic function, because cross-sectional area varies 
dramatically with the level of the short-axis plane, and the 
paucity of reference structures makes it difficult to reproduce 
planes from one study to another.

The basal short-axis view gives the best alignment for pul-
monic valve velocity measurements, with trace or mild pul-
monic regurgitation in most normal patients.20 M-mode of the 
pulmonic valve may show notching of systolic leaflet excursion 
(the “flying W”) in pulmonary hypertension due to a pressure 
wave reflected by the stiffened, abnormal pulmonary arterial 
bed, but specificity is limited, because this finding has also been 
described in pulmonary artery dilation with normal pulmonary 
artery pressures.21 The spectral envelope of the pulmonary 
artery outflow is characteristically symmetric with a peak veloc-
ity of less than 0.8 m/s.22 High-output states such as pregnancy, 
anemia, and cirrhosis may increase the velocity somewhat, but 
if peak velocity exceeds 1.2 m/s, pulmonic stenosis or left-to-
right shunt should be suspected.

ESTIMATION OF RIGHT HEART PRESSURES

Right atrial pressure (RAP) may be estimated echocardiograph-
ically.23 The scheme most commonly used in clinical practice 
assesses the diameter of the IVC while the patient performs a 
“sniff” (Table 32-1). Normally, the IVC collapses as the intra-
thoracic pressure decreases. However, with elevated RAP, the 
IVC dilates and inspiratory collapse is less complete. Positive 
pressure ventilation makes the sniff method unreliable by alter-
ing the relationship between central venous pressure and IVC 
size.24 If the IVC is poorly visualized and RA size is normal 

Figure 32-6  Doppler estimation of pulmonary pressures. Left: CW Doppler spectrum of tricuspid regurgitation, peak velocity 2.6 m/s, indicating 
systolic PA pressure = 27 mm Hg + RA pressure. Although the spectrum appears incomplete, velocity should not be “extrapolated” along a parabolic 
path beyond the visualized Doppler signal. Right: CW Doppler spectrum of pulmonic regurgitation (from a different patient), end-diastolic velocity 
2.5 m/s, indicating PA diastolic pressure = 25 mm Hg + RA pressure. PA, Pulmonary artery; RA, right atrial. 

2.6 m/s

Echocardiographic Estimation of Right Atrial Pressure

IVC Size

IVC 
Respiratory 

Change
RAP 

(mm Hg)
Normal (≤21 mm) >50% 5
Normal (≤21 mm) <50% 10
Dilated (>21 mm) >50% 10
Dilated (>21 mm) <50% 15
Dilated (>21 mm) None 20

IVC, Inferior vena cava; RAP, right atrial pressure.

TABLE 
32-1 
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areas. RV basal dimension should be measured in the apical 
four-chamber view immediately below the tricuspid valve (see 
Fig. 32-3, left panel). The transducer should be rotated to the 
plane that maximizes the RV minor dimension, while still con-
taining the LV apex and crux (neither the aortic root nor the 
coronary sinus should be seen). Proximal RVOT dimension 
should be measured at the largest anteroposterior dimension in 
the parasternal long-axis view, and distal RVOT dimension just 
below the pulmonic valve in the parasternal short-axis view.

Tricuspid Annular Plane Systolic Excursion
Tricuspid annular plane systolic excursion, sometimes referred 
to as tricuspid annular motion, is the distance moved by the 
tricuspid annulus from end-diastole to end-systole. TAPSE is 
obtained by M-mode in the apical four-chamber view (Fig. 
32-8),31 which is measured in most studies at the lateral annulus. 
TAPSE is gaining popularity because it is easy to perform, 
highly reproducible, requires no geometric assumptions, and 
correlates moderately with RV EF and RV fractional area change 
in a variety of patient populations.12,31-33 It can also be obtained 
even when image quality is relatively poor, and it is relatively 
well studied and widely employed clinically. However, use of 
TAPSE as a surrogate for RV systolic function assumes that 
regional function (longitudinal translation at the tricuspid 
annulus) reflects global function. TAPSE may be reduced by 
factors other than RV global systolic dysfunction, including 
severe TR,34 LV systolic dysfunction,35 and prior cardiac surgery36 
or heart transplantation.37 Severe TR reduces the correlation 
between TAPSE and RV EF (although the presence of severe TR 
itself suggests RV systolic dysfunction), whereas LV systolic dys-
function and cardiac surgery may reduce TAPSE independently 
of RV EF. TAPSE must be interpreted with caution when these 
conditions are present.

Fractional Area Change
Fractional area change is defined as [(RV end-diastolic area) − 
(RV end-systolic area)]/(RV end-diastolic area), obtained in the 
apical four-chamber view (Fig. 32-9). Fractional area change 

unclear whether a modestly elevated PASP is due to increased 
PVR or increased cardiac output; however, it is imprecise, and 
catheter-derived hemodynamics remains the gold standard for 
diagnosis and serial clinical observation of clinically significant 
pulmonary hypertension.

TRANSESOPHAGEAL IMAGING

The value of transesophageal echocardiography (TEE) in assess-
ment of RV size and function is limited because of constraint 
of the transducer by the esophagus, and limited RV resolution 
due to its location in the far field. The modified four-chamber 
view (midesophageal, 0°; Fig. 32-7) foreshortens the RV consid-
erably. Alignment with the TR jet is also difficult because of 
constraint of the transducer, making underestimation of the 
peak velocity common. Assessments of RV size and function 
and pulmonary artery pressures derived from transesophageal 
data should be interpreted with caution.

TEE is more useful for assessment of certain causes of RV 
dysfunction, particularly volume overload (e.g., atrial septal 
defects, anomalous pulmonary veins). The bicaval view (mid-
esophageal, 90°) demonstrates the interatrial septum with high 
resolution, allowing interrogation by color Doppler or agitated 
saline contrast injection. The pulmonic valve and main pulmo-
nary artery can be seen in the basal short-axis view (high esoph-
ageal, 60°), though visualization may be suboptimal because of 
their location in the far field, and the right and left pulmonary 
arteries are not reliably seen.

Technical Details, Quantitation, and 
Data Analysis
MEASURES OF RIGHT VENTRICULAR SIZE  
AND FUNCTION

Linear and Area Measurements
As with LV measurements, right heart chamber areas and 
dimensions should be traced from endocardium to endocar-
dium. Trabeculations should be contained by traced chamber 

Figure 32-7  Transesophageal modified four-chamber view. From a 
standard four-chamber view, (with the LV apex centered), the transducer 
is  turned  towards  the  patient’s  right  side  to  better  visualize  the  right 
ventricle. 

LA

RA

LV

RV

Figure 32-8  Measurement of tricuspid annular plane systolic 
excursion (TAPSE). The M-mode cursor is directed through lateral tri-
cuspid annulus; apical view used to guide the cursor is shown at top of 
image. 

TAPSE = 22 mm
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does not require geometric assumptions and correlates well 
with RV EF.38 However, measurement is often hampered by 
suboptimal endocardial definition, particularly of the RV free 
wall, and high interobserver and intraobserver variability. Care 
must be taken to select the true four-chamber view (containing 
the cardiac apex and the crux) to prevent foreshortening of  
the RV.

Peak Systolic Velocity of the Lateral  
Tricuspid Annulus
Like TAPSE, the peak systolic velocity of the lateral tricuspid 
annulus (S′) reflects basal RV systolic motion. Echocardio-
graphically, S′ is measured from the apical four-chamber view 
using tissue Doppler (Fig. 32-10), using instrument settings 
similar to those used for mitral tissue Doppler in assessment of 
LV diastolic function. S′ correlates with TAPSE39 and shares 
most of its strengths and weaknesses: namely, a relatively large 
body of normative data, freedom from geometric assumptions, 
measurability in the face of suboptimal image quality, angle 
dependence, and blindness to systolic dysfunction in parts of 
the RV remote from the tricuspid annulus.

Figure 32-9  Measurement of fractional area change from apical four-chamber view. This patient had severe biventricular systolic dysfunction, 
with an RV fractional area change approximately 25%. Left: End-diastole (ED); right: end-systole (ES). Top set of images is identical to bottom, but 
shown without tracing to demonstrate location of borders. Trabeculations should be included in traced area. 

ED ES

Figure 32-10  Measurement of RV myocardial performance index. 
Tissue Doppler of tricuspid annulus, with measurement of systolic peak 
velocity  (S′ ) and elements of tissue-Doppler right  index of myocardial 
performance. ET, Ejection time; IVCT, isovolumic contraction time; IVRT, 
isovolumic relaxation time. 

S´

ET

IVCT IVRT
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Right Index of Myocardial Performance
The myocardial performance index, also known as the Tei index 
or right ventricular myocardial performance index RV MPI, is 
a nongeometric combined measure of systolic and diastolic 
function: RV MPI = (IVRT + IVCT)/RVET, where IVRT is the 
RV isovolumic relaxation time, IVCT is the isovolumic contrac-
tion time, and RVET is the RV ejection time. Higher values 
correspond to worse ventricular function. IVRT, IVCT, and 
RVET can be measured by either tissue or pulsed Doppler. 
Because the RV inflow and outflow tracts are widely separated, 
two separate pulsed Doppler recordings must be made to obtain 
these variables in the right heart. Errors will be made if care is 
not taken to make measurements at comparable R-R intervals, 
especially if the rhythm is irregular; tissue Doppler RV MPI may 
often be easier to acquire (see Fig. 32-10).

RV MPI has been applied to congenital heart disease and 
evaluation of systemic RVs40-42 and in adults with pulmonary 
hypertension. MPI has also been used to identify patients with 
early RV MPI dysfunction resulting from cardiac amyloidosis. 
In this study, nonsimultaneous recordings of pulmonary artery 
outflow and tricuspid valve inflow were used. The RV MPI in 
normal adult subjects was 0.28.43 There is some concern that 
RV hypertrophy may shorten the IVRT leading to a paradoxi-
cally low MPI in the abnormal RV with hypertrophy.44

REFERENCE RANGES, QUANTITATION AND 
DATA ANALYSIS

Parameters of RV size and their reference ranges are listed in 
Table 32-2 and were outlined in Figure 32-3. It should be noted 
that several of the ranges reported in the 2010 ASE guideline 
statement deviate substantially from the ranges in the 2005 ASE 
guideline statement on chamber quantitation,45 which were 
based on very few studies.46,47

Selected parameters of RV systolic function and their refer-
ence ranges are outlined in Table 32-3. Although 2D methods 
for estimating RV EF per se have poor accuracy, individual one-
dimensional, 2D, and nongeometric measures of RV systolic 
function do have some correlation with EF, and some have 
demonstrated enough individual correlation with clinical status 
in various diseases to be clinically useful as independent mea-
sures of systolic function. TAPSE is reproducible, easily acquired, 
and increasingly studied; we recommend it be measured in all 
comprehensive transthoracic examinations.

Reference Values for Parameters of RV Size7

Parameter View
Patients 
(Studies)

Mean 
(LRV-URV)

RV basal minor 
dimension (mm)*

A4C 376 (10) 33 (24-42)

RV mid-cavity minor 
dimension (mm)

A4C 400 (12) 28 (20-35)

RV major dimension 
(mm)

A4C 359 (12) 71 (56-86)

RV end-diastolic area 
(cm2)

A4C 623 (20) 18 (10-25)

RV end-systolic area 
(cm2)

A4C 508 (16) 9 (4-14)

RVOT proximal 
dimension (mm)*

PLAX 405 (12) 25 (18-33)

RVOT proximal 
dimension (mm)

PSAX 193 (5) 28 (21-35)

RVOT distal dimension 
(mm)*

PSAX 159 (4) 22 (17-27)

End-diastolic volume 
index (mL/m2)

3D 426 (5) 65 (40-89)

End-systolic volume 
index (mL/m2)

3D 394 (4) 28 (12-45)

RV wall thickness 
(mm)*

Subcostal 180 (4) 5 (4-5)

Data from Rudski LG, Lai WW, Afilalo J, et al: Guidelines for the echocardiographic 
assessment of the right heart in adults: a report from the American Society of 
Echocardiography endorsed by the European Association of Echocardiography, a 
registered branch of the European Society of Cardiology, and the Canadian Society of 
Echocardiography. J Am Soc Echocardiogr 23:685-713, 2010.

A4C, Apical four-chamber; LRV, lower reference value (−2 standard deviations); PLAX, 
parasternal long-axis; PSAX, parasternal short-axis; RVOT, right ventricular outflow 
tract; URV, upper reference value (+2 standard deviations).

*Recommended for clinical use by the 2010 ASE guideline statement.

TABLE 
32-2 

The 2010 ASE guideline statement does not advise any sys-
tematic method for incorporating multiple measures of RV size 
or function into a unified assessment (i.e., normal, or mildly, 
moderately, or severely abnormal). We recommend supple-
menting subjective assessments of both RV size and function 
with at least one objective measurement (we recommend RV 
basal minor dimension and TAPSE). Additional objective mea-
surements should be used if initial assessments conflict or are 
ambiguous. Practical approaches are outlined in Figures 32-11 
and 32-12, but others are possible. It should be remembered 
that these approaches, like the normative values themselves, are 
guidelines and are meant to supplement rather than replace 
clinical judgment.

Index S′* TAPSE* FAC*
RV MPI 
(PW)*

RV MPI 
(TDI)*

RVEF 
(2D)

RVEF 
(3D)†

Requires geometric 
assumptions

0 0 0 0 0 +++ 0

Angle-dependent ++ ++ 0 0 0 0 0

Load-dependent + ++ ++ + + ++ ++
Requires high 

spatial resolution
0 0 ++ 0 0 ++ ++

Reference Values for Parameters of RV Function7

Parameter View Patients (Studies) Mean (LRV-URV)

S′ (cm/s)* A4C 2139 (43) 15 (10-19)

TAPSE (mm)* A4C 2320 (46) 23 (16-30)

FAC (%)* A4C 1276 (36) 49 (35-63)

RV EF (%)† 2D 596 (12) 58 (44-71)

RV EF (%)† 3D 524 (9) 57 (44-69)

RV MPI (pulsed Doppler)* A4C 590 (8) 0.28 (0.15-0.40)

RV MPI (tissue Doppler)* A4C 686 (17) 0.39 (0.24-0.55)

TABLE 
32-3 

Data from Rudski LG, Lai WW, Afilalo J, et al: Guidelines for the echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography 
endorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography. J Am Soc 
Echocardiogr 23:685-713, 2010.
A4C, Apical four-chamber; EF, ejection fraction; FAC, fractional area change; LRV, lower reference value (−2 standard deviations); RV MPI, right ventricular myocardial performance index; 

S′, systolic tricuspid annular peak velocity; TAPSE, tricuspid annular plane systolic excursion; TDI, tissue Doppler imaging; URV, upper reference value (+2 standard deviations).
*Recommended for clinical use by the 2010 ASE guideline statement.
†Recommended only for selected patients because of limited, heterogeneous normative data.
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been associated with obstructive sleep apnea,48-50 but correla-
tion with clinical outcomes has not yet been shown. Of the 
many indices that have been studied, TAPSE and RV fractional 
area change are emerging as the most widely used measures of 
RV systolic function. Selected studies showing the association 
of RV systolic dysfunction and clinical outcomes are summa-
rized in Table 32-4.32,33,51-57 Though limited because of variable 
methodology and moderate size, data show convincingly that 

Clinical Utility and Outcome Data
OUTCOME DATA

The impact of RV dilation and systolic dysfunction on clinical 
outcomes has been studied in a variety of conditions, both 
right-sided (e.g., pulmonary embolism, pulmonary hyperten-
sion, RV infarction) and systemic (myocardial infarction, LV 
systolic dysfunction, mitral regurgitation). RV dysfunction has 

Figure 32-11  Simplified algorithmic approach to assessment of RV size, beginning with visual assessment of relative RV size and incorpo-
rating basal minor dimension. dim., Dimension; RV:LV area, right ventricular to left ventricular area ratio. 

RV:LV area RV basal dim. RV mildly dilated

RV size normal

Large

Normal
or small

Patient size

RV size normal
<42 mm

<42 mm

42-48
mm

<0.66

0.66-1.0

>42 mm

≥48 mm

No

Yes

>>1.0

≈ 1.0

RV basal dim.

RV apex-
forming?

RV severely
dilated

RV moderately
dilated

RV mildly
dilated

Figure 32-12  Simplified algorithmic approach to assessment of RV systolic function, beginning with visually estimated fractional area 
change and incorporating TAPSE. FAC, Fractional area change; RVSF, right ventricular systolic function; TAPSE, tricuspid annular systolic plane 
excursion. 

Visual FAC

Yes

No

No other signs of RV
dysfunction AND other
reason for ↓ TAPSE?

RVSF probably mildly
reduced, confirm with

ancillary measures

RVSF moderately
reduced

RVSF severely
reduced
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confirm with ancillary
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RVSF normal

RVSF normal
TAPSE

TAPSE

>20 mm

>20
mm

<15
mm

>15
mm

<15 mm

Severely
reduced

Normal

15-20
mm

<20 mm

TAPSE
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2D methods.17,59 Although MRI has become the de facto stan-
dard for measurement of RV volumes, 3D echocardiography 
has shown comparable performance in vitro,60-62 and 3D echo-
cardiographic RV volumes and EF correlate closely with MRI-
derived values in healthy individuals, pulmonary hypertension, 
congenital heart disease, and ischemic heart disease.52,63-68 A 
recent metaanalysis of 23 small (n = 12-88) studies of healthy 
and diseased subjects confirmed that 3D echocardiography 
modestly underestimates RV end-diastolic volume compared to 
MRI, with greater underestimation of volumes in larger RVs69 
(Fig. 32-13).

Offline analysis remains relatively time consuming, but semi-
automated border detection and other algorithms such as 
knowledge-based reconstruction (which allows generation of 
an endocardial surface based on a small number of user-
identified points rather than fully traced endocardial borders) 
may speed the process.70

Normative data for 3D-derived RV volumes and EF are from 
relatively small studies with heterogeneous methods; however, 
upper reference limits of 89 and 45 mL/m2 for RV end-diastolic 
and end-systolic volumes and a lower reference limit of 44% for 
RV EF are suggested by the ASE, based on pooled data.7 3D 
echocardiography appears reasonable for serial assessment of 
RV volumes within an individual patient (i.e., to assess for 
disease progression or response to treatment) but is not cur-
rently recommended by the ASE for routine assessment.

ALTERNATE MEASURES OF RIGHT  
VENTRICULAR SYSTOLIC FUNCTION

Several other parameters of RV systolic function have been 
described but are as yet less suitable for clinical use because  
of limited normative data and/or practical limitations in 
acquisition.

RV systolic function correlates with prognosis across a wide 
spectrum of pathology.

CLINICAL APPLICATION

Although the foregoing data form a solid basis for further inves-
tigation, they are primarily observational. It remains unclear 
how to incorporate RV systolic dysfunction into practical clini-
cal decision making beyond awareness of its negative prognostic 
implication, and generally heightened clinical concern and 
attention in its presence.

Prospective randomized trials evaluating indices of RV func-
tion as the basis for allocation of therapeutic interventions 
(similar to those exploring LV EF as the basis for therapies such 
as defibrillators, medications for treatment of systolic heart 
failure, valve replacement, and coronary revascularization) are 
not yet available. Such prospective trials are needed before 
guidelines can be created on the use of parameters such as 
TAPSE and RV fractional area change in clinical decision 
making.

Research Applications
THREE-DIMENSIONAL ECHOCARDIOGRAPHY

The strengths of 3D echocardiography are particularly suited to 
the assessment of the RV. Interested readers should consult 
Chapter 4 for a detailed review of 3D echocardiography in 
general, and a review by Horton and colleagues58 for a discus-
sion of its use in the assessment of the RV.

The principal advantage of 3D echocardiography is the 
ability to define the entire RV endocardial surface without geo-
metric assumptions, which results in less underestimation of 
RV volumes and superior correlation with MRI as compared to 

Selected Studies Showing Association of Clinical Outcomes with Echocardiographic Parameters of RV Size and Systolic Function

Year Study n Population Follow-up Endpoint Results Adjusted for

2000 Ghio et al33 140 LVEF <35% 25 months Death or OHT TAPSE ≤14 mm → HR 2.6, adjusted Age, LVEF, sex, NYHA 
class, DT

2008 Dini et al52 142 LVEF ≤45%, MR VC ≥5 mm 20 months Death TAPSE <16 mm → HR 2.6, adjusted Age, LVEF, sex, CAD, 
NYHA class

2008 Puwanant et al53 33 LVAD 6 months RV failure TAPSE <7.5 mm → 91% specific but 
only 46% sensitive for post-LVAD 
severe RV failure

Unadjusted

2006 Forfia et al32 63 PH (47 PAH) 19 months Death Adjusted HR 1.16 for every 1-mm 
decrease in TAPSE in PAH cohort

Effusion, WHO class

2002 Zornoff et al57 416 LVEF ≤40%, 11 days 
post-MI

31 months Death RV FAC <32% → HR 2.6, adjusted Age, LVEF, sex, MI, DM, 
HTN, infarct size, 
smoking, treatment

2008 Anavekar et al51 522 LVSD or HF, 0.5-10 days 
post-MI

25 months Composite Every 5% decrease in RV FAC → HR 
1.53, adjusted; RV FAC independently 
associated with all-cause and 
cardiovascular mortality, HF, stroke

Age, LVEF, HF, Killip 
class, prior MI, first 
MI, angina, DM, AF, 
COPD, GFR

2002 Samad et al54 194 First MI 24 months Death TAPSE <15 mm → increased mortality 
(p < 0.02)

Age, LVEF

2005 Skali et al56 291 1 year post-MI 22 months Death RV FAC <32% → HR 9.7, adjusted Age, LVEF, sex, DM, 
blood pressure

2005 Scridon et al55 141 Acute pulmonary embolism 1 month Death RVEDd/LVEDd > 0.9 → higher 
mortality (9% vs. 5% for no TnI leak, 
38% vs. 23% for TnI >0.1 ng/mL)

Age, sex, hypotension

AF, Atrial fibrillation; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; DT, deceleration time; GFR, glomerular filtration rate; HF, 
heart failure; HR, hazard ratio; HTN, hypertension; LVAD, left ventricular assist device; LVEDd, left ventricular internal diastolic dimension; LVEF, left ventricular ejection fraction; 
LVSD, left ventricular systolic dysfunction; MI, myocardial infarction; MR, mitral regurgitation; NYHA, New York Heart Association; OHT, orthotopic heart transplant; PAH, pulmonary 
arterial hypertension; PE, pericardial effusion; PH, pulmonary hypertension; RV FAC, right ventricular fractional area change; RVEDd, right ventricular diastolic dimension; TAPSE, 
tricuspid annular plane systolic excursion; TnI, troponin I; VC, vena contracta; WHO, World Health Organization.

TABLE 
32-4 



624 PART VI The Right Heart

Strain and Strain Rate
Myocardial strain (percent change in length) and strain rate 
(temporal derivative of strain) can be measured using tissue 
Doppler. Longitudinal strain and strain rate of the RV free wall 
have been shown to correlate with myocardial contractility72 
and with clinical events in PH.73 However, acquisition is techni-
cally challenging, because the thin RV free wall yields a poor 
signal-to-noise ratio, and angle dependence may require medial 
displacement of the transducer from the cardiac apex to bring 
the ultrasound beam parallel to the RV free wall. Studies with 
normative values are relatively few and small, insufficient to give 
clinically useful reference ranges. 2D strain imaging using 
speckle tracking is a promising modality that allows assessment 
of strain and strain rate in multiple segments from a single clip 

dP/dt
As RV contractility declines, the peak rate of pressure rise 
(dP/dt) decreases and can be estimated noninvasively by com-
bining the simplified Bernoulli equation with measurements 
from the CW Doppler signal of TR. Because pressures are lower 
in the pulmonary vasculature, the time interval (dt) is measured 
between lower velocities than in the left heart, typically 1 to 
2 m/s (dP = 12 mm Hg). Although dP/dt is free of geometric 
assumptions, it does require a complete TR spectral Doppler 
envelope and parallel alignment with the regurgitant jet.  
Normative data are very few, although the ASE suggests 
400 mm Hg/s as a lower limit of normal. Indexing dP/dt to 
the peak RV systolic pressure theoretically reduces dependence 
on angle and preload.71
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Figure 32-13  Accuracy of 3D echocardiography for RV volumes 
and ejection fraction.  Bland-Altman  analysis  between  (A)  RV  end-
systolic volume (RV ESV ),  (B) RV end-diastolic volume (RV EDV ), and 
(C)  RV  ejection  fraction  (RVEF )  measured  by  3D  echocardiography 
(3DE )  and  magnetic  resonance  imaging  (MRI ).  Red line:  Regression 
line,  with  95%  confidence  interval  (CI )  (blue curves ).  Arrows:  Cutoff 
points at which 95% CI curves cross line of no difference (y = 0). Mean 
differences  in volumes and ejection  fraction are not  significantly dif-
ferent between the two modalities, but measurements may vary sub-
stantially for single individual. (From Shimada YJ, Shiota M, Siegel RJ, 
Shiota T: Accuracy of right ventricular volumes and function deter-
mined by three-dimensional echocardiography in comparison with 
magnetic resonance imaging: a meta-analysis study. J Am Soc Echo-
cardiogr 23:943-953, 2010.)
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than 10 mm Hg with sensitivity and specificity of 88% and 85% 
in one study,76 a cutoff of E/E′ greater than 8 was required to 
achieve similar test performance in patients after cardiac trans-
plant.77 Correlation of E/E′ with RAP may be better when RV 
systolic function is abnormal and worse early after cardiac 
surgery76. Diastolic parameters may also be confounded by TR 
(which may increase E velocity or blunt hepatic vein systolic 
flow) and tachycardia (which may decrease E/A by shortening 
diastole, or may cause E-A fusion).

Potential Limitations and  
Future Directions
Although the pooled normative data published in the 2010 ASE 
guideline statement represent a significant step forward in our 
understanding of the right heart, several important limitations 
should be noted. None of the reported values are indexed to 
body size, and care must be taken when applying published 
values to large- or small-statured patients. Normative data on 
RV size and function are heterogeneous because of pooling 
(individual studies with average n = 20 to 50). Stratification of 
RV size and systolic function beyond normal and abnormal 
(e.g., mild, moderate, or severe) remains largely subjective. As 
discussed previously, prospective trials examining the benefit of 
using parameters of RV size and function to guide clinical deci-
sions are lacking.

Future studies should address these limitations. Larger 
studies from a single center, or multiple centers with well-
defined protocols for acquisition, should verify both raw and 
body-size-indexed normative values. Observational data sug-
gesting worsened prognosis in the setting of RV systolic func-
tion should be extended with prospective trials examining 
treatment effect on populations selected using parameters of 
RV size and function.

3D echocardiography faces challenges similar to those faced 
by 2D echocardiography as described earlier. Although the 
superiority of 3D echocardiography in measurement of RV 
volumes and EF compared to 2D echocardiography is well 
established, 3D echocardiography is unlikely to be used rou-
tinely for assessment of the RV until a direct impact on clinical 
management is demonstrated.

Alternate Approaches
MRI, computed tomography, and nuclear techniques have been 
applied to assessment of RV size and function. MRI has emerged 
as the de facto gold standard for right heart assessment. It has 
several advantages compared to echocardiography in assess-
ment of the RV. MRI delineates the entire RV without geometric 
assumptions, is minimally affected by tissue and air interfer-
ence, and has much higher myocardial-endocardial contrast, 
usually resulting in superior image quality (Fig. 32-14; compare 
to Fig. 32-9). Endocardial borders must still be generated 
through manual tracing, automated detection, or other 
methods. Like 3D echocardiography, MRI remains limited to a 
relatively few centers. It is not portable, may be limited by 
patient claustrophobia and the need to exclude metal from the 
imaging area, and cannot be used in patients with advanced 
renal failure because of the risk of nephrogenic systemic fibro-
sis. MRI can evaluate blood flow and calculate stroke volumes 
and cardiac output, but echocardiography and Doppler remain 
superior for evaluation of valve disease.

and partially overcomes the issue of angle dependence. However, 
normative data from this modality are even fewer than for one-
dimensional strain. In general, systolic strain in the midwall of 
the RV is higher than either the basal or apical segments, and 
the RV demonstrates higher strain and strain rates compared 
to the LV74.

Isovolumic Acceleration
Isovolumic acceleration is defined as peak myocardial velocity 
during isovolumic contraction divided by the time from onset 
of contraction to peak velocity. This index is measured using 
tissue Doppler of the tricuspid annulus and may be less load 
dependent than other indices.75 A lower reference limit of 
2.2 m/s2 based on pooled data is proposed by the ASE,7 but 
limited data result in a wide 95% confidence interval (1.4 to 
3.0), limiting its clinical utility.

RIGHT VENTRICULAR DIASTOLIC FUNCTION

RV diastolic dysfunction, like RV systolic function, is associated 
with many clinical conditions, both “right-sided” (e.g., pulmo-
nary hypertension, pulmonary embolism, right coronary isch-
emia) and systemic (left heart failure, heart transplantation, 
left-sided valve disease). There is not yet an established benefit 
to routine assessment of RV diastolic function; however, RV 
diastolic parameters may be useful adjuncts in assessment of 
right-sided filling pressures, or in identifying early disease when 
right-sided pathology is strongly suspected but RV size and 
systolic function appear normal.

Characterization of RV diastolic function is conceptually 
analogous to LV diastolic function. E/A and E/E′ are calculated 
from tricuspid inflow at the leaflet tips and tricuspid annular 
tissue Doppler. Ancillary measures are also similar, with hepatic 
vein diastolic flow predominance and RA dilation suggesting 
diastolic dysfunction. A reasonable clinical rubric for grading 
diastolic function is outlined in Table 32-5 and is largely in 
keeping with ASE guidelines. Tricuspid Doppler measurements 
should be taken from the apical four-chamber view during held 
end-expiration to avoid beat-to-beat variation in RV preload.

A few small studies suggest that E/E′ may be a promising 
measure of RAP. In two studies, E/E′ correlated well with RAP 
(r ≈ 0.8).76,77 Although E/E′ greater than 4 predicted RAP greater 

Reference Values for Parameters of RV Diastolic Function7

Parameter Normal

Impaired 
Relaxation 
(Grade 1)

Pseudonormal 
(Grade 2)

Restrictive
(Grade 3)

*Trans-
tricuspid 
E/A

0.8-2.1 <0.8 0.8-2.1 >2.1

*Tricuspid 
E/E′

<6 <6 >6 >6

*RA size Normal Normal or 
dilated

Dilated Dilated

Hepatic vein 
flow

Systolic-
predominant

Diastolic-
predominant

Diastolic-
predominant

Other 
parameters

DT < 120 ms
Premature (late 

diastolic) PV 
opening

A, Atrial contraction transtricuspid peak flow velocity; DT, deceleration time of the 
tricuspid valve; E, early diastolic transtricuspid peak flow velocity; E′, early diastolic 
tricuspid annulus velocity; PV, pulmonic valve.

*Recommended for clinical use by the 2010 ASE guideline statement.

TABLE 
32-5 
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Cardiac computed tomography shares several of the strengths 
of MRI, including true 3D analysis independent of geometric 
assumptions and excellent myocardial-endocardial contrast, 
but radiation and potentially nephrotoxic contrast exposure 
have rendered it unpopular relative to MRI.

Nuclear imaging techniques with blood-pool imaging  
(e.g., first-pass or equilibrium radionuclide angiography) also 
measure RV EF without geometric assumptions. Correlation 
with correlation with MRI-derived RV EF is favorable,78 but 

Figure 32-14  Cardiac magnetic resonance imaging of heart affected by arrhythmogenic RV cardiomyopathy. Global RV dysfunction is evident, 
as well as small dyskinetic aneurysm near RV outflow tract (arrowheads). Top left: Horizontal long-axis, end-diastole. Top right: Horizontal long-axis, 
end-systole. Bottom left: Short-axis, end-diastole. Bottom right: Short-axis, end-systole. 

RV

RV

RA

LV

LV

LA

KEY POINTS

 Complex RV geometry mandates assessment of size and 
function from multiple echocardiographic views.

 2D echocardiography remains the dominant clinical 
modality for assessment of RV size and function because 
of its widespread availability, but it does not yield accurate 
RV volumes or RV EF.

 “Standard” 2D transthoracic echocardiography views 
may not optimally demonstrate the right heart. Dedicated 
views of the RV (e.g., apical four-chamber view angled to 
bring the RV free wall and lateral tricuspid annulus toward 
the center of the field) should be used as needed.

 Normal reference values for recommended parameters of 
RV size (95th percentile upper limit) include basal minor 

dimension less than 42 mm, proximal RVOT diameter less 
than 33 mm (from the parasternal long-axis view), and 
distal RVOT diameter less than 27 mm (parasternal short-
axis). If the LV is normal-sized, RV area greater than two-
thirds LV area in the apical four-chamber view suggests 
RV enlargement.

 Normal reference values for recommended parameters of 
RV systolic function (95th percentile limit) include TAPSE 
greater than 16 mm, fractional area change greater than 
35%, peak tricuspid annular velocity (S′) greater than 
10 cm/s, and pulsed-Doppler right ventricular myocardial 
performance index (RV MPI) less than 0.40.

because nuclear imaging provides little other information about 
the right heart and requires radiation exposure, it is rarely used 
as a first-line modality for right heart assessment.

ACKNOWLEDGMENTS

The author acknowledges Paul R. Forfia, MD, and Susan E. 
Wiegers, MD, the authors of this chapter in The Practice of Clini-
cal Echocardiography, third edition.



  32  Right Ventricular Anatomy, Function, and Echocardiographic Evaluation 627

REFERENCES

KEY POINTS—cont’d

 TAPSE and fractional area change appear to correlate with 
clinical status in broad range of cardiovascular diseases. 
TAPSE is gaining clinical popularity because of its repro-
ducibility and ease of acquisition and measurement. We 
recommend combining TAPSE with visual assessment 
when reporting RV systolic function. Prior cardiac surgery 
and LV dysfunction may reduce TAPSE independently of 
RV dysfunction. If TAPSE and visual assessment are  
discordant, other parameters (fractional area change, S′, 
RV PMI) help resolve the ambiguity.

 PASP is calculated by the peak velocity of the TR jet with 
the formula PASP = 4vTR

2 + RAP. The RAP is calculated by 
the degree of collapse of the IVC with inspiration or sniff. 
The diastolic pressure can be calculated from the pulmo-
nary regurgitant jet velocity.

 3D methods for assessment of RV size and function have 
shown promising results, but clinical use remains restricted 
by availability and limited normative and outcome data. 
MRI and 3D echocardiography show comparable perfor-
mance for measurement of RV volumes and EF.

1. Markiewicz W, Sechtem U, Higgins CB: Evalua-
tion of the right ventricle by magnetic resonance 
imaging. Am Heart J 113:8-15, 1987.

2. Santamore WP, Dell’Italia LJ: Ventricular inter-
dependence: significant left ventricular contri-
butions to right ventricular systolic function. 
Prog Cardiovasc Dis 40:289-308, 1998.

3. Bakos A: The question of the function of the 
right ventricular myocardium: an experimental 
study. Fed Proc 7:724-732, 1948.

4. Hess DS, Bache RJ: Transmural right ventricular 
myocardial blood flow during systole in the 
awake dog. Circ Res 45:88-94, 1979.

5. Lowensohn HS, Khouri EM, Gregg DE, et al: 
Phasic right coronary artery blood flow in  
conscious dogs with normal and elevated  
right ventricular pressures. Circ Res 39:760-766, 
1976.

6. Forman MB, Wilson BH, Sheller JR, et al: Right 
ventricular hypertrophy is an important deter-
minant of right ventricular infarction compli-
cating acute inferior left ventricular infarction.  
J Am Coll Cardiol 10:1180-1187, 1987.

7. Rudski LG, Lai WW, Afilalo J, et al: Guidelines 
for the echocardiographic assessment of the 
right heart in adults: a report from the American 
Society of Echocardiography endorsed by the 
European Association of Echocardiography, a 
registered branch of the European Society of 
Cardiology, and the Canadian Society of Echo-
cardiography. J Am Soc Echocardiogr 23:685-713; 
quiz 786-688, 2010.

8. Dell’Italia LJ, Santamore WP: Can indices of left 
ventricular function be applied to the right ven-
tricle? Prog Cardiovasc Dis 40:309-324, 1998.

9. Maughan WL, Shoukas AA, Sagawa K, Weisfeldt 
ML: Instantaneous pressure-volume relation-
ship of the canine right ventricle. Circ Res 
44:309-315, 1979.

10. Geva T, Powell AJ, Crawford EC, et al: Evalua-
tion of regional differences in right ventricular 
systolic function by acoustic quantification 
echocardiography and cine magnetic resonance 
imaging. Circulation 98:339-345, 1998.

11. Rushmer RF, Crystal DK, Wagner C: The func-
tional anatomy of ventricular contraction. Circ 
Res 1:162-170, 1953.

12. Kaul S, Tei C, Hopkins JM, Shah PM: Assess-
ment of right ventricular function using two-
dimensional echocardiography. Am Heart J 
107:526-531, 1984.

13. Leather HA, Ama R, Missant C, et al: Longitu-
dinal but not circumferential deformation 
reflects global contractile function in the right 
ventricle with open pericardium. Am J Physiol 
Heart Circ Physiol 290:H2369-H2375, 2006.

14. Sanchez-Quintana D, Anderson RH, Ho SY: 
Ventricular myoarchitecture in tetralogy of 
Fallot. Heart 76:280-286, 1996.

15. Kind T, Mauritz GJ, Marcus JT, et al: Right ven-
tricular ejection fraction is better reflected by 
transverse rather than longitudinal wall motion 
in pulmonary hypertension. J Cardiovasc Magn 
Reson 12:35, 2010.

16. Jiang L, Levine RA, Weyman AE: Echocardio-
graphic assessment of right ventricular volume 
and function. Echocardiography 14:189-206, 
1997.

17. Kjaergaard J, Petersen CL, Kjaer A, et al: Evalu-
ation of right ventricular volume and function 
by 2D and 3D echocardiography compared to 
MRI. Eur J Echocardiogr 7:430-438, 2006.

18. Baker BJ, Scovil JA, Kane JJ, Murphy ML: Echo-
cardiographic detection of right ventricular 
hypertrophy. Am Heart J 105:611-614, 1983.

19. Cacho A, Prakash R, Sarma R, Kaushik VS: Use-
fulness of two-dimensional echocardiography 
in diagnosing right ventricular hypertrophy. 
Chest 84:154-157, 1983.

20. Maciel BC, Simpson IA, Valdes-Cruz LM, et al: 
Color flow Doppler mapping studies of “physi-
ologic” pulmonary and tricuspid regurgitation: 
evidence for true regurgitation as opposed to a 
valve closing volume. J Am Soc Echocardiogr 
4:589-597, 1991.

21. Bauman W, Wann LS, Childress R, et al: Mid 
systolic notching of the pulmonary valve in the 
absence of pulmonary hypertension. Am J 
Cardiol 43:1049-1052, 1979.

22. Gardin JM, Burn CS, Childs WJ, Henry WL: 
Evaluation of blood flow velocity in the ascend-
ing aorta and main pulmonary artery of normal 
subjects by Doppler echocardiography. Am 
Heart J 107:310-319, 1984.

23. Kircher BJ, Himelman RB, Schiller NB: Nonin-
vasive estimation of right atrial pressure from 
the inspiratory collapse of the inferior vena cava. 
Am J Cardiol 66:493-496, 1990.

24. Marangoni S, Vitacca M, Quadri A, et al: Non-
invasive haemodynamic effects of two nasal 
positive pressure ventilation modalities in stable 
chronic obstructive lung disease patients. Respi-
ration 64:138-144, 1997.

25. Yock PG, Popp RL: Noninvasive estimation of 
right ventricular systolic pressure by Doppler 
ultrasound in patients with tricuspid regurgita-
tion. Circulation 70:657-662, 1984.

26. Berger M, Haimowitz A, Van Tosh A, et al: 
Quantitative assessment of pulmonary hyper-
tension in patients with tricuspid regurgitation 
using continuous wave Doppler ultrasound.  
J Am Coll Cardiol 6:359-365, 1985.

27. Chan KL, Currie PJ, Seward JB, et al: Compari-
son of three Doppler ultrasound methods in the 
prediction of pulmonary artery pressure. J Am 
Coll Cardiol 9:549-554, 1987.

28. Currie PJ, Seward JB, Chan KL, et al: Continu-
ous wave Doppler determination of right  
ventricular pressure: a simultaneous Doppler- 
catheterization study in 127 patients. J Am Coll 
Cardiol 6:750-756, 1985.

29. Stevenson JG: Comparison of several noninva-
sive methods for estimation of pulmonary 
artery pressure. J Am Soc Echocardiogr 2:157-
171, 1989.

30. Masuyama T, Kodama K, Kitabatake A, et al: 
Continuous-wave Doppler echocardiographic 
detection of pulmonary regurgitation and its 
application to noninvasive estimation of pul-
monary artery pressure. Circulation 74:484-492, 
1986.

31. Hammarstrom E, Wranne B, Pinto FJ, et al:  
Tricuspid annular motion. J Am Soc Echocar-
diogr 4:131-139, 1991.

32. Forfia PR, Fisher MR, Mathai SC, et al: Tricuspid 
annular displacement predicts survival in pul-
monary hypertension. Am J Respir Crit Care 
Med 174:1034-1041, 2006.

33. Ghio S, Recusani F, Klersy C, et al: Prognostic 
usefulness of the tricuspid annular plane sys-
tolic excursion in patients with congestive heart 
failure secondary to idiopathic or ischemic 
dilated cardiomyopathy. Am J Cardiol 85:837-
842, 2000.

34. Hsiao SH, Lin SK, Wang WC, et al: Severe  
tricuspid regurgitation shows significant impact 
in the relationship among peak systolic tricus-
pid annular velocity, tricuspid annular plane 
systolic excursion, and right ventricular ejection 
fraction. J Am Soc Echocardiogr 19:902-910, 
2006.

35. Lopez-Candales A, Rajagopalan N, et al: Right 
ventricular systolic function is not the sole 
determinant of tricuspid annular motion. Am J 
Cardiol 98:973-977, 2006.

36. Tamborini G, Muratori M, Brusoni D, et al: Is 
right ventricular systolic function reduced after 
cardiac surgery? A two- and three-dimensional 
echocardiographic study. Eur J Echocardiogr 
10:630-634, 2009.

37. Doutreleau S, Talha S, Di Marco P, et al: Does 
tricuspid annular plane systolic excursion 
(TAPSE) or systolic velocity (Sm) allow an 
easier determination of right ventricular func-
tion after heart transplantation? J Heart Lung 
Transplant 26:302-303, 2007.

38. Anavekar NS, Gerson D, Skali H, et al: Two-
dimensional assessment of right ventricular 



628 PART VI The Right Heart

function: an echocardiographic-MRI correlative 
study. Echocardiography 24:452-456, 2007.

39. Kukulski T, Hubbert L, Arnold M, et al: Normal 
regional right ventricular function and its 
change with age: a Doppler myocardial imaging 
study. J Am Soc Echocardiogr 13:194-204, 2000.

40. Morhy SS, Andrade JL, Soares AM, et al: Non-
invasive assessment of right ventricular function 
in the late follow-up of the Senning procedure. 
Cardiol Young 15:154-159, 2005.

41. Norozi K, Buchhorn R, Alpers V, et al: Relation 
of systemic ventricular function quantified  
by myocardial performance index (Tei) to car-
diopulmonary exercise capacity in adults after 
Mustard procedure for transposition of the 
great arteries. Am J Cardiol 96:1721-1725, 2005.

42. Salehian O, Schwerzmann M, Merchant N, et al: 
Assessment of systemic right ventricular func-
tion in patients with transposition of the great 
arteries using the myocardial performance 
index: comparison with cardiac magnetic  
resonance imaging. Circulation 110:3229-3233, 
2004.

43. Kim WH, Otsuji Y, Yuasa T, et al: Evaluation of 
right ventricular dysfunction in patients with 
cardiac amyloidosis using Tei index. J Am Soc 
Echocardiogr 17:45-49, 2004.

44. Abdel Rahman MY, Abdul-Khaliq H, Vogel M, 
et al: Value of the new Doppler-derived myocar-
dial performance index for the evaluation of 
right and left ventricular function following 
repair of tetralogy of Fallot. Pediatr Cardiol 
23:502-507, 2002.

45. Lang RM, Bierig M, Devereux RB, et al: Recom-
mendations for chamber quantification: a 
report from the American Society of Echocar-
diography’s Guidelines and Standards Commit-
tee and the Chamber Quantification Writing 
Group, developed in conjunction with the Euro-
pean Association of Echocardiography, a branch 
of the European Society of Cardiology. J Am Soc 
Echocardiogr 18:1440-1463, 2005.

46. Foale R, Nihoyannopoulos P, McKenna W, et al: 
Echocardiographic measurement of the normal 
adult right ventricle. Br Heart J 56:33-44, 1986.

47. Schnittger I, Gordon EP, Fitzgerald PJ, Popp RL: 
Standardized intracardiac measurements of 
two-dimensional echocardiography. J Am Coll 
Cardiol 2:934-938, 1983.

48. Bayram NA, Ciftci B, Bayram H, et al: Effects of 
continuous positive airway pressure therapy on 
right ventricular function assessment by tissue 
Doppler imaging in patients with obstructive 
sleep apnea syndrome. Echocardiography 25:
1071-1078, 2008.

49. Romero-Corral A, Somers VK, Pellikka PA, et al: 
Decreased right and left ventricular myocardial 
performance in obstructive sleep apnea. Chest 
132:1863-1870, 2007.

50. Tugcu A, Guzel D, Yildirimturk O, Aytekin S: 
Evaluation of right ventricular systolic and dia-
stolic function in patients with newly diagnosed 
obstructive sleep apnea syndrome without 
hypertension. Cardiology 113:184-192, 2009.

51. Anavekar NS, Skali H, Bourgoun M, et al: Use-
fulness of right ventricular fractional area 
change to predict death, heart failure, and stroke 
following myocardial infarction (from the 
VALIANT ECHO Study). Am J Cardiol 101:607-
612, 2008.

52. Dini FL, Fontanive P, Panicucci E, et al: Prognos-
tic significance of tricuspid annular motion and 

plasma NT-proBNP in patients with heart 
failure and moderate-to-severe functional 
mitral regurgitation. Eur J Heart Fail 10:573-
580, 2008.

53. Puwanant S, Hamilton KK, Klodell CT, et al: 
Tricuspid annular motion as a predictor of 
severe right ventricular failure after left ven-
tricular assist device implantation. J Heart Lung 
Transplant 27:1102-1107, 2008.

54. Samad BA, Alam M, Jensen-Urstad K: Prognos-
tic impact of right ventricular involvement as 
assessed by tricuspid annular motion in patients 
with acute myocardial infarction. Am J Cardiol 
90:778-781, 2002.

55. Scridon T, Scridon C, Skali H, et al: Prognostic 
significance of troponin elevation and right ven-
tricular enlargement in acute pulmonary embo-
lism. Am J Cardiol 96:303-305, 2005.

56. Skali H, Zornoff LA, Pfeffer MA, et al: Prognos-
tic use of echocardiography 1 year after a myo-
cardial infarction. Am Heart J 150:743-749, 
2005.

57. Zornoff LA, Skali H, Pfeffer MA, et al: Right 
ventricular dysfunction and risk of heart failure 
and mortality after myocardial infarction. J Am 
Coll Cardiol 39:1450-1455, 2002.

58. Horton KD, Meece RW, Hill JC: Assessment  
of the right ventricle by echocardiography: a 
primer for cardiac sonographers. J Am Soc Echo-
cardiogr 22:776-792, 2009; quiz 861-772.

59. Jenkins C, Chan J, Bricknell K, et al: Reproduc-
ibility of right ventricular volumes and ejection 
fraction using real-time three-dimensional 
echocardiography: comparison with cardiac 
MRI. Chest 131:1844-1851, 2007.

60. Schindera ST, Mehwald PS, Sahn DJ, Kececioglu 
D: Accuracy of real-time three-dimensional 
echocardiography for quantifying right ven-
tricular volume: static and pulsatile flow studies 
in an anatomic in vitro model. J Ultrasound Med 
21:1069-1075, 2002.

61. Sheehan FH, Bolson EL: Measurement of right 
ventricular volume from biplane contrast ven-
triculograms: validation by cast and three-
dimensional echo. Catheter Cardiovasc Interv 
62:46-51, 2004.

62. Shiota T, Jones M, Chikada M, et al: Real-time 
three-dimensional echocardiography for deter-
mining right ventricular stroke volume in an 
animal model of chronic right ventricular 
volume overload. Circulation 97:1897-1900, 
1998.

63. Grewal J, Majdalany D, Syed I, et al: Three-
dimensional echocardiographic assessment of 
right ventricular volume and function in adult 
patients with congenital heart disease: compari-
son with magnetic resonance imaging. J Am Soc 
Echocardiogr 23:127-133, 2010.

64. Leibundgut G, Rohner A, Grize L, et al: Dynamic 
assessment of right ventricular volumes and 
function by real-time three-dimensional echo-
cardiography: a comparison study with mag-
netic resonance imaging in 100 adult patients.  
J Am Soc Echocardiogr 23:116-126, 2010.

65. Nesser HJ, Tkalec W, Patel AR, et al: Quantitation 
of right ventricular volumes and ejection frac-
tion by three-dimensional echocardiography in 
patients: comparison with magnetic resonance 
imaging and radionuclide ventriculography. 
Echocardiography 23:666-680, 2006.

66. van der Zwaan HB, Helbing WA, McGhie JS, et al: 
Clinical value of real-time three-dimensional 

echocardiography for right ventricular quantifi-
cation in congenital heart disease: validation with 
cardiac magnetic resonance imaging. J Am Soc 
Echocardiogr 23:134-140, 2010.

67. Gopal AS, Chukwu EO, Iwuchukwu CJ, et al: 
Normal values of right ventricular size and 
function by real-time 3-dimensional echocar-
diography: comparison with cardiac magnetic 
resonance imaging. J Am Soc Echocardiogr 
20:445-455, 2007.

68. Grapsa J, O’Regan DP, Pavlopoulos H, et al: 
Right ventricular remodelling in pulmonary 
arterial hypertension with three-dimensional 
echocardiography: comparison with cardiac 
magnetic resonance imaging. Eur J Echocardiogr 
11:64-73, 2010.

69. Shimada YJ, Shiota M, Siegel RJ, Shiota T: Accu-
racy of right ventricular volumes and function 
determined by three-dimensional echocardiog-
raphy in comparison with magnetic resonance 
imaging: a meta-analysis study. J Am Soc Echo-
cardiogr 23:943-953, 2010.

70. Sheehan FH, Kilner PJ, Sahn DJ, et al: Accuracy 
of knowledge-based reconstruction for mea-
surement of right ventricular volume and func-
tion in patients with tetralogy of Fallot. Am J 
Cardiol 105:993-999, 2010.

71. Kanzaki H, Nakatani S, Kawada T, et al: Right 
ventricular dP/dt/P(max), not dP/dt(max), non-
invasively derived from tricuspid regurgitation 
velocity is a useful index of right ventricular 
contractility. J Am Soc Echocardiogr 15:136-142, 
2002.

72. Jamal F, Bergerot C, Argaud L, et al: Longitudi-
nal strain quantitates regional right ventricular 
contractile function. Am J Physiol Heart Circ 
Physiol 285:H2842-H2847, 2003.

73. Sachdev A, Villarraga HR, Frantz RP, et al: Right 
ventricular strain for prediction of survival  
in pulmonary arterial hypertension. Chest 
139:1299-1309, 2011.

74. Weidemann F, Eyskens B, Jamal F, et al: Quanti-
fication of regional left and right ventricular 
radial and longitudinal function in healthy chil-
dren using ultrasound-based strain rate and 
strain imaging. J Am Soc Echocardiogr 15:20-28, 
2002.

75. Kjaergaard J, Snyder EM, Hassager C, et al: 
Impact of preload and afterload on global and 
regional right ventricular function and pressure: 
a quantitative echocardiography study. J Am Soc 
Echocardiogr 19:515-521, 2006.

76. Sade LE, Gulmez O, Eroglu S, et al: Noninvasive 
estimation of right ventricular filling pressure 
by ratio of early tricuspid inflow to annular dia-
stolic velocity in patients with and without 
recent cardiac surgery. J Am Soc Echocardiogr 
20:982-988, 2007.

77. Sundereswaran L, Nagueh SF, Vardan S, et al: 
Estimation of left and right ventricular filling 
pressures after heart transplantation by tissue 
Doppler imaging. Am J Cardiol 82:352-357, 
1998.

78. Hornung TS, Anagnostopoulos C, Bhardwaj P, 
et al: Comparison of equilibrium radionuclide 
ventriculography with cardiovascular magnetic 
resonance for assessing the systemic right ven-
tricle after Mustard or Senning procedures for 
complete transposition of the great arteries. Am 
J Cardiol 92:640-643, 2003.



33  Echocardiographic Evaluation of the 
Patient with Pulmonary Hypertension
PAUL ROBERT FORFIA, MD | SUSAN E. WIEGERS, MD

Pulmonary Artery Pressure and Right Ventricular 
Afterload

Right Ventricular-Pulmonary Vascular Interaction
Pulmonary Vascular Disease

Pulmonary Arterial Hypertension
Acute Pulmonary Embolism
Chronic Pulmonary Embolism
Pulmonary Venous Disease

Pulmonary Hypertension as a Result of Chronic 
Respiratory Disease

Lung Transplantation

Pulmonary Hypertension without Pulmonary Vascular 
Disease
Pulmonary Hypertension Related to Increased Cardiac 

Output
Systemic to Pulmonary Venous Shunts

Pulmonary Hypertension Related to Left Heart Disease 
(Pulmonary Venous Hypertension)
Differentiating Pulmonary Vascular (Arterial) from 

Pulmonary Venous Hypertension
Exercise Echocardiography

Pulmonary hypertension (PH) is defined as a mean pulmo-
nary artery pressure (mPAP) of more than 25 mm Hg, which 
typically coincides with a pulmonary artery (PA) systolic pres-
sure (PASP) of more than 40 mm Hg.1,2 An increased mPAP is 
the hemodynamic consequence of perturbations in pulmonary 
blood flow (cardiac output [CO]), pulmonary vascular resis-
tance (PVR), and left atrium (LA) pressure, as expressed in the 
following equation: 

mPAP CO PVR LA pressure= × +  

where mPAP and LA pressure are measured in mm Hg, cardiac 
output in L/min, and PVR in mm Hg/L/min.  Clinically PVR 
usually is expressed in Wood units, with a normal PVR less than 
1.6 Wood units.

Many clinical diagnoses can cause or contribute to PH, 
including left heart disease with pulmonary venous hyperten-
sion (PVH; World Health Organization [WHO] group II), 
chronic respiratory conditions typically associated with hypoxia 
(WHO group III), chronic thromboembolic PH (CTEPH; 
WHO group IV), and miscellaneous/multifactorial causes 
(WHO group V). In addition, PH may arise from severe pul-
monary vasculopathy in the absence of chronic left heart 
disease, respiratory disease, or prior pulmonary emboli, which 
is referred to as pulmonary arterial hypertension (PAH; WHO 
group I).3 Given the highly diverse nature of PH, careful clinical 
and hemodynamic distinctions need to be made for the appro-
priate PH diagnosis. This is particularly true with discerning 
PAH from PVH because PH-specific therapy (i.e., prostacyclin 
analogues, endothelin receptor antagonists) intended for 
patients with PAH has either no effect or worsens the condition 
of a patient with left heart disease (Box 33-1).

The echocardiographic examination is central to the initial 
diagnosis of PH, and the serial assessment of PH. Fundamental to 
the diagnostic assessment is a variety of Doppler imaging–based 
pulmonary pressure estimations, as outlined in Chapter 32. 

However, many other ways exist to diagnose, infer, and assess 
PH and its hemodynamic causes aside from Doppler pressure 
estimation. Overreliance or exclusive focus on the Doppler 
pressure estimates and a failure to integrate other salient two-
dimensional (2D) and Doppler findings into the overall echo-
cardiographic interpretation greatly increase the risk of 
false-positive and false-negative diagnoses of PH. Conversely, a 
more integrated and pathophysiologic approach to the assess-
ment not only enhances the diagnostic accuracy of PH but also 
allows for a much greater degree of pathophysiologic insight 
into an individual patient’s PH.

Pulmonary Artery Pressure and Right 
Ventricular Afterload
The level of pressure elevation does not correlate well with 
functional limitations or prognosis in PAH.4 Similarly, right 
ventricular (RV) size, septal position, and RV systolic function 
vary widely at the same level of mean PAP, depending on the 
specific hemodynamic cause.5 These observations relate to the 
fact that PAP is a relatively poor and incomplete measure of RV 
afterload. Afterload is the force that opposes RV ejection, and 
thus pulmonary blood flow, and is most completely described 
by PA input impedance. Input impedance is a composite 
measure of afterload that includes vascular resistance (PVR = 
mPAP − LA pressure/pulmonary blood flow), large PA stiffness, 
and the effects of these two factors on the magnitude and timing 
of reflected arterial waves arriving at the RV during systole.6

Thus PH can be present with normal pulmonary vessels when 
there is a high flow state or an elevated LA pressure, even when 
the pulmonary vessels themselves are normal. Conversely, 
abnormal changes in the pulmonary vessels themselves, or pul-
monary vascular disease (PVD), may be present with only 
modest elevations in pulmonary pressure. Increased RV after-
load is present in PH associated with PVD and is comparatively 
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amounts of blood flow without a resulting high pressure. As 
PVD develops, the PVR increases and the large arteries stiffen. 
As a result, the (formerly appropriate) nonmuscular RV is typi-
cally incapable of completely matching or of coupling its con-
tractile performance to its new afterload.8,9 This relative RV-PA 
uncoupling leads to a stereotypical triad of changes that occur 
at the level of the RV, including RV systolic dysfunction, 
increased size and altered shape of the RV, and varying degrees 
of systolic and diastolic bowing of the interventricular septum 
(Fig. 33-1). This triad of changes forms the basis of the echo-
cardiographic diagnosis of PH+PVD. The degree to which these 
changes occur is contingent on the degree of RV-PA uncou-
pling. Thus, at a PVR of 5 Wood units, a patient with depressed 
RV contractility has far more uncoupling to the vascular load 
than a patient with an intrinsically normal RV coupled to the 
same afterload. As such, the RV dysfunction triad helps to adju-
dicate and assess the physiologic and clinical significance of any 
given degree of PVD. The greater the RV impairment, the 
greater the clinical and physiologic significance of the PH+PVD, 
no matter what the noninvasive (or invasive) pressure may be.

The RV outflow tract (RVOT) is a key anatomic and physi-
ologic interface between the RV and pulmonary vasculature 
(Fig. 33-2, A). The pulsed-wave Doppler RV outflow velocity 
curve provides a wealth of physiologic information about RV 
and pulmonary vascular function. As such, analysis of the 
Doppler velocity signal represents perhaps the single most 
important aspect of the echocardiographic examination in a 
patient with known or suspected PH.

Early work from Kitabatake and associates10 showed that the 
time to peak velocity, or acceleration time (AcT), of the RV 
outflow velocity curve provides an estimate of mPAP (Fig. 33-2, 
C). An average AcT of 137 ± 24 ms was seen in subjects with a 
mean PA pressure of 19 mm Hg or less, whereas AcTs of 97 ± 
20 ms and 65 ± 14 ms were seen in patients with a mPAP of 20 
to 39 mm Hg and 40 mm Hg or more, respectively. This 
method is relatively easy to perform and highly reproducible; 
and unlike pressure estimates based on tricuspid regurgitation 
(TR) velocity, Doppler recordings from the RVOT are available 
in virtually all patients. The AcT can provide useful corrobora-
tive information that aids in the accuracy of PH diagnosis; for 
example, in the presence of borderline PH by TR jet velocity, 
an AcT of more than 100 ms suggests there is no PH, whereas 
an AcT of less than 70 ms greatly increases the likelihood of 
significant PH.

In addition to AcT measurement, visual inspection of the 
shape of the RV outflow velocity signal has also been be used 
to qualitatively differentiate varying levels of PH. Prior work has 
shown that a rounded velocity curve with no evidence of 
Doppler “notching” has been associated with normal PA pres-
sures, and that patients with mild-moderate PH more often 
have a triangular, or dagger-shaped, curve (often with late-
systolic notching) and those with severe PH typically manifest 
prominent midsystolic notching of the Doppler velocity signal.10 
However, these same authors pointed out that only 53% of 
patients with PH evidenced a notched flow curve, which sug-
gests that pressure is an associate cause but not the actual physi-
ologic cause of this notching pattern.

The actual cause of Doppler notching is early arrival of 
reflected arterial waves from the pulmonary vasculature that 
leads to “real-time” impedance to RV ejection.11 This was ini-
tially described in the setting of acute and chronic pulmonary 
emboli, related to proximal vascular obstruction.12,13 However, 
Torbicki and colleagues12 showed that the time to midsystolic 

Box 33-1 

PULMONARY HYPERTENSION DEFINITIONS 
AND WHO GROUPS

Pulmonary hypertension (PH): an elevated pulmonary 
artery pressure of any cause
Group I. Pulmonary arterial hypertension (PAH): PH 

due to severe pulmonary vasculopathy in the absence 
of an identifiable underlying cause

Group II. Pulmonary venous hypertension (PVH): PH 
due to left sided heart disease

Group III. PH due to chronic lung disease with hypoxia
Group IV. Chronic thromboembolic pulmonary 

hypertension (CTEPH)
Group V. Miscellaneous and other causes

Other definitions:
PASP, pulmonary artery systolic pressure
mPAP, mean pulmonary artery pressure
PVD, pulmonary vascular disease (abnormal pulmonary 

vessels)

low in PH without PVD. PVR accounts for approximately 80% 
of total afterload in most clinical circumstances.6 Increased PAP 
does increase afterload indirectly via increased PA stiffening, but 
to a relatively small degree. For example, in a patient with a large 
atrial septal defect but normal PVR, the RV can eject 15 L of 
flow through the lung (Qp), despite severe PH, and maintain 
normal RV systolic function. In this same patient, however, if 
the PVR increases from 2 mm Hg/L/min to 8 mm Hg/L/min, 
the Qp falls dramatically and frank RV dysfunction manifests.

The distinction between PAP and RV afterload has consider-
able practical value in the context of an echocardiographic 
evaluation of a patient with known or suspected PH. RV after-
load, not PAP, is what impairs RV function and leads to the 
stereotypical triad of RV enlargement, interventricular septal 
flattening, and RV systolic dysfunction in PH. With this in 
mind, the clinician should remain highly suspicious for PH 
related to PVD if RV dilation, dysfunction, and septal bowing 
are present, even if the Doppler image–estimated PASP is 
reported as normal. This point cannot be overemphasized. 
Fisher et al7 reported that more than 80% of subjects with 
severe PH that was related to an increased PVR and with PASP 
that was significantly underestimated with Doppler imaging 
possessed at least one of three features of the RV dysfunction 
triad on 2D examination. Conversely, if a patient has PH 
without significant rise in afterload (i.e., normal PVR), as in 
cases of high output PH or PH related to LA hypertension, RV 
structure and function remain comparatively normal, with the 
conspicuous absence of the RV dysfunction triad. Therefore, 
one can think of the RV as bearing witness to what is occurring 
within the pulmonary circulation. For these reasons, we con-
sider PH associated with PVD (PH+PVD) separately from PH in 
the relative absence of PVD (PHøPVD).

Right Ventricular-Pulmonary Vascular 
Interaction
The RV and the pulmonary circulation function as a coupled 
unit. In health, a normal pulmonary vasculature couples to an 
appropriately thin-walled, distensible RV that generates large 
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Figure 33-1  Apical four-chamber view in diastole (A) and systole (B) in a patient with idiopathic pulmonary arterial hypertension. A and 
B,  The  RV  is  enlarged,  and  the  interventricular  septum  bows  to  the  left.  Note  the  lack  of  significant  fractional  area  change  between  diastole 
and systole, which indicates severe RV systolic dysfunction. The interatrial septum bows to the left as a result of severe RA hypertension (arrow). 
C and D, Parasternal short-axis view is shown in a similar patient in diastole (C) and systole (D). In diastole, the RV is noted to be enlarged, but the 
septal configuration  is normal.  In systole, severe septal bowing  indicates markedly  increased RV afterload (i.e., pulmonary vascular resistance). A 
moderate circumferential effusion  is also present,  a  frequent finding  in pulmonary arterial hypertension, especially with an  increased  right atrial 
pressure. 
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flow deceleration did not differ between patients with CTEPH 
and idiopathic PAH. Thus, analyses of the RV outflow velocity 
curve may be applied more broadly for detection of PVD.

Recent work was reported on a cohort of 79 patients (acute 
and chronic pulmonary embolic excluded) with undifferenti-
ated PH and the hemodynamic differences seen on the basis of 
differences in the shape of the Doppler velocity curve.5 In con-
trast to prior work, this study showed that the absence of 
Doppler notching did not necessarily indicate a lack of PH. 
Instead, the lack of Doppler notching (see Fig. 33-2, C) was 
strongly associated with a relative lack of PVD; when PH was 
present in these patients, it was the result of an increased LA 
pressure and a relatively normal PVR (PHøPVD). In contrast, in 
the presence of increased PA stiffness and high PVR, reflected 
waves return to the RV during systole, impede RV ejection, and 
cause “notching” of the Doppler profile. A late systolic notch 
pattern typically coincides with moderate increases in the PVR 
(i.e., 3 to 6 Wood units; Fig. 33-3, A), most commonly seen in 
patients with milder degrees of PAH and in patients with 
chronic left heart disease or respiratory disease with concomi-
tant PVD. A midsystolic notch pattern is especially abnormal 
and is the typical finding in patients with PAH and CTEPH. A 

midsystolic notch pattern is associated with an average PVR of 
more than 8 Wood units (Fig. 33-3, B); and a midsystolic notch 
pattern is 96% specific for a PVR of more than 5 Wood units. 
These findings indicate RV outflow velocity mid systolic notch-
ing is far more indicative of PVD (high PVR, low compliance) 
than high pulmonary pressure and help explain why notching 
is present in some, but not all, patients with PH.

In parallel with its associated RV afterload, the midsystolic 
notch pattern was associated with more advanced RV systolic 
dysfunction, lower tricuspid annular plane systolic excursion 
(TAPSE; Fig. 33-4, B), RV fractional area change, and the ratio 
of stroke volume index to RV end-diastolic area compared with 
normal patterns (no notching) and late-systolic notch groups. 
In contrast, patients with an elevated mPAP but normal pattern 
typically had either normal RV function or RV dysfunction 
associated with normal PVR and PA compliance. Taken together, 
these findings indicate that normal RV function without outflow 
notching suggests a relatively normal RV-PA interaction. In con-
trast, RV dysfunction in the presence of a notched outflow 
velocity curve strongly suggests an afterload-dependent mecha-
nism, and RV dysfunction in the absence of RV outflow notch-
ing relates to primary afterload-independent RV dysfunction.
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Figure 33-2  A, Parasternal long-axis view of the pulmonary valve 
in diastole. The RV outflow  tract  is clearly  imaged  in  this view and  is 
the best for pulsed wave Doppler sampling of the RV outflow tract flow 
velocity envelope  (C).  The PA bifurcation  is out of plane. B, M-mode 
imaging of the pulmonary valve from the same view with normal move-
ment  of  the  valve  leaflets  away  from  the  transducer  in  atrial  systole.  
C,  Normal  (no  notching  pattern)  pulsed  wave  flow  velocity  envelope 
taken  in  the  RV  outflow  tract.  The  acceleration  time  (AT  )  is  110 ms, 
which is normal. Both findings strongly suggest normal pulmonary vas-
cular resistance. If pulmonary hypertension is present in the absence of 
RV outflow tract Doppler notching, the increased PA systolic pressure 
is highly likely to arise from an increased LA pressure. 

Thus, visual inspection of the RV outflow Doppler flow 
profile represents a simple rapid method of gleaning insight 
into the relative presence (“notched” pattern) or absence (“no 
notch” pattern) of PVD. This approach is extremely useful and 
applicable in clinical practice.

Pulmonary Vascular Disease
Pulmonary vascular disease states are associated with  
varying degrees of increased PVR, loss of PA compliance, and 

pathologic arterial wave reflection. These changes within the 
pulmonary circulation impose a true afterload on the RV, such 
that specific 2D and Doppler “signatures” are highly prevalent 
in PH+PVD, whereas such changes are relatively absent in PHøPVD. 
The most prominent causes of PH+PVD are PAH and PH related 
to acute or chronic pulmonary emboli.

PULMONARY ARTERIAL HYPERTENSION

Pulmonary arterial hypertension is the prototype of PH+PVD and 
can be familial or idiopathic (formerly referred to as primary 
PH) or associated with various predisposing conditions, includ-
ing connective tissue disease (i.e., scleroderma), congenital sys-
temic to pulmonary shunts, HIV infection, toxin-mediated 
pulmonary vascular injury, and other conditions.3 Patients with 
PAH, by definition, have a mPAP of more than 25 mm Hg and 
an LA pressure of 15 mm Hg or less and universally have a PVR 
of more than 3 mm Hg/L/min (average PVR at index diagnosis, 
8 to 10 mm Hg/L/min).3,14,15 In addition to these hemodynamic 
criteria, a diagnosis of PAH requires the exclusion of chronic 
left heart disease, respiratory disease, and chronic pulmonary 
emboli. All approved forms of PH-specific therapy are particu-
larly intended for patients with PAH. Importantly, the response 
to PH therapies and patient prognosis are linked to the relative 
stage of the disease at the time therapy is implemented.4 This 
places a premium on early detection of PAH and, thus, on the 
importance of the echocardiographic examination, as this is 
one of the first noninvasive tests performed in the workup of a 
patient with suspected PAH. Echocardiography is a highly sen-
sitive test for the detection of the physiology that underlies 
PAH, so long as the study is interpreted in an integrated manner, 
with due attention to RV size, shape, and function and other 
Doppler features that are nearly universally present in these 
patients. A normal or mildly elevated PASP Doppler estimate 
should not dissuade a suspected diagnosis of PAH when the 
other 2D and Doppler features of PAH are present.

In 1973, Goodman, Harrison, and Popp16 reported the 
salient 2D echocardiographic findings of idiopathic PAH. All 
patients had RV dilation, and 50% had an RV : left ventricle 
(LV) dimension ratio of 1 or more. Patients commonly showed 
paradoxical septal motion, where the interventricular septum 
moved away from the center of the LV cavity in systole (Fig. 
33-5). Aside from being a common echocardiographic feature 
in PAH, the relative loss of inward septal motion can account 
for a mild loss of LV systolic function in PAH, and thus, a low-
normal or mildly reduced LV function can occur in PAH on 
this basis. Bossone and co-workers17 published a larger obser-
vation series with idiopathic PAH and showed that 96% of 
patients had a Doppler-estimated pressure of more than 
60 mm Hg at diagnosis; however, the overall correlation 
between Doppler and invasive pressure estimates was relatively 
low (r = 0.31). Ninety-eight percent of subjects had RV 
enlargement, and 75% of subjects had qualitative evidence of 
RV systolic dysfunction. Systolic flattening of the interventric-
ular septum occurred in 90% of subjects. Moderate or severe 
TR occurred in 80% of subjects, whereas mild to moderate 
mitral regurgitation was present in only one patient. A small 
or moderate-sized pericardial effusion was also noted in about 
16% of subjects.17

In PAH, at least 70% of subjects manifest a transmitral 
Doppler E wave velocity to A wave velocity ratio (E : A ratio) 
of less than 1.0, consistent with grade I LV diastolic dysfunc-
tion. All subjects in this study had normal LA pressure with 



  33  Echocardiographic Evaluation of the Patient with Pulmonary Hypertension 633

Figure 33-3  A, Pulsed-wave Doppler signal from the RV outflow tract. The Doppler signal displays late systolic notching (arrow), which typically 
coincides with a moderately shortened acceleration time (i.e., 70 t o 90 ms). Both findings suggest moderately increased pulmonary vascular resis-
tance (i.e., 3 to 6 mm Hg/L/min). B, Pulsed-wave Doppler signal from the RV outflow tract. The Doppler signal displays midsystolic notching (arrow), 
which typically coincides with a severely shortened acceleration time (i.e., less than 70 ms). Both findings suggest a markedly elevated pulmonary 
vascular resistance (i.e., more than 6 mm Hg/L/min). 

A B

Figure 33-4  A, M-mode imaging through tricuspid annulus recording of tricuspid annular plane systolic excursion in a patient with normal 
RV function. The maximal excursion  from diastole  to  systole  is measured. The  tricuspid annular plane  systolic excursion  is 2.4 cm. B, Tricuspid 
annular plane systolic excursion in a patient with severely reduced RV systolic function. The tricuspid annular plane systolic excursion is 1.3 cm. 

A B

Figure 33-5  M-mode imaging from the parasternal position in a 
patient with severe pulmonary arterial hypertension.  The  RV : LV 
dimension ratio is greater than 1. The RV size increases with inspiration 
(arrow),  with  a  resultant  decrease  in  LV  diameter.  Paradoxical  septal 
motion (arrowhead ) is present. 

right heart catheterization. In fact, grade I diastolic dysfunc-
tion in the vast majority of cases indicates normal LA pres-
sure, reflecting the necessary redistribution of LV filling into 
late diastole that must occur when LV relaxation is impaired 
in the context of a normal LV filling pressure.17,18 In clinical 
practice, the presence of any or all of the triad of findings of 
RV dysfunction, accompanied by grade I diastolic dysfunction, 
is a strong indicator of severe PH in the context of a normal 
LA pressure and high PVR. Arkles and associates5 recently 
showed that a notched RV outflow velocity curve was seen in 
100% of patients with an incident diagnosis of PAH, which 
coincides with prior data that show that 94% of subjects with 
PAH have an AcT of the RV outflow velocity curve less than 
100 ms.17 In our experience, the combination of a midsystolic 
notch RV outflow pattern with an E : A ratio of less than 1.0 is 
a highly sensitive and specific predictor of a markedly elevated 
PVR and a normal LA pressure.

Indices of right heart size, ventricular interdependence, and 
depressed RV function have been correlated with disease sever-
ity and patient outcome in patients with PAH.4,19 In addition, 
studies have consistently shown that the presence and size of a 
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Preliminary data from the authors’ group have shown that 
after 6 months of PH-specific therapy, 78% of patients had 
increased TAPSE of more than 0.2 cm (mean, +0.5 cm), in asso-
ciation with significant improvements in 6-minute walk dis-
tance (median, +115 m), B-type natriuretic peptide levels 
(−210 pg/mL), and New York Heart Association functional class 
(−1.0 functional class). In those patients who reached a TAPSE 
of 2.0 cm or greater at 6 months, no deaths or right heart failure 
admissions were seen, as compared with two deaths and four 
right heart failure hospitalizations in those with a TAPSE of less 
than 2.0 cm on follow-up examination.31 The increase in TAPSE 
in response to therapy is consistent with recent data that show 
that in PAH, PH-specific therapy leads to relatively selective 
improvement in longitudinal RV shortening, which suggests 
that long-axis shortening of the RV may represent the most 
afterload-responsive element of RV systolic function.32

Given the limited clinical and prognostic value of serial pres-
sure assessment in PAH, along with concerns with the accuracy 
of Doppler-estimated PASP, most centers do not routinely 
follow or titrate therapy on the basis of changes in echocardio-
graphic estimated PAP. Further study is needed to determine 
whether changes in various echocardiographic parameters have 
similar clinical and prognostic value as the invasive hemody-
namic assessment of PVR and how such information can be 
used to determine favorable response and necessity of escala-
tion of medical therapy or referral for lung transplant evalua-
tion. It will also be important to determine whether certain 
threshold values exist (i.e., TAPSE, 2.0 cm or more) in PAH, 
such that TAPSE or other RV function measures may be added 
to the goal-directed therapeutic approach in PAH.

ACUTE PULMONARY EMBOLISM

Acute pulmonary embolism and especially large proximal 
emboli lead to a sudden increase in the pulmonary vascular 
impedance without a marked rise in the PAP. This relates to the 
fact that the normal RV is typically incapable of generating a 
sufficient stroke volume to maintain a PASP of more than 
60 mm Hg (mean pressure, 40 mm Hg) when suddenly uncou-
pled from a normal pulmonary vascular bed.33,34 As a result, RV 
failure and cardiogenic shock may ensue despite a mean PA 
pressure between 20 and 40 mm Hg.35 It follows that the degree 
of RV dysfunction predicts the extent of perfusion defects with 
ventilation/perfusion scan.36 In contrast, small subsegmental 
pulmonary emboli that are not associated with a marked rise 
in PA impedance do not lead to abnormal echocardiographic 
findings, highlighting the fact that echocardiography cannot 
rule out an acute pulmonary embolism.37 The relative degree of 
PH helps establish the chronicity of the embolic event, as the 
average transtricuspid flow velocity in acute proximal pulmo-
nary emboli (3.0 m/s) is significantly lower than in patients 
with subacute pulmonary embolism (4.2 m/s).34 In contrast, 
patients with acute pulmonary embolism with a PASP of more 
than 50 mm Hg at the time of diagnosis are at increased risk of 
persistent PH at 1-year follow-up.38

From a physiologic viewpoint, acute pulmonary embolism is 
an important and often dramatic clinical example that under-
scores the concept that PAP is a poor measure of RV afterload. 
RV dilation is almost universally present in the setting of a large 
pulmonary embolism, as the normally compliant RV rapidly 
distends in response to the increased vascular load. However, 
unlike in PAH or other forms of chronic PVD, RV hypertrophy 
is conspicuously absent. Another common finding in acute 

pericardial effusion predict poor outcome in patients with 
PAH.20 Larger effusion size correlates with greater degrees of 
exercise intolerance, right atrium (RA) dilation, greater inter-
ventricular septal displacement, and more severe TR than in 
patients without an effusion.19,21,22 The mechanism of the peri-
cardial effusion in PAH most likely relates to slow progressive 
accumulation of intrapericardial fluid as a result of longstand-
ing RA hypertension from decompensated right heart function. 
When the effusion is of moderate size or greater, the temptation 
is to intervene with percutaneous or surgical drainage. However, 
great caution should be exercised in this regard because drain-
age of pericardial effusions in patients with PAH has been asso-
ciated with very poor outcomes, with death occurring within 
12 to 24 hours of the procedure.23 Importantly, the pericardial 
effusion is a marker of, but not the cause of, the right heart 
decompensation in this context. Thus, before pericardial drain-
age is considered, a right heart catheterization should be per-
formed; if markedly elevated PVR, high RA pressure, and 
depressed cardiac index are found, the effusion is highly likely 
to be the direct result of afterload-induced RV failure. In the 
authors’ experience, pericardial effusions in PAH almost invari-
ably decrease in size or resolve over days or weeks as the RV 
failure is treated with pulmonary vasodilation therapy and 
diuresis.

Eysmann and colleagues24 showed that a peak pulmonic flow 
velocity of more than 60 cm/s was predictive of a drop in PVR 
of more than 30% on acute vasodilator testing; no patient with 
a peak velocity of less than 60 cm/sec had a condition that was 
vasoreactive. Likewise, decreased LV and LA area, increasing 
RV : LV area ratio, and the degree of leftward septal bowing are 
also associated with an increased risk of systemic hypotension 
in response to calcium channel blocker therapy, likely reflecting 
the inability to sufficiently recruit RV stroke volume to over-
come the drop in systemic vascular resistance.25

Other studies have focused on more direct assessment of RV 
systolic function. Tei et al26 showed that the mean RV myocar-
dial performance index (MPI) of patients with idiopathic PAH 
(0.83) was higher than in healthy controls (0.28) and that 
patients with an RV MPI of more than 0.83 had a less than 10% 
event-free survival rate at 5 years, versus more than 70% in 
those with an RV MPI of more than 0.83 (see Fig. 32-10).27 A 
prospective study in patients with idiopathic PAH and PAH 
associated with connective tissue disease showed that a TAPSE 
of less than 1.8 cm was associated with lower invasively derived 
stroke volume index, higher RA pressure, greater RV dilation, 
right to left heart disproportion, and septal bowing and a higher 
incidence rate of pericardial effusion. Two-year survival rate 
estimates were 88% and 50% for patients with a TAPSE of 
1.8 cm or more and less than 1.8 cm, respectively.28 The prog-
nostic value of TAPSE persisted after adjustment for several 
echocardiographic and invasive hemodynamic variables of 
known prognostic significance. The peak systolic tissue Doppler 
velocity is another practical measure of RV longitudinal func-
tion and is strongly correlated with TAPSE (see Fig. 32-10).

The typical changes in RV size, function, and septal position 
have been shown to improve in response to varying therapies. 
After 4 months of therapy with bosentan in patients with PAH, 
repeat echocardiographic examination showed improved RV 
MPI, reduced RV end-systolic area and RV : LV diastolic area 
ratio, improved early diastolic LV filling, and decreased pericar-
dial effusion scores.29 Similarly, after 3 months of intravenous 
epoprostenol infusion, RV size decreased, as did peak TR veloc-
ity and the noninvasive PVR estimate.30
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patients with hemodynamically stable conditions, identification 
of RV dysfunction with echocardiography may be an indication 
for thrombolytic therapy.49 Echocardiography should be rapidly 
performed in every patient in whom the diagnosis of acute 
pulmonary embolism is made.50 Likewise, patients with severe 
RV dysfunction in whom thrombolysis is contraindicated, or 
those with severe RV dysfunction and shock, may need more 
aggressive surgical or catheter-based therapies.51,52 In addition, 
significant PH at the time of diagnosis (RV systolic pressure, 
more than 50 mm Hg) predicts the presence of CTEPH at 1 
year; thus, these patients should be referred to a PH center for 
monitoring and management after recovery from the acute 
event.53

pulmonary embolism is McConnell’s sign (Fig. 33-6), which is 
visually appreciated as RV dysfunction along the RV base and 
mid segments, with a hinge point or “buckling” of the RV free 
wall near the RV apex.39 This relative sparing of RV apical wall 
motion likely is caused by tethering of the RV apex by a normal 
or hyperdynamic LV across the interventricular septum. Other 
studies have shown that the RV ejection fraction, RV stroke 
volume measured with pulsed Doppler imaging, and TAPSE are 
reduced in the setting of an acute pulmonary embolism.40 A 
characteristic Doppler finding in acute pulmonary embolism is 
the “60/60 sign,” which refers to a markedly shortened AcT (less 
than 60 ms) in the RV outflow velocity curve, because of the 
increased PA impedence, combined with a PASP of less than 
60 mm Hg.41 Similarly, midsystolic notching of RV outflow is a 
common finding in acute pulmonary embolism, relating to 
early arrival of reflected pressure waves from proximal vascular 
obstruction.

Another important finding to look for on the initial examina-
tion is right-sided heart thrombi and thrombi-in-transit, which 
complicate approximately 4% of cases with acute pulmonary 
emboli (Fig. 33-7).42 Thrombi may be visualized within the RA 
and ventricle and occasionally are seen straddling the interatrial 
septum. Right heart thrombi are a high-risk feature, typically 
associated with prior massive pulmonary embolism, severe RV 
dysfunction, and high in-hospital mortality.42 In such cases, 
thrombolysis or catheter-based versus surgical embolectomy is 
often warranted.42,43

The main PA and its bifurcation are well visualized with 
transesophageal echocardiography (TEE; Fig. 33-8). TEE has 
been shown to have comparable sensitivity (80% to 97%) and 
specificity (86% to 100%) with spiral computed tomographic 
(CT) scan for the detection of central pulmonary emboli. Thus, 
TEE may play a role in the diagnosis of central pulmonary 
emboli, perhaps best applied in the setting of clinical instability, 
where bedside assessment and monitoring with TEE may be 
preferred over transporting the patient out of the intensive care 
unit for spiral CT examination.44

The primary value of echocardiography in acute pulmonary 
embolism is in the risk assessment of the individual patient. 
Echocardiographic evidence of RV hypokinesis predicts a two-
fold increase in mortality at 2 weeks and 3 months.45-48 Even in 

Figure 33-6  A, A close-up view of RV apex in diastole from the apical four-chamber view in a patient with acute pulmonary embolism. 
The RV apex appears normal. B, Same view in systole. The RV free wall does not contract, but there is a hinge point (arrow) at the apex with some 
contraction; McConnell’s sign is consistent with acute pulmonary embolism. 

A B

SystoleDiastole

RV LV

Figure 33-7  Venous thromboembolism. In this off-axis four-chamber 
view, the RA and RV are dilated. A mass in the RA (arrow) represents a 
venous cast in transit. This cylindrical mass was highly mobile within the 
RA. RA hypertension is shown by the shift of the  interatrial septum to 
the left. The patient had already sustained a pulmonary embolism but 
was a risk for another and probably lethal event. The patient was taken 
to the operating room immediately after these images were obtained. 
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RV size, decreased septal bowing, and improved early diastolic 
LV filling.60,61 A study by Hardziyenka and co-workers62 showed 
that patients with early arrival of arterial reflected waves, as 
measured by a shorter time to notching of the pulmonary flow 
velocity curve, were the only patients with CTEPH to benefit 
from endarterectomy. These findings prove that simple RV 
outflow velocity curve analysis is able to predict clinical response 
to surgery and that a requisite degree of pulmonary vascular 
impedance and arterial wave reflection is needed for sufficient 
RV-PA recoupling to occur after surgical intervention.

PULMONARY VENOUS DISEASE

The prototype, and most severe form of pulmonary venous 
disease, is pulmonary venoocclusive disease (PVOD). This rela-
tively rare entity may be idiopathic but has also been associated 
with toxin exposure, infectious agents including HIV, and 
autoimmune disease (see Chapter 37). In addition, PVOD or a 
PVOD-like state has also been reported repeatedly in sarcoid-
associated pulmonary disease.63,64 Given that the hemodynam-
ics of PVOD are similar to PAH, with marked increases in the 
PVR and normal LA pressure, it follows that the echocardio-
graphic findings in PVOD are essentially the same as in PAH. 
A diagnosis of PVOD should be suspected in a patient who 
shows echocardiographic features suggestive of PAH but with 
symptoms (orthopnea) and radiographic findings (pulmonary 
vascular congestion, pleural effusions) suggestive of left heart 
congestion.

CHRONIC PULMONARY EMBOLISM

Chronic thromboembolic PH is a relatively rare complication 
of prior acute pulmonary emboli that occurs in less than 5% of 
cases.54,55 The major site of vascular impedance is often the 
proximal pulmonary vasculature because of the persistence of 
clot and vessel remodeling in the affected area. However, small 
vessel pulmonary arteriopathy is also known to occur in CTEPH, 
such that the degree of PVR elevation may be equal to or greater 
than that seen in idiopathic PAH.56 The end result is often that 
the overall burden of PVD is comparable with that in PAH and, 
in some cases, worse because of the added hemodynamic load 
from the proximal obstruction. Thus, the typical triad of  
RV dysfunction, RV dilation, and septal bowing is present in 
CTEPH and is largely indistinguishable from the various forms 
of PAH. Nevertheless, hemodynamic differences between 
CTEPH and PAH can aid in differentiating the two conditions. 
Namely, in CTEPH, the presence of a discrete proximal obstruc-
tion leads to more exaggerated, earlier arrival of arterial reflected 
waves and thus a more pulsatile pulmonary vascular bed.13 This 
increased pulsatility can be expressed as the fractional pulse 
pressure (FPP = PA pulse pressure/mean PA pressure); the 
typical FPP is 0.8 in PAH and 1.4 or more in CTEPH.57,58 The 
FPP can also be estimated with Doppler imaging (Fig. 33-9), 
with a noninvasive FPP of 1.35 predicting CTEPH with a sen-
sitivity of 95% and specificity of 100% over idiopathic PAH.59

Serial examinations after pulmonary endarterectomy have 
shown increases in RV fractional area change and reductions in 

Figure 33-8  Pulmonary embolus. A, TEE from the mid esophagus shows the pulmonary artery bifurcation. The right pulmonary artery  is filled 
with thrombus and appears to be completely occluded. B, TEE from the same level in the transverse plane. The right pulmonary artery is filled with 
thrombus and is seen in the short-axis view. The ascending aorta is below the right pulmonary artery on the screen (anterior). Asc Ao, Ascending 
aorta; LPA, left PA; MPA, main PA. 
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Figure 33-9  Pulmonary hypertension. A, Continuous-wave Doppler image across the tricuspid valve in systole from the apical position. The peak 
velocity is 4 m/s. The RA pressure was estimated at 15 mm Hg. The pulmonary artery systolic pressure is 79 mm Hg. B, Continuous-wave Doppler 
across  the  pulmonic  valve  in  diastole  from  the  parasternal  position.  The  peak  velocity  at  end  diastole  is  2.4 m/s.  The  RA  pressure  estimate  is 
15 mm Hg.  The  pulmonary  artery  diastolic  pressure  is  38 mm Hg.  The  pulse  pressure  is  thus  calculated  as  41 mm Hg  (79  systolic  minus  38 
diastolic). 
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and at the clinical baseline for more accurate assessment of the 
impact of the respiratory condition on the heart and pulmo-
nary circulation.

Alveolar hypoventilation also predisposes to PH; however, 
intermittent hypoxemia (either nocturnal or daytime) is typi-
cally insufficient to result in chronic PH. Even in the setting of 
severe nocturnal desaturation, most patients with severe 
obstructive sleep apnea do not have significant PH. In contrast, 
PH is far more common in the setting of chronic daytime 
hypoxia and hypercarbia, as seen in patients with obesity-
hypoventilation syndrome. As a result, the most significant pre-
dictors of PH in patients with sleep-disordered breathing are 
daytime PO2 and PCO2, and a lower forced expiratory capacity 
(FEV1) and a higher body mass index.77 Even in the setting of 
severe obesity and sleep apnea, RV systolic dysfunction and an 
increased PVR are not common, as shown in a cohort of patients 
at the time of referral for gastric bypass surgery.78 As a result, 
PAH-like findings are uncommon in obstructive sleep apnea or 
obesity hypoventilation syndrome. When present, findings such 
as significant RV dilation, dysfunction, septal flattening, and a 
notched RV outflow pattern should greatly increase the suspi-
cion for conditions such as PAH and CTEPH, as the patho-
physiology of PH in obstructive sleep apnea is typically not 
sufficient to cause such findings.

Although most PH in the setting of respiratory disorders is 
precapillary, arising from an increased PVR and normal LA 
pressure, the presence of an increased LA pressure should not 
be overlooked as a contributor to PH in the setting of lung 
disease. This is especially true with comorbid conditions (i.e., 
COPD with hypertension and coronary artery disease) that may 
lead to the coexistence of both pulmonary and left-heart related 
causes of PH and is especially important given that pulmonary 
venous congestion is very poorly tolerated in the setting of 
significant lung disease and is a relatively easily reversible cause 
of dyspnea in these patients. An increased LA pressure is 
common in patients with morbid obesity and significant sleep-
disordered breathing, given the high incidence rate of hyper-
tensive heart disease and LV diastolic dysfunction in these 
patients.79,80 In our experience, LA hypertension is the single 
most common cause of moderate or greater PH in patients with 
severe sleep-disordered breathing and also the most 
underappreciated.

Although most PH in the setting of parenchymal lung disease 
is rather modest and typically fits the previous hemodynamic 
profile, the degree of PH and the degree of PVR vary widely. 
Thus, the hemodynamic composition of PH within the context 
of chronic respiratory disorders is quite heterogeneous. As a 
result, the echocardiographic findings in this context can also 
vary widely.

A minority of patients with PH related to COPD or intersti-
tial disease have severe PH as a result of a much greater degree 
of PVD. Approximately 1% to 5% of patients with COPD have 
hemodynamics comparable with patients with PAH, with an 
mPAP of more than 50 mm Hg in the context of a markedly 
elevated PVR and decreased cardiac index.81,82 Interestingly, 
subjects with COPD and PAH-like hemodynamics are signifi-
cantly more hypoxic than those with mild to moderate PH and 
have a pCO2 less than 40 mm Hg; these arterial blood gas find-
ings are more consistent with the findings of PAH than COPD. 
Moreover, these patients showed lesser degrees of airway 
obstruction than subjects without PVD. In the authors’ experi-
ence, the echocardiographic examination of these patients 
mirrors their underlying physiology, and thus, they have similar 

Acquired pulmonary vein stenosis may be detected with 
echocardiography. Pulmonary vein stenosis should be suspected 
when the inflow velocity to the LA is greater than 1.1 m/s and 
the flow is turbulent with little variation in velocity.65 Clinically, 
this should be suspected in a patient after pulmonary vein isola-
tion for ablation of atrial fibrillation.66 Although the presenta-
tion may be acute and fulminant, most commonly, patients 
present months after the procedure, with a symptom complex 
suggestive of left heart congestion yet without classic echocar-
diographic features of PAH, such as marked RV dilation, dys-
function, and septal bowing.67,68 Intracardiac echocardiography 
guidance during the procedure may reduce the risk of injury.69 
Magnetic resonance imaging (MRI) may be necessary to 
confirm the presence of pulmonary vein stenosis and to guide 
in stenting. Patients should be monitored with follow-up echo-
cardiography after stenting because restenosis may occur.70 The 
right inferior pulmonary vein cannot be imaged with transtho-
racic echocardiography and TEE or repeated MRI may be nec-
essary for surveillance. Pulmonary vein thrombosis and 
occlusion have also been reported after heart and lung trans-
plantation.71,72 Intraoperative TEE may reduce the incidence of 
pulmonary venous complications and help with hemodynamic 
monitoring during these complicated surgeries.73-75

Pulmonary Hypertension as a Result of 
Chronic Respiratory Disease
The chronic respiratory disorders most commonly associated 
with PH include chronic obstructive pulmonary disease 
(COPD), interstitial lung disease (i.e., idiopathic pulmonary 
fibrosis), and disorders of alveolar hypoventilation, which 
include chronic neuromuscular disorders and sleep-disordered 
breathing. The pathogenesis of PH in COPD and interstitial 
lung disease is multifactorial and relates in part to parenchymal 
lung destruction and secondary loss of pulmonary vascular 
surface area. In addition, both acute hypoxic pulmonary vaso-
constriction and the effects of chronic hypoxemia (and hyper-
capnia) on pulmonary vascular remodeling contribute to 
increased RV afterload in these conditions. Lastly, it is relatively 
common for patients with advanced lung disease to have an 
increased CO (as a result of adrenergic stimulation). Thus, the 
most common hemodynamic profile of PH in lung disease is 
that of mildly increased PVR (i.e., 2 to 4 Wood units), combined 
with mild or moderately increased CO. LA pressure is most 
often normal; however, this should be verified and not assumed. 
Given the modest increase in PVR, significant RV dysfunction 
and dilation is relatively uncommon in these patients. However, 
because of the chronicity of the conditions, RV hypertrophy is 
often present. Thus, the common constellation of findings in 
patients with chronic parenchymal lung disease includes mild 
to moderate PH; some degree of RV hypertrophy, typically with 
mild or lesser degrees of RV dilation; dysfunction; and septal 
flattening. The presence of PAH-like echocardiographic find-
ings represents a departure from the norm in these patients and 
signifies a greater degree of PVD. The clinical circumstance 
under which the echocardiographic examination is performed 
is highly relevant in these patents because the hemodynamics 
in the setting of an acute respiratory exacerbation can differ 
greatly from those obtained under steady state conditions.76 As 
a result, if the examination was initially performed in the 
context of an acute respiratory decompensation, the study 
should be repeated once the patient’s condition is compensated 
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RV contractility. Instead, the ventricular dysfunction relates to 
chronic and severe mismatch between RV function and RV 
afterload. Pressure-volume loop studies have shown that intrin-
sic RV contractility (RV end-systolic elastance) is two-fold 
higher than in healthy subjects. However, this relative improve-
ment in RV function is not sufficient to match the four-fold 
increase in RV afterload as compared with healthy subjects.9 
Restoration of afterload toward normal restores normal RV-PA 
coupling, and thus, RV function.8 This is well demonstrated 
after lung transplantation. In a series of 17 patients with severe 
refractory idiopathic PAH, the average RV ejection fraction and 
cardiac index were 32% and 2.2 L/min/m2 before transplanta-
tion. The average mean PA pressure was 61 mm Hg, and the 
PVR was 10 to 12 Wood units. All patients showed marked RV 
dysfunction, RV dilation, and right to left septal bowing. Three 
months after bilateral lung transplantation, there were signifi-
cant reductions in RV diastolic dimensions and RV end-diastolic 
area and near complete resolution of TR. All patients had 
normal septal position on follow-up examination, and the 
average RV ejection fraction increased to 67%.88 These findings 
underscore the concept that in the vast majority of patients with 
PAH, it is not impaired RV contractility per se, but rather exces-
sive RV afterload that leads to RV failure. For these reasons, as 
long as RV afterload is massively elevated, there is no degree of 
pre–lung transplant RV dysfunction “cutoff” that precludes 
double lung transplantation.

Pulmonary Hypertension without  
Pulmonary Vascular Disease
By definition, PHøPVD (i.e., normal PVR) must arise from either 
a rise in pulmonary blood flow or a rise in LA pressure. As such, 
PHøPVD occurs in the context of a relatively normal RV afterload, 
and therefore, the RV dysfunction triad of RV dilation, dysfunc-
tion, and septal flattening and RV outflow notching are con-
spicuously absent. Thus, the lack of typical Doppler findings of 
PH+PVD should serve as a critical clue to the presence of PHøPVD, 
be it related to a high CO disease state, a congenital heart 
disease-related systemic to pulmonary shunt, or left heart 
disease.

PULMONARY HYPERTENSION RELATED TO 
INCREASED CARDIAC OUTPUT

Because of the relative distensibility and low resistance nature 
of the pulmonary circulation, an increased CO alone is often 
insufficient to cause PH. The pulmonary flow required to cause 
significant PH is quite high. For example, with a PVR of 1.5 
Wood units and a LA pressure of 10 mm Hg, the CO would 
need to be approximately 11 L/min to produce an mPAP of 25 
to 30 mm Hg (mild PH). More typically, a high CO is paired 
with at least one other abnormality (i.e., an increased LA pres-
sure) in the pulmonary circulation to cause PH.

An increased CO may be caused by increased inotropic stim-
ulation, increased preload, or excessive reduction in LV after-
load. An often underappreciated and relatively common cause 
of increased CO is the presence of a arteriovenous fistula or 
graft in the context of end-stage renal disease. Each can be 
associated with at least an additional liter of CO through their 
direct rerouting of blood flow and their indirect effect on lower-
ing LV afterload. In isolation, they typically do not lead to PH; 
however, when combined with the common associates of LV 

degrees of RV dilation, dysfunction, and septal flattening as 
patients with PAH.

Pulmonary sarcoid has a particular predilection for pulmo-
nary vascular involvement, and thus, PH+PVD is seen in a signifi-
cant minority of these patients. Other parenchymal lung 
disorders that present a higher risk of significant pulmonary 
vascular involvement include Langerhans cell histiocytosis and 
interstitial lung disease associated with scleroderma.83-85 In each 
of these three diagnoses, the degree of PVD may occur in 
varying proportion to the severity of the parenchymal disease. 
Nevertheless, when the PVR is significantly elevated (i.e., 5 
Wood units or more), the imaging and Doppler findings seen 
are typical for a patient with PAH or CTEPH, with comparable 
degrees of RV dilation, septal bowing, and RV systolic dysfunc-
tion. In addition, either late or midsystolic RV outflow notching 
is present and carries essentially the same pathophysiologic sig-
nificance in these patients as described for patients with PAH. 
In patients with chronic lung disease and PH, subjects without 
a notched RV outflow velocity curve had an average mean and 
PASP of 30 mm Hg and 52 mm Hg, respectively, with a PVR of 
3.2 Wood units. In contrast, subjects with a RV outflow notch-
ing had a mean and PASP of 48 mm Hg and 77 mm Hg, respec-
tively, and a PVR of 8.0 Wood units. Moreover, RV function 
differed significantly, with relatively normal RV function 
(TAPSE, 2.0 cm) seen in the non notched group and moderate 
RV dysfunction observed in the RV outflow notching group 
(TAPSE, 1.6 cm).86 Thus, the RV outflow notching pattern 
helped discern PH that was “proportionate” versus “dispropor-
tionate” to the degree of parenchymal lung disease.

As a word of caution, echocardiographic image quality can 
be suboptimal as increased lung volumes, obesity, and pulmo-
nary fibrosis attenuate ultrasound penetration. Cardiac orienta-
tion is often abnormal, which may confound optimal Doppler 
alignment with the TR jet. These issues are well illustrated in a 
report of 374 patients with advanced lung disease who under-
went right-sided heart catheterization and Doppler echocar-
diography less than 72 hours apart. Estimation of PASP was 
only possible in 44% of the population. There was only a modest 
overall correlation (r = 0.69) between invasively derived PASP 
and Doppler-estimated pressure, with 52% of the patients 
having a pressure estimate that was greater than 10 mm Hg 
from the catheter-derived value.87 As a result, an integrated 
echocardiographic assessment is of particular importance in 
these patients. Appreciation of right heart size, septal position, 
and systolic function and careful inspection of the RV outflow 
pattern always provide a better assessment of PH in general and 
greatly offset the risks of overreliance on a single Doppler pres-
sure estimate in these patients.

Lung Transplantation
A decrease has been seen in the need for single or double lung 
transplantation as medical therapies for PAH have improved. 
Nevertheless, a minority of patients with PAH has progression 
despite maximal medical therapy and eventually needs lung 
transplantation. For the individual patient, lung transplantation 
may be lifesaving and markedly improve quality of life. In addi-
tion, the physiologic changes that occur after lung transplanta-
tion have provided important insight into the physiology of the 
RV-PA interaction that have helped improve medical therapy 
for those not in need or ineligible for transplantation.

Although RV dysfunction is nearly universally present in 
PAH, this is not primarily the result of intrinsic impairment of 
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pulmonary shunt occurs relatively slowly, often over decades. 
As a result, the structure and function of the RV in PAH associ-
ated with a chronic shunt often differ from other forms of PAH. 
Namely, the degree of RV hypertrophy is often greater than the 
degree of RV dilation.91 Marked RV hypertrophy can often be 
appreciated by both wall thickening and excess RV trabecula-
tions, and by a conspicuous moderator band; these findings 
alone can often help distinguish PAH related to an intracardiac 
shunt from other forms of PAH. RV dilation and dysfunction 
in the setting of a chronic shunting is especially worrisome and 
often coincides with very late stage disease.

Qualitative initial shunt assessment is often performed with 
rapid injection of agitated saline solution (“bubble study”), 
which opacifies the right heart chambers and allows for detec-
tion of both right to left shunts (early passage of bubbles from 
right to left) and left to right shunts (via a negative contrast jet 
created from the passage of blood into the opacified right heart 
chamber; Fig. 33-10). Shunt quantification with Doppler 
imaging is expressed by the ratio of pulmonary to systemic 
blood flow. Doppler flows in the RVOT (Qp) and LVOT (Qs) 
are assessed to derive the Doppler Qp : Qs ratio. The RVOT 
diameter is typically about 0.5 to 1.0 cm greater than the LVOT 
diameter; given that flow is equal to the product of cross-
sectional area and velocity, it follows that the Doppler velocity 
time integral (VTI) in the RVOT is typically less than the VTI 
in the LVOT. Thus, a simple clue to a sizeable left to right shunt 
is when the RV outflow VTI is equal to or greater than the LV 
outflow VTI. A saline solution contrast study may reveal early 
passage of bubbles across a patent foramen ovale or atrial septal 
defect with shunt reversal (i.e., Eisenmenger syndrome) or a 
negative contrast jet in patients with left to right shunting (see 
Fig. 33-10). Shunt localization is performed by first assessing 
for 2D and color Doppler evidence of interatrial or interven-
tricular septal defects. Of note, at least 20% of sinus venosus–
related atrial septal defects may be missed with transthoracic 
Doppler examination and may require imaging with TEE, intra-
cardiac echocardiography, or MRI for full characterization. 
Further shunt characteristics, such as blood flow direction, 
blood flow velocity, and estimated pressure gradients across 
shunts, can be performed with color, pulsed-wave, and  
continuous-wave Doppler examinations.

Pulmonary Hypertension Related to Left 
Heart Disease (Pulmonary Venous 
Hypertension)
By far the most common cause of PH relates to passive elevation 
of the PAP from an increase in LA pressure. A variable degree 
of reactive pulmonary vascular remodeling may also occur, 
typically related to the severity and chronicity of the LA hyper-
tension.92,93 As a result, patients with PVH comprise a large 
percentage of patient referrals for PH evaluation. Thus, knowl-
edge of the basic noninvasive manifestations of PVH is critically 
important in the initial approach to patients with undifferenti-
ated PH.

It follows that the noninvasive predictors of PVH include 
2D and Doppler findings that either reflect or predispose to 
LA hypertension and more direct Doppler estimates of 
increased LA pressure.92-94 Importantly, the LV ejection frac-
tion is a poor predictor of LA hypertension, and thus, a 
normal ejection fraction in no way provides reassurance that 
the LA pressure is normal.

diastolic or systolic dysfunction, systemic hypertension, and 
generalized arteriosclerosis, PH is a common byproduct. In the 
authors’ experience, the 2D examination typically shows some 
degree of RV dilation; however, systolic septal flattening and RV 
systolic dysfunction are notably absent. In fact, hyperdynamic 
RV function is more often present, given the excess preload 
returning to the right heart via the upper extremity veins. More-
over, stigmata of left heart disease are very frequently present, 
including LA enlargement, LV hypertrophy, and grade II or III 
LV diastolic dysfunction.89

Liver disease is another important cause of increased CO 
because of the presence of a markedly reduced systemic vascular 
resistance, at times combined with hypervolemia. Appreciation 
for the type of PH present in the setting of advanced liver  
disease is of great importance because the diagnostic and treat-
ment strategies associated with portopulmonary hypertension 
(portoPH) are dramatically different from those associated with 
the vast majority of PH associated with liver disease. PortoPH 
is a form of PAH and is thus associated with a markedly increased 
PVR and shows echocardiographic findings similar to other 
forms of PAH. However, even amongst a cohort of 101 patients 
with advanced liver disease and a Doppler-estimated PASP of 
more than 50 mm Hg, 35% of subjects did not have portoPH 
and instead had PH related to increased CO or increased LA 
pressure.90 The percentage of patients with flow-induced or left 
heart disease–related PH is likely to be even higher in a more 
general liver disease referral cohort. The echocardiographic 
findings between portoPH and high-flow, low-PVR causes of 
PH differ greatly. In the authors’ experience, proper interpreta-
tion of the screening echocardiographic examination minimizes 
the risk of misclassification of the type of liver disease–associated 
PH and identifies those at risk of poor outcome with liver trans-
plantation (portoPH) versus those with a poor outcome without 
liver transplantation (non-portoPH).

SYSTEMIC TO PULMONARY VENOUS SHUNTS

Echocardiographic findings associated with congenital heart 
disease–related systemic to pulmonary shunts are discussed in 
Chapters 44 and 45. A variety of 2D and Doppler findings are 
associated with shunting at the venous, atrial, and ventricular 
levels. For the purpose of this discussion, we focus on the 
general principles of RV structure and function and basic shunt 
assessment.

In the setting of smaller shunts or larger shunts in the absence 
of PVD, the RV is primarily subject to an increased volume load. 
In the context of increased RV volume and normal RV after-
load, RV function is typically increased on the basis of increased 
preload recruitable cardiac work (Starling effect). Thus, a 
dilated and hyperdynamic RV is an important initial clue to the 
presence of a left to right shunt. On short-axis imaging, bowing 
of the interventricular septum is often found, however, only 
appreciated in ventricular diastole. The degree of PH varies in 
proportion to the relative shunt fraction and increase in pul-
monary blood flow. Herein lies another example of the discon-
nect between PA pressure and RV afterload, as the increased 
pressure is owed to, but not opposing, pulmonary blood flow.

Over time, excess pulmonary blood flow can lead to pulmo-
nary endothelial dysfunction and PVD, with the degree of  
PVR reaching levels equal to or greater than that seen in other 
forms of PAH. In these conditions, the RV must accommodate 
the persistent volume load and the rise in PVR. However, the 
rise in RV afterload in the setting of a chronic systemic to 
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on the basis of passive pulmonary venous congestion. However, 
moderate or greater mitral regurgitation is also distinctly 
uncommon in the setting of PAH and provides fairly compel-
ling evidence for a pulmonary venous source of PH.17 Lastly, 
Doppler interrogation of the mitral valve inflow provides a key 
component to the patient with known or suspected PH. Grade 
II and III diastolic dysfunction are strongly suggestive of an 
increased LA pressure at the time of the examination and are 
uncommon findings in PAH.5,17 In contrast, a PASP between 40 
and 70 mm Hg (mean PA pressure, ~25 to 45 mm Hg) in the 
presence of pseudonormal or restrictive transmitral flow is 
strongly suggestive of PVH as the dominant source of PH. If 
this is coupled with normal septal position and normal RV size 
and shape, the diagnosis of PVH becomes almost certain. When 
PVH occurs in the context of some degree of PVD (e.g., in many 
patients with COPD), then the echocardiographic examination 
possesses 2D and Doppler features indicative of increased RV 
afterload and LA hyper tension (i.e., LV hypertrophy and LA 
enlargement, grade II diastolic dysfunction), yet evidence of RV 
enlargement, RV dysfunction, and a late-systolic notching 
pattern in the RVOT Doppler profile.

DIFFERENTIATING PULMONARY VASCULAR 
(ARTERIAL) FROM PULMONARY VENOUS 
HYPERTENSION

From the clinician’s perspective, a useful initial diagnostic 
framework considers whether a patient’s PH is from a pulmo-
nary venous (postcapillary) or pulmonary arterial (precapillary) 
source. This approach is both rational and practical, given the 
prevalence of PVH and the fact that the diagnostic and thera-
peutic considerations for these patients differ considerably.

As outlined in the previous sections, a variety of echocardio-
graphic parameters have significant diagnostic and prognostic 
value in PH. A transthoracic echocardiographic report custom-
arily provides a list of normal and abnormal findings related to 
cardiac structure and function. Table 33-1 summarizes some of 
the salient 2D and Doppler features that aid in differentiating 

The 2D echocardiographic examination can provide compel-
ling initial evidence that either supports or refutes the presence 
of LA hypertension. One of the first clues to past or present LA 
hypertension is LA enlargement, which should certainly not be 
considered a physiologic measurement of LA pressure. However, 
increasing LA size typically denotes chronically increased LA 
impedance and either the presence of, or predisposition for, 
increased LA pressure. LA enlargement is best appreciated in 
the parasternal long-axis view, with a LA dimension at end-
systole of 4.0 cm or more generally being the accepted cutoff. 
However, the more reliable method is use of the biplane method 
of disks to measure LA volume. The apical four-chamber and 
apical two-chamber views are used, with care taken to avoid the 
pulmonary veins. The volumes are indexed to body surface area. 
Abnormal volume is considered more than 28 mL/m2. Another 
important finding is the presence of LV hypertrophy; LV hyper-
trophy, even when mild, denotes chronic remodeling of the LV, 
typically the result of longstanding systemic hypertension. This 
is a significant form of structural left heart disease and is typi-
cally associated with increased LV chamber stiffness. Melenovsky 
and associates94 showed that LA size (expressed as LA volume) 
and LV mass index, and the product of these two variables, were 
the strongest discriminates of nonsystolic heart failure from 
hypertensive heart disease without a history of heart failure. In 
the context of PVH as a result of elevated LA pressure, the 
interventricular septum typically maintains a normal configu-
ration on short-axis imaging, convex toward the RV. In the 
apical four-chamber view, the ratio of RV : LV dimension (or 
area) typically remains less than 1.0, with the RV apex main-
taining its sharp apical angle and with the LV forming the apex 
of the heart alone.

The Doppler examination also provides important physio-
logic information with respect to valvular function, diastolic 
function, and LA pressure assessment. As a general statement, 
moderate or greater dysfunction of either the aortic or the 
mitral valve is relatively uncommon when PVD is the primary 
source of the increased PA pressure. Of course, moderate or 
greater mitral stenosis is well known to cause severe PH, largely 

Figure 33-10  A, Apical four-chamber image in a patient with dilated RV and moderate pulmonary hypertension as a result of idiopathic 
pulmonary fibrosis. The patient’s hypoxia was out of proportion to the lung disease. B, Agitated saline solution contrast entering the RA. C, Agi-
tated saline solution contrast filling the RV and passing into the LA and subsequently the LV through a patent foramen ovale. 
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Figure 33-11  Integrated 2D and 
Doppler echocardiographic assess-
ment of a patient with pulmonary 
venous hypertension.  Note  the  LA 
enlargement (A and B) and the left to RA 
septal bowing (B; arrow). C, A restrictive 
transmitral  flow  pattern  is  shown.  The 
pulsed wave Doppler of the RV outflow 
tract  reveals  no  notching  in  the  RV 
outflow  velocity  curve  (D),  consistent 
with  a  normal  pulmonary  vascular 
resistance 
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RA LA
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A B

C D

Two-Dimensional, Doppler, and M-Mode Echocardiographic 
Features of Pulmonary Venous Hypertension and 
Pulmonary Arterial (and Related) Hypertension

Pulmonary Venous Hypertension Pulmonary Arterial* Hypertension

2D Imaging
Normal or dilated LV size Normal or small LV size

LV hypertrophy No LV hypertrophy

Variable LV ejection fraction Normal or increased LV ejection 
fraction

Mitral annular calcification No mitral annular calcification

Dilated LA size Normal or small LA size

RV : LV ratio <1 RV : LV ratio >1

Sharp RV angle Open/round RV angle

RV not apex forming Apex-forming RV

Preserved septal shape (no flattening) Septal flattening/D-shaped LV cavity

No pericardial effusion Pericardial effusion

Normal RV function, TAPSE  
≥2.0 cm

Reduced RV function, TAPSE  
<2.0 cm

Doppler Imaging

E > A, type II or III (pseudonormal 
or restrictive diastolic filling 
pattern)

Normal or E < A, type I diastolic 
filling pattern

MR grade ≥2+, MR > TR MR grade ≤1+, TR > MR

Variable PA systolic pressure 
(typically <70 mm Hg)

Variable PA systolic pressure 
(typically ≥ 70 mm Hg)

No systolic notching of flow velocity 
envelope in RV outflow tract

Mid-systolic notching of flow 
velocity envelope in RV outflow 
tract

Acceleration time of flow velocity 
envelope in RV outflow tract  
>95 ms

Acceleration time of flow velocity 
envelope in RV outflow tract 
<70 ms

TDI with RV S′ >10 cm/s TDI with RV S′ <10 cm/s

M-Mode Imaging

TAPSE ≥2.0 cm TAPSE <2.0 cm

*Pulmonary arterial causes to include pulmonary arterial hypertension (World Health 
Organization group I pulmonary hypertension), chronic thromboembolic pulmonary 
hypertension, and World Health Organization group III pulmonary hypertension with 
a normal LA pressure and pulmonary vascular resistance of more than 3 Wood units.

TABLE 
33-1 

A, Atrial, or late diastolic inflow velocity; E, early diastolic inflow velocity; MR, mitral 
regurgitation; TAPSE, tricuspid annular systolic excursion; TR, tricuspid regurgitation.

the type of PH. This integrated assessment can help identify 
patients who need to be referred for invasive right heart 
catheterization.

Two examples of this integrated assessment are shown in 
Figures 33-11 and 33-12. All images in Figure 33-11 correspond 
to patient 1 (PVH), and the images in Figure 33-12 to patient 
2 (PAH). In patient 1, the parasternal long-axis view (see Fig. 
33-11, A) reveals LA enlargement and LV hypertrophy. The 
apical four-chamber view (see Fig. 33-11, B) also reveals LA 
enlargement and bowing of the interatrial septum to the right, 
which suggests higher LA than RA pressure. The LV ejection 
fraction is normal. The transmitral Doppler pattern reveals 
grade III diastolic dysfunction (see Fig. 33-11, C). The RV : LV 
ratio is less than 1.0 with a non–apex-forming RV and a rela-
tively normal TAPSE (see Fig. 33-4, A). The RVOT Doppler 
pattern is not notched (see Fig. 33-11, D). This is highly sug-
gestive of PVH without PVD. This patient would not likely be 
referred for invasive right heart catheterization at this stage 
because suspicion for PAH or an elevated PVR is low. Instead, 
the left heart condition would be managed and the patient’s 
symptoms and PH monitored closely.

The parasternal long-axis view in patient 2 (see Fig. 33-12, 
A) shows normal LV wall thickness and LA size. Note the dilated 
coronary sinus, often indicative of high RA pressure (see Fig. 
33-12, A, arrow). On the apical four-chamber view (see Figure 
33-12, B), the RV : LV ratio is more than 1.0, with a rounded RV 
apical angle and an apex-forming RV. The LV ejection fraction 
is normal. The transmitral flow pattern reveals grade I diastolic 
dysfunction (see Fig. 33-12, C). The TAPSE (not shown) is 
reduced (1.7 cm), consistent with moderate RV dysfunction. 
The RVOT Doppler pattern has a midsystolic notching pattern 
(see Fig. 33-12, D), which has been shown to be 96% specific 
for a PVR of more than 5 Wood units.5 The findings are highly 
consistent with PH of pulmonary vascular origin. This patient 
would be referred for urgent right heart catheterization, and the 
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routinely increased Doppler-estimated PASP to more than 
50 mm Hg at peak exercise, whereas the healthy nonathletes 
typically did not exceed a PASP of 30 mm Hg. The degree of 
PASP elevation correlated best with changes in stroke volume, 
again indicating a normal pressure-flow relationship.

The second important limitation of exercise echocardio-
graphic assessment of PA pressure is that changes in LA pressure 
are not accounted for during exercise. This is critical, given that 
exercise-induced PH (in health and in disease) most commonly 
arises from the interaction between an increased CO and a rise 
in the LA pressure.97,98 To the contrary, Laskey and co-workers99 
showed that the PVR of patients with idiopathic PAH remained 
elevated during exercise but unchanged from resting values. 
Thus, exercise-induced pulmonary vasoconstriction is not 
typical, even in patients with established severe PVD. In the 
authors’ experience with exercising patients with all forms of 
PH in the catheterization laboratory, a 1 to 2 Wood units 
increase in the PVR with exercise is quite unusual; and when it 
does occur, it is an abnormal finding that typically occurs in 
subjects with a significantly elevated baseline PVR.

The third limitation of exercise Doppler echocardiography is 
the accuracy of Doppler PASP assessment. Also, age likely exerts 
an important influence on the relative change in PA pressure 
with exercise because of age-related increases in pulmonary 
vascular stiffness; thus, exercise-induced PH, even at relatively 
low workloads, may be a part of the normal aging process, 
similar to the exaggerated increase in systemic arterial pressure 
with aging.100 Lastly, the systemic blood pressure response to 
exercise should be factored into the interpretation of an exercise-
induced rise in PA pressure. For example, a rise in PASP from 
35 to 70 mm Hg in the context of a rise in systemic systolic 
pressure from 120 to 210 mm Hg indicates that the relative 

needed imaging and functional studies would be completed to 
rule out underlying lung disease or CTEPH.

EXERCISE ECHOCARDIOGRAPHY

Exercise stress echocardiography is used with increasing fre-
quency in the assessment of patients with known or suspected 
PH and in the context of dyspnea of unclear etiology. In the 
former case, the presence or absence of exercise-induced PH is 
thought to increase the diagnostic sensitivity for the early stages 
of PVD; in the latter case, a rise in PASP is often thought to 
provide “proof” of PH as an important source of a patient’s 
dyspnea. Although conceptually attractive, exercise stress echo-
cardiographic assessment and interpretation has multiple 
important limitations that need be addressed to best apply this 
modality in clinical practice.

The first issue to address is whether a rise in PA pressure 
should occur with exercise. The time-honored teaching on this 
subject is that the PA pressure should not increase with exercise. 
However, studies do not support this and indicate that exercise-
induced PH is more common than once appreciated. In 1966, 
Damato, Galante, and Smith95 reported on the hemodynamic 
responses of 24 healthy male volunteers who underwent upright 
treadmill exercise with a PA catheter in place. The average peak 
oxygen consumption was 30 mL O2/kg/min (~8 to 9 METS), 
which indicated normal but not elite exercise performance. At 
peak exercise, 10 of the 24 healthy subjects had a mPAP of more 
than 30 mm Hg, which met the definition of exercise-induced 
PH; the increases in PA pressure correlated with increasing CO, 
and the pressure-flow relationship and total pulmonary resis-
tance remained normal in all subjects.95 Bossone and col-
leagues96 showed that highly conditioned college athletes 

Figure 33-12  Integrated 2D and Doppler echocardiographic assessment of a patient with pulmonary arterial hypertension. Note normal 
LA size with a dilated coronary sinus (A; arrow) and right to LA septal bowing (B). C, A grade I diastolic dysfunction pattern is shown, and the pulsed 
wave Doppler of the RV outflow tract reveals a midsystolic notching in the RV outflow velocity signal (D; arrows), consistent with a high pulmonary 
vascular resistance. 
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augments normally with exercise, the rise in PA pressure is likely 
flow mediated and of far less clinical significance. In contrast,  
a dilating and nonaugmenting RV seems to indicate an 
impedance-mediated process of greater clinical significance. In 
healthy subjects, TAPSE increases from approximately 2.5 cm 
at rest to 2.8 to 3.0 cm at peak exercise. Preliminary evidence 
suggests that the RV functional response to exercise (change in 
TAPSE) is linked to clinical outcome. In a relatively small cohort 
of patients with stable PAH, subjects either maintained a TAPSE 
similar to the resting TAPSE after graded supine ergometry or 
had a fall in TAPSE with exercise. A fall in TAPSE with exercise 
was strongly associated with adverse clinical events within  
1 year of follow-up.102 Importantly, a rise in the peak TR jet 
velocity after exercise was associated with better exercise-
induced RV function and better clinical outcome. We suspect 
that more evidence will arise in the near future to support the 
notion that the focus of exercise echocardiography should be 
primarily on the RV functional response to exercise and away 
from the PASP change with exercise.

proportion of pulmonary to systemic blood pressure has 
remained quite similar from rest to exercise, thus questioning 
the clinical significance of the rise in PA pressure in this context.

Taken together, one must exercise caution in the interpreta-
tion of a rise in Doppler-estimated PA pressure with exercise. A 
rise in PA pressure with exercise in many cases amounts to an 
association, but not a diagnosis, of the source of dyspnea in an 
individual patient. For many of these reasons, the recently pub-
lished expert consensus document from the American College 
of Cardiology/American Heart Association recommends that at 
this time no treatment decisions for PH be made on the basis 
of exercise echocardiography.1

An alternative approach to exercise echocardiography may be 
a focus on the RV functional response to exercise, especially 
considering that impaired RV functional reserve is the mecha-
nism of exercise limitation in PAH and other forms of PVD.101 
This approach may provide a more direct and clinically relevant 
answer as to whether a patient has clinically significant latent 
PVD or PH as the cause of dyspnea. If the RV function 

KEY POINTS

 The pulmonary artery systolic pressure (PASP) is calcu-
lated by the peak velocity of the TR jet with the formula 
PASP = 4vTR

2 + RA pressure. The RA pressure is calculated 
from the collapse of the inferior vena cava during inspira-
tion. The diastolic pressure can be obtained from the pul-
monic regurgitation jet velocity at end diastole. The pulse 
pressure is the systolic minus the diastolic pressure.

 The RV shortens more in the longitudinal plane than in 
the transverse plane. TAPSE correlates well with RV func-
tion because it is a measure of longitudinal shortening. 
Assessment of free wall motion is not reliable, in itself, as 
a measure of RV function.

 The PASP depends on flow and LA pressure and on the 
afterload facing the RV (PVR). An elevated PASP is not 
synonymous with elevated afterload.

 The inspection of the RV outflow tract flow velocity enve-
lope is an important part of the evaluation of a patient 
with elevated PASP. A short acceleration time (i.e., less 
than 80 ms) and a late or midsystolic notch are consistent 
with pulmonary hypertension (PH) from PVD; a normal 
acceleration time and flow velocity envelope without 
notching are not suggestive of elevated PVR no matter 
what the level of PASP.

 The classic triad of RV enlargement, decreased RV systolic 
function, and interventricular septal bowing into the LV 

suggests pulmonary vascular disease. The presence of 
these findings, even in the setting of a normal noninvasive 
PASP, should lead to further investigation.

 Chronic thromboembolic PH has similar echocardio-
graphic features to idiopathic pulmonary arterial hyper-
tension, but the pulmonary pulse pressure is usually 
greater than in other forms of PH.

 The most common cause of PH and RV dysfunction is LA 
hypertension. Increased LA volume, Doppler evidence  
of elevated LA pressure (grade II or III diastolic dysfunc-
tion), LV hypertrophy, and LV systolic dysfunction are 
present to varying degrees.

 Porto-pulmonary hypertension is a form of PAH. It is an 
important diagnosis in patients with end-stage liver 
disease because untreated it portends a poor prognosis 
with or without liver transplant. It must be distinguished 
from the far more common elevation in PAP in these 
patients from high CO.

 An integrated approach to the Doppler echocardiographic 
examination, which factors in both 2D and Doppler evi-
dence that supports or refutes the presence of PVD, pro-
vides powerful insight into the hemodynamic basis of PH. 
This approach provides far greater physiologic informa-
tion that the PASP assessment alone.
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Introduction
Right-sided valvular disease has historically received less atten-
tion than left-sided valve disease, in part because of how well 
these valve lesions are initially tolerated and the associated pro-
tracted latent asymptomatic period. Moreover, because tricus-
pid regurgitation (TR) is often the result of left-sided valve 
disease and pulmonic regurgitation (PR) is often the result of 
an underlying congenital cardiac lesion, the underlying disorder 
tends to dominate the clinical picture. However, right-sided 
valve disease, even if the result of an underlying disorder, is not 
benign, and the impact of tricuspid valve (TV) and pulmonic 
valve disease on morbidity and mortality is increasingly recog-
nized. In this era of increasing awareness and improved treat-
ment options for patients with valve disease, clinicians must 
consider the diagnosis of right-sided valve disease, understand 
the pathophysiology, choose appropriate confirmatory testing, 
and refer patients for timely intervention to prevent clinical 
deterioration with associated adverse consequences. Echocar-
diography plays a critical role in facilitating this process.

Tricuspid Valve Disease
The normal TV is characterized by three sail-like leaflets: the 
anterior, posterior, and septal (Figure 34-1). The anterior leaflet 
is the most anatomically constant of the three; the other leaflets 
vary more often in size and position. The leaflets are attached 
to the TV annulus, a nonplanar structure with an elliptical 
saddle shape.1 Similar to the mitral valve leaflets, the TV leaflets 
are restrained by chordae tendinea attached to the papillary 
muscles usually arranged in three groups, which are in turn 

inserted into the right ventricle (RV) wall beneath each of the 
three commissures. TV chordae may also insert directly into the 
RV free wall, a feature that distinguishes the right and left 
ventricles.

Tricuspid Regurgitation
BACKGROUND

Differentiation of a primary valve abnormality from valve dys-
function as a result of pulmonary hypertension or primary 
right heart disease is an important first step in the evaluation 
of patients with TR. Primary anatomic abnormalities of the TV, 
such as TV prolapse or endocarditis, are infrequent causes of 
TR. Rather, TR is more commonly the result of pulmonary 
hypertension, which in turn is often the result of left-sided heart 
disease.

BASIC PRINCIPLES AND ECHOCARDIOGRAPHIC 
APPROACH TO DIAGNOSIS

Echocardiography is currently the reference standard for diag-
nosis and evaluation of TR. Because of nonspecific symptoms 
and subtle physical examination findings, severe TR is most 
often an incidental diagnosis at the time of echocardiographic 
evaluation of left-sided heart disease.

The echocardiographic evaluation follows the same princi-
ples as evaluation of left-sided lesions (see Chapter 18) and not 
only confirms the presence and severity of TR but also provides 
important information regarding etiology. Noninvasive estima-
tion of pulmonary artery (PA) pressure and assessment of the 

646



  34  Right-Sided Valve Disease 647

TR by definition is not related to primary TV leaflet pathology 
but rather is the result of another disease process that causes 
RV dilation, distortion of the subvalvular apparatus, tricuspid 
annular ditation, or a combination of these.

On the basis of 2D imaging, the average normal annular diam-
eter is 31 ± 1 mm, measured in a single plane from an apical 
four-chamber view. However, this measurement may be mis-
leading because the tricuspid annulus is a dynamic structure and 
its dimensions change during the course of the cardiac cycle and 
in phases of respiration.8,9 Furthermore, the tricuspid annulus 

consequences of TR on RV size and function are essential com-
ponents of the echocardiographic examination. The approach 
to echocardiographic assessment of RV size and function and 
estimation of PA pressure are discussed in detail in Chapter 32.

TECHNICAL DETAILS, QUANTITATION, AND 
DATA ANALYSIS

Determining the Etiology of  
Tricuspid Regurgitation
Determination of the etiology requires careful assessment of TV 
leaflet morphology, annular dimension, subvalvular apparatus, 
and RV size and function (Box 34-1). Coexisting left-sided val-
vular heart disease or intracardiac shunt should be identified, 
and the presence of an intracardiac device (e.g., pacer or  
defibrillation lead) should prompt careful assessment of TV 
leaflet mobility. Also, assessment of the consequences of the 
valve abnormality on RV size and function is important.2-4

Transthoracic two-dimensional (2D) imaging of the TV 
involves ventricular inflow and short-axis views from the para-
sternal window and four-chamber views from both the apical 
and the subcostal windows. With 2D echocardiography, visual-
ization of all three leaflets in one view is challenging.5 The septal 
and anterior leaflets are consistently seen in the parasternal 
short-axis and apical four-chamber views.6 Imaging with an 
anterior to posterior sweep in an apical four-chamber or sub-
costal view can overcome the limitation of reliable identifica-
tion of the posterior leaflet. When the coronary sinus is seen, 
because this is a posterior structure, the posterior leaflet is iden-
tified. In addition, the posterior TV leaflet may occasionally be 
visualized from the parasternal short-axis view and from the RV 
inflow view with rotation of the transducer 90 degrees clock-
wise, resulting in a two-chamber view of the right heart. With 
transesophageal echocardiography (TEE), the TV is often best 
seen in the transgastric long-axis and short-axis views with the 
probe rotated towards the patient’s right side (see Fig. 34-1). 
This view provides the only opportunity to visualize an en face 
view of the TV with 2D echocardiography. The TV can also be 
visualized from the mid esophageal four-chamber and basal 
short-axis views.7

Tricuspid regurgitation that is at least moderate or greater in 
severity is most frequently “functional” in nature. Functional 

Figure 34-1  Normal tricuspid valve anatomy. A, Pathology  image shows  the RV with  the  tricuspid valve  in a short-axis view. The pathologic 
section is oriented to replicate the transesophageal transgastric view obtained at a transducer angle of 31 degrees (B). Note the septal, anterior, 
and posterior leaflets. B, Transesophageal transgastric echocardiographic image with the same imaging plane (defined by the border in A shows 
the RV with tricuspid valve septal, anterior, and posterior  leaflets. A, Anterior  leaflet; MV, mitral valve; P, posterior  leaflet; PV, pulmonic valve; S, 
septal  leaflet.  (Pathologic image courtesy Dr William D. Edwards, Department of Laboratory Medicine and Pathology, Mayo Clinic College of 
Medicine.)
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Box 34-1 

CAUSES OF TRICUSPID VALVE REGURGITATION

Congenital
Ebstein anomaly
Tricuspid valve dysplasia
Tricuspid valve hypoplasia
Tricuspid valve cleft
Double orifice tricuspid valve
Unguarded tricuspid valve orifice

Right Ventricular Disease
Right ventricular dysplasia
Endomyocardial fibrosis
Increased right heart pressure

Acquired
Annular dilation
Left-sided valvular heart disease
Endocarditis
Trauma
Carcinoid heart disease
Rheumatic heart disease
Tricuspid valve prolapse
Iatrogenic (radiation, drugs, biopsy, pacemaker, 

implanted cardiac defibrillator)
Right Ventricular Dilation

Pulmonary hypertension
Primary pulmonary hypertension
Secondary to left-sided heart disease (valvular heart 

disease, cardiomyopathy, etc)
Right ventricular volume overload

Atrial septal defect
Anomalous pulmonary venous drainage
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undergo repeated biopsies for rejection surveillance (Fig. 
34-2).16 Echocardiographic guidance during the biopsy may 
avert damage to the TV or subvalvular apparatus.

The TV leaflets and supporting structures may also be 
damaged indirectly with blunt chest trauma, most often after a 
motor vehicle accident that results in papillary muscle, valve, or 
chordal rupture. Routine use of echocardiography in the evalu-
ation of victims of blunt chest trauma enhances detection of 
traumatic TR, overcoming the limitations of the history and 
physical examination.

Direct damage to the TV may occur as a result of infective 
and marantic endocarditis.16,17 Right-sided infective endocardi-
tis may be a manifestation of intravenous drug abuse.2,18 It is 
also increasingly seen in patients with indwelling venous cath-
eters used for dialysis or chemotherapy or with infected pace-
maker or defibrillator devices. Staphylococcus aureus is 
responsible for 80% of these TV infections.2 Infrequently, 
marantic or noninfective endocarditis may occur in the setting 
of connective tissue diseases, such as systemic lupus erythema-
tosus, rheumatoid arthritis, or antiphospholipid antibody syn-
drome.19 The TV may also be affected directly in as many as 
30% to 50% of patients with rheumatic mitral valve disease.20

Serotonin active drugs may also induce TR by directly dam-
aging the valve leaflets. This association was first described with 
the ergot alkaloids, ergotamine and methysergide, used for 
migraine therapy.21 The anorectic drugs fenfluramine and 
dexfenfluramine, and pergolide and cabergoline, both dopa-
mine agonists used in treatment of Parkinson disease and  
restless leg syndrome, may also induce TR with a similar 
mechanism.22-24 The histopathologic changes seen in these 
drug-related valves include a fibroproliferative response that 
appears to be mediated by the 5-HT2B receptor.25 These patho-
logic features are similar to those seen in carcinoid heart disease.

Carcinoid heart disease is a rare but distinctive form of valve 
disease that primarily affects the right-sided cardiac valves. Car-
cinoid is a tumor that arises from argentaffin cells. The primary 
tumor is usually located in the small bowel and metastasizes to 
the liver. The primary tumor and metastases produce active 
substances, including serotonin. Serotonin is recognized to be 
an agent involved in the development and progression of valve 
disease in patients with carcinoid syndrome.26 Carcinoid heart 
disease involves a combination of TR (Fig. 34-3) with rare 

has a complex, three-dimensional (3D) saddle-like shape that 
make 2D assessment challenging. Three-dimensional echocar-
diography has shown that as functional TR worsens, the tricus-
pid annulus progressively becomes flatter and more circular, 
tending to dilate in the septal-lateral and posteroseptal to antero-
lateral dimensions.1,8 Thus, 3D echocardiography holds promise 
in better definition of tricuspid annular dimensions and geom-
etry, overcoming the inherent limitations of 2D imaging.

Causes of clinically significant TR are outlined in Box 34-1. 
Furthermore, a moderate or greater degree of TR, regardless of 
the primary etiology, usually engenders additional TR because 
of the adverse hemodynamic consequence of RV volume over-
load that results in a slow and inexorable clinical and hemody-
namic deterioration.

Functional TR as a result of pulmonary hypertension is seen 
in patients with significant left-sided heart disease, commonly 
rheumatic in origin; in those with primary pulmonary hyper-
tension; and in those with pulmonary disease that leads to cor 
pulmonale.10 As a general rule, when systolic PA pressures 
increase beyond 55 mm Hg, TR can occur despite anatomically 
normal TV leaflets; whereas more than mild TR that occurs in 
the setting of lower systolic pulmonary pressures (less than 
40 mm Hg) likely reflects a structural abnormality of the valve 
leaflets or the subvalvular apparatus.2,11 Functional TR also 
results from tricuspid annular dilation in patients with RV 
enlargement from RV infarction, dilated cardiomyopathy, or 
left-to-right shunt, such as an atrial septal defect or anomalous 
pulmonary venous drainage.12-14

Primary TV pathology that leads to TR may result from blunt 
trauma or iatrogenic injury or from direct leaflet involvement 
by specific diseases. When the cause is by permanent pacemaker 
or internal cardiac defibrillator leads, the mechanism of valve 
injury is variable, related to lead entrapment in the tricuspid 
apparatus, direct leaflet perforation at the time of lead insertion, 
fibrotic adhesion of the lead to the leaflet, or avulsion or lacera-
tion of the TV leaflets on lead removal.15 Because leaflet injury 
may be underappreciated in patients who have undergone lead 
implants, a high clinical index of suspicion is warranted, par-
ticularly when these patients present with worsening right heart 
failure.

Direct trauma from transvenous endomyocardial biopsy may 
occur, particularly in patients for cardiac transplantation who 

Figure 34-2  Composite image showing a complication of endomyocardial biopsy. In the left image (apical four-chamber view), mild tricuspid 
regurgitation is seen with color flow Doppler imaging. In the center image, obtained from the same view, an eccentric laterally directed jet of severe 
tricuspid regurgitation is seen. In the right image, a zoomed view of the tricuspid valve is seen. In addition, the severed tricuspid chordae is appreci-
ated (arrow). 
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tant dysfunction of other cardiac valves and pericardial, myo-
cardial, and coronary artery involvement.

Endomyocardial fibrosis, which is prevalent in tropical Africa, 
causes fibrosis of the papillary muscle tip and thickening and 
shortening of the leaflets and chordae, which lead to regurgita-
tion. This process may affect both mitral valves and TVs.

Congenital causes of TR are rare and include congenital TV 
prolapse, which may occur as an isolated abnormality or be 
associated with mitral valve prolapse and other connective 
tissue disorders.31,32 The most common congenital cause of TR 
is Ebstein anomaly (Fig. 34-4).33 In Ebstein anomaly, apical 
displacement of the septal and posterior TV leaflets into the RV 
and variable tethering of the anterior leaflet occur. The severity 
of TR depends on significant adherence of the leaflets to the RV 

stenosis and pulmonic stenosis (PS) and PR. Left-sided valvular 
abnormalities occur in approximately 10% of patients with car-
cinoid valve disease, characteristically as a result of shunting of 
blood from the right-to-left atrium through a patent foramen 
ovale or atrial septal defect and less commonly as a result of a 
bronchial carcinoid or active carcinoid disease with high levels 
of circulating serotonin.27 Rarely, carcinoid valve disease occurs 
in patients without hepatic metastases; an ovarian carcinoid 
should be sought in this setting.28

Mediastinal radiation can directly damage the TV leaflets. 
The associated postinflammatory fibrosis and calcification that 
usually manifest 5 or more years after the radiation insult result 
in distortion of the leaflets that cause TR.2,29,30 Assessment and 
treatment of TR in this setting may be complicated by concomi-
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Figure 34-4  Ebstein anomaly is characterized by apical displace-
ment of the septal leaflet of the tricuspid valve (arrowhead) and 
variable tethering of the anterior leaflet. The segment of RV myo-
cardium  between  the  leaflet  insertion  and  the  anatomic  annulus  is 
“atrialized”  (ARV ),  as  seen  in  the  pathology  specimen  shown  in  the 
apical  four-chamber  “apex  down”  imaging  format  (A)  and  the  2D 
echocardiographic  image  shown  in  the  same  format  (B).  Because  of 
associated valve disease, severe tricuspid regurgitation (TR) was noted 
with color flow imaging (C), resulting in a severely enlarged right heart 
chamber. (Pathology image courtesy Dr. William D. Edwards, Depart-
ment of Laboratory Medicine and Pathology, Mayo Clinic College of 
Medicine).

Figure 34-3  Carcinoid heart disease. 
A,  Two-dimensional  echocardiographic 
systolic  image  (RV  inflow  view)  shows 
thickened  septal  and  anterior  tricuspid 
valve  leaflets  (arrowheads)  and enlarge-
ment  of  the  RV  and  RA.  B,  Color  flow 
Doppler  image  shows  severe  tricuspid 
regurgitation  (TR)  in  the  same  patient. 
Note  laminar  color  flow  (blue)  filling  an 
enlarged RA. 
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RV
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over four consecutive cardiac cycles should be averaged.44 A 
vena contracta width of 6.5 mm or more identifies severe TR, 
with 89% sensitivity and 93% specificity. This measurement has 
a better correlation with the effective regurgitant orifice than 
that of TR jet area or jet-RA area ratio. On the basis of published 
guidelines for assessment of TR, when the vena contracta mea-
sures greater than 0.7 cm (with prioritization of specificity and 
positive predictive value), severe TR is present.2,4,45,46

Quantitative Doppler assessment is also feasible with the 
proximal isovelocity surface area (PISA) method, although this 
requires angle correction.4 Color Doppler images of the proxi-
mal flow convergence of TR are obtained from an apical or 
paraapical view with a zoom of the region of interest. The posi-
tion of the transducer should be modified to minimize the angle 
between the centerline of the flow convergence and the ultra-
sound beam. The color flow velocity scale is maximized and the 
baseline shifted downward until the flow convergence region is 
clearly visualized. After downshifting of the color baseline, the 
radius of the flow convergence is measured in mid systole and 
the corresponding aliasing velocity is noted. The ratio alpha/180 
is then calculated, where alpha is the angle of the systolic 
inverted TV funnel (measured with a protractor from the same 
apical view), to account for the shape of the TV. With this angle 
correction, the midsystolic instantaneous regurgitant flow is 
then calculated as 

Rflow r Vr alpha= × ×( )×( )2 1802π

where Rflow is the regurgitant flow, r is the radius, and Vr is the 
corresponding aliasing velocity. The effective regurgitant orifice 
area is then calculated as 

ERO Rflow V=

where ERO is the effective regurgitant orifice (Fig. 34-6). An 
effective regurgitant orifice of 0.4 cm2 or more and a regurgitant 

wall, the degree of annular tethering, and valve leaflet fenestra-
tions. A patent foramen ovale or atrial septal defect occurs in 
more than 50% of patients with Ebstein anomaly. Other asso-
ciations that should be considered include PS or ventricular 
septal defect.34

Determining the Severity of  
Tricuspid Regurgitation
As many as 80% to 90% of patients referred for echocardiogra-
phy have some degree of TR.35 Thus, screening for significant 
TR often relies primarily on visual assessment of the jet area 
with color flow Doppler imaging. When this technique is used 
in research settings, the ratio of the jet area to the right atrial 
(RA) area is calculated. These areas are measured from the same 
view after ensuring the sector width allows visualization of the 
entire right atrium. A jet area of more than 10 cm2 or a jet 
area-RA area ratio of 30% or more suggests severe TR.4,7 
However, although jet area has been reported to correlate with 
angiographic grading36,37 and quantitative Doppler echocardio-
graphic methods,38 significant limitations are found with this 
approach. The regurgitant jet area, even corrected for the receiv-
ing chamber size, is strongly limited by its dependence on 
hemodynamic conditions,39 instrument settings,40 and jet inter-
action with the receiving chamber.41 Accordingly, only a medio-
cre correlation exists between jet size and TR severity.9,38,42-44 In 
addition, TR severity may be underestimated with color flow 
Doppler imaging when the jet is eccentric because the extent of 
the jet may not be appreciated in standard views.

Quantitative assessment of TR severity is possible with color 
flow Doppler to estimate the effective regurgitant orifice area 
with measuring the vena contracta. The vena contracta is the 
smallest regurgitant flow area immediately beyond the flow 
convergence region and before expansion of the turbulent 
regurgitant jet and corresponds hydrodynamically with the 
effective regurgitant orifice area. Imaging is usually performed 
from an apical view with use of the narrowest sector angle to 
optimize the imaging frame rate. The color gain should be 
adjusted step by step to obtain the maximal color gain level that 
does not introduce signal outside of flow areas. If necessary, the 
position of the transducer should be modified to optimize visu-
alization of the flow convergence region and the regurgitant 
flow proximal and distal to the TV. With use of a zoom of the 
region of interest, the vena contracta is visualized (Fig. 34-5).44 
Measurements of the vena contracta width, made in mid systole, 

Figure 34-5  Measurement of vena contracta. Example of tricuspid 
regurgitant flow from the apical view with definition of the three com-
ponents  of  the  regurgitant  flow  (left)  and  measurement  of  the  vena 
contracta width (right; crosses). (With permission, from Tribouilloy CM, 
et al: Quantification of tricuspid regurgitation by measuring the width 
of the vena contracta with Doppler color flow imaging: a clinical study. 
J Am Coll Cardiol 36:472-478, 2000.)

Flow
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contracta

Jet

Vena contracta = 0.6 cm

Figure 34-6  Quantitative measurement of tricuspid regurgitation 
(TR) severity with the proximal isovelocity surface area method. 
These  images  were  obtained  from  a  patient  with  severe  pulmonary 
hypertension  from  pulmonary  thromboembolic  disease.  The  tricuspid 
regurgitation  jet  area  is  broad,  and  the  vena  contracta  (VC; top left 
panel,  dashed line)  measures  0.7 cm,  consistent  with  severe  tricuspid 
regurgitation. The calculation of the effective regurgitant orifice (ERO) 
from the Doppler data as described in the text is illustrated. Note the 
angle correction  illustrated  in  the  top right image.  In  this patient,  the 
effective regurgitant orifice is 0.6 cm2, consistent with severe tricuspid 
regurgitation. r, Hemisphere radius. 

r = 0.85 cm

VCW 7 mm

RV

LV

RA

α = 230

TRTVI 124 cm
TRpeak velocity 380 cm/s

Rflow = (2Π × r2 × Vr) × α/180
Rflow = (6.28 × 0.852 × 40) × 230/180
Rflow = 232 cc
ERO = Rflow/ TRpeak velocity
ERO =232/380 = 0.6 cm2
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volume of 45 mL or more are considered diagnostic thresholds 
for severe TR.7,43 Although the proximal isovelocity surface area 
method is quantitative,18 it is not widely used in clinical practice 
because it is time consuming, requires technical experience in 
addition to angle correction, and is less well validated.

In general, the shape of the continuous wave TR Doppler 
signal is parabolic in patients with less than severe TR. In 
patients with severe TR, the continuous wave regurgitation jet 
may have a dense signal and a dagger-shaped appearance as a 
result of rapid equalization of pressures between the RA and 
the RV (Fig. 34-7).

Ancillary echocardiographic findings in patients with severe 
TR include increased tricuspid inflow velocity (1 m/s or more), 
inferior vena cava dilation of more than 2 cm, and systolic flow 
reversals in the hepatic veins.4,46-48 The utility, advantages, and 
limitations of these measurements and the assessment and 
grading of TR severity are summarized in Tables 34-1 and 34-2.4

Recent research has highlighted the dynamic changes in TR 
severity with respiration. Large respiratory variations in TR 
occur with a striking inspiratory increase in vena contracta, 
effective regurgitant orifice, and regurgitant volume. This 
results principally from marked RV plasticity, inspiratory wid-
ening that results in annular enlargement and leads to less sys-
tolic annular coverage by the TV leaflets, and increased valvular 
tenting that contributes to mal coaptation. Thus, quantitative 
measurements of TR severity should take into account these 
large respiratory variations, avoiding the measurement of 
largest values and ensuring that measurements are included 
over the entire respiratory cycle (Fig. 34-8).9

Figure 34-7  Doppler findings in mild and severe tricuspid regurgitation. A, Continuous wave Doppler signal across the tricuspid valve shows 
a  low-velocity systolic  jet  (2 m/s) with a symmetrical  rounded appearance consistent with mild tricuspid valve regurgitation. Measurement of  the 
peak systolic velocity provides an  indirect assessment of RV systolic pressure with the modified Bernoulli equation. B, Hepatic vein pulsed wave 
Doppler  signal with accompanying electrocardiographic  tracing shows normal hepatic  vein flow  in  this patient with mild  tricuspid  regurgitation. 
Systolic flow (S) and diastolic flow (D) is seen emanating from the hepatic veins into the inferior vena cava (flow seen displayed below the baseline) 
and atrial reversal flow (A) representing normal flow refluxing into the hepatic veins resulting from atrial contraction. C, A dense systolic continuous 
wave Doppler signal is shown in a patient with severe tricuspid valve regurgitation. Severe tricuspid regurgitation results in a triangular or “dagger-
shaped” (arrowheads) early peaking tricuspid regurgitant jet profile as a result of early equilibration of pressures between the RA and RV. D, Hepatic 
vein pulsed wave Doppler  signal  shows both atrial  (single arrowhead)  and  systolic  reversed flow  (double arrowhead),  indicating elevation  in RA 
pressure and severe tricuspid valve regurgitation in a patient  in sinus rhythm. These systolic reversals reflect retrograde flow in the hepatic veins 
that can be appreciated clinically as a pulsatile liver. Hepatic vein systolic reversals may not be specific for severe tricuspid regurgitation when atrial 
fibrillation is present. 
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Figure 34-8  Proximal flow convergence method: influence of res-
piration on tricuspid regurgitation severity. Example of quantitative 
measurement of tricuspid regurgitation with inspiration and expiration. 
Shown are the measurements of regurgitant flow with the flow conver-
gence method  (top) and peak velocity with continuous wave Doppler 
imaging (bottom) with calculation of effective regurgitant orifice (ERO) 
in  inspiration  (left)  and  expiration  (right).  Respirometer  curves  ascend 
with  inspiration  and  descend  with  expiration.  During  inspiration, 
maximal  velocity  decreases,  regurgitant  flow  increases,  and  effective 
regurgitant orifice increases considerably. (With permission, from Topil-
sky Y, et al: Pathophysiology of tricuspid regurgitation: quantitative 
Doppler echocardiographic assessment of respiratory dependence. 
Circulation 122:1505-1513, 2010.)

Tricuspid
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TR velocity = 289 cm/sec TR velocity = 331 cm/sec
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Also, note that the severity of TR can be difficult to appreciate 
or underestimated with TEE with Doppler techniques because 
of the limited views afforded and suboptimal beam alignment.

CLINICAL UTILITY, OUTCOME DATA

Severe TR has an important impact on clinical outcome and 
survival. Patients with severe TR have a significant reduction in 
exercise capacity caused by impaired cardiac output response.49 
TR also has a negative impact on long-term survival, which was 
seen in patients with mitral stenosis after percutaneous balloon 
mitral valvuloplasty50 and in a retrospective study of more than 
5000 patients in whom increasing TR severity was associated 

Figure 34-9  Kaplan-Meier survival curves for all patients with tri-
cuspid regurgitation (TR). Survival is significantly worse in patients with 
moderate and severe tricuspid regurgitation.51 
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with worse survival regardless of left ventricular ejection frac-
tion or PA pressure. Moreover, severe TR was associated with a 
poor prognosis that was independent of age, biventricular sys-
tolic function, and RV size (Fig. 34-9).51

The independent effect of TR on prognosis was evaluated by 
Messika-Zeitoun and colleagues.16 They reported the outcome 
of flail TV leaflets in patients who were seen at Mayo Clinic over 
a 20-year period.16 The 60 patients with TV flail were divided 
into three groups depending on symptoms and associated car-
diovascular disease. Half of the patients underwent operative 
intervention (27 repairs and 6 TV replacements). The natural 
history of TR from flail leaflets without associated cardiovas-
cular disease showed an increased risk of atrial fibrillation, 
symptoms, heart failure, surgery, and death (Figure 34-10). 
Symptomatic improvement was noted in 88% of patients who 
underwent operation. The long-term survival rate of patients 
with unoperated TR caused by flail leaflets compared with the 
expected survival rate in a U.S. matched population showed 
excess mortality (4.5%; P less than .01). The effect of right-sided 
chamber enlargement in patients with severe TR, even in asymp-
tomatic patients, was noteworthy in this series. The clinical 
outcome stratified according to degree of right-sided cardiac 
chamber enlargement showed a marked difference in events 

Echocardiographic and Doppler Parameters for Evaluation of Tricuspid Regurgitation: Utility, Advantages, and Limitations

Parameter Utility/Advantages Limitations

RV/RA/IVC size Enlargement sensitive for chronic significant TR. Normal 
size virtually excludes significant chronic TR.

Enlargement seen in other conditions. May be 
normal in acute significant TR.

TV leaflet alterations Flail valve specific for significant TR. Other abnormalities do not imply significant TR.

Paradoxical septal motion (volume 
overload pattern)

Simple sign of severe TR. Not specific for TR.

Jet area–color flow Doppler Simple, quick screen for TR. Subject to technical and hemodynamic factors. 
Underestimates severity in eccentric jets.

Vena contracta width Simple, quantitative; separates mild from severe TR. Intermediate values require further confirmation.

PISA method Quantitative. Validated in only a few studies.

Flow quantitation–pulse wave 
Doppler

Quantitative. Not validated for determination of TR regurgitant 
fraction.

Jet profile–continuous wave Doppler Simple, readily available. Qualitative, complementary data.

Peak tricuspid E velocity Simple, usually increased in severe TR. Depends on RA pressure and RV relaxation, TV area, 
and atrial fibrillation; complementary data only.

Hepatic vein flow Simple; systolic flow reversal is sensitive for severe TR. Influenced by RA pressure, atrial fibrillation.

IVC, Inferior vena cava; PISA, proximal isovelocity surface area; TR, tricuspid regurgitation; TV, tricuspid valve.

TABLE 
34-1 

With permission, from Zoghbi WA, et al: Recommendations for evaluation of the severity of native valvular regurgitation with two dimensional and Doppler echocardiography. J Am Soc 
Echocardiogr 16:777-802, 2003.

Echocardiographic and Doppler Parameters Used in 
Grading of Tricuspid Regurgitation Severity

Parameter Mild Moderate Severe

Tricuspid valve Usually normal Normal or 
abnormal

Abnormal, flail 
leaflet, poor 
coaptation

RV/RA/IVC size Normal* Normal or 
dilated

Usually dilated†

Jet area–central jets 
(cm2)‡

<5 5-10 >10

VC width (cm)§ Not defined Not defined, but 
<0.7

>0.7

PISA radius (cm) ≤0.5 0.6-0.9 >0.9

Jet density and 
contour–
continuous wave

Soft and 
parabolic

Dense, variable 
contour

Dense, triangular 
with early 
peaking

Hepatic vein flow¶ Systolic 
dominance

Systolic blunting Systolic reversal

IVC, Inferior vena cava; PISA, proximal isovelocity surface area; VC, vena cava.
*Unless there are other reasons for RA or RV dilation. Normal 2D measurements from the 

apical 4-chamber view: RV medio-lateral end-diastolic dimension ≤4.3 cm, RV end-
diastolic area ≤35.5 cm2, maximal RA mediolateral and superoinferior dimensions 
≤4.6 cm and 4.9 cm respectively, maximal RA volume ≤33 ml/m2.

†Exception: acute TR.
‡At a Nyquist limit of 50-60 cm/s. Not valid in eccentric jets. Jet area is not recommended 

as the sole parameter of TR severity due to its dependence on hemodynamic and 
technical factors.

§At a Nyquist limit of 50-60 cm/s.
Baseline shift with Nyquist limit of 28 cm/s.
¶Other conditions may cause systolic blunting (e.g., atrial fibrillation, elevated RA pressure).

TABLE 
34-2 

With permission, from Zoghbi WA, et al: Recommendations for evaluation of the severity 
of native valvular regurgitation with two dimensional and Doppler echocardiography.  
J Am Soc Echocardiogr 16:777-802, 2003.
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when severe enlargement of the right heart chambers was 
present (Fig. 34-11). An increase in morbidity was also noted 
even in asymptomatic patients with right heart enlargement. 
The operative risk for TV repair or replacement is low for these 
patients, and symptomatic improvement can be expected. 
Unfortunately, arrhythmia risks persist even after successful 
repair because surgery is mostly performed at an advanced stage.

The patient’s clinical status and etiology of the TV abnormal-
ity usually determine the appropriate therapeutic strategy 
(Table 34-3).2 If a correctable cause is identified, this is treated 
initially if possible.

Tricuspid valve surgery is the only demonstrated effective 
treatment for symptomatic TV regurgitation. At the authors’ 
institution, where operative outcomes for TV disease are excel-
lent, TV repair or replacement is recommended for patients 
with severe TR and: 
1. Symptoms of reduced cardiac output, declining exercise 

capacity, or medically refractory right heart failure.

Figure 34-10  Outcomes with severe tricuspid regurgitation due to 
a flail leaflet. The Kaplan-Meier curves depict the incidence rate of new 
atrial  fibrillation  (2.8%  yearly):  class  III  or  IV  symptoms,  or  congestive 
heart failure (symptoms or CHF, 4.4% percent yearly); and the compos-
ite endpoint and first occurrence of symptoms or for heart failure, new 
atrial fibrillation (AF ), tricuspid surgery, or death (6.5% per year).16 
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Figure 34-11  Kaplan-Meier curves depict the incidence rate of 
combined endpoints of symptoms or heart failure, new atrial fibril-
lation, cardiac surgery, or death in patients with initial conservative 
management.  Note  that  patients  with  severe  tricuspid  regurgitation 
due  too  flail  leaflet  and  severe  right-sided  cardiac  chamber  enlarge-
ment had a higher incidence rate of events.16 
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2. Mitral valve disease, or other cardiac disease that necessitates 
surgery.

3. Progressive RV enlargement or dysfunction.
4. Select asymptomatic patients, such as patients with trau-

matic TV flail with severe TR.
Surgery is also recommended in patients with moderate or 

more TR who are undergoing other cardiac surgery. The Ameri-
can College of Cardiology/American Heart Association guide-
lines for the timing of TV repair and replacement and those 
from the European Society of Cardiology are summarized in 
Tables 34-3 and 34-4 .2,46 Predictors of long-term outcome after 
tricuspid valve replacement for severe tricuspid regurgitation 
include the Charlson comorbidity score, symptom severity, and 
the RV myocardial performance index.46a

Early surgery should be considered for patients with severe 
TR that results from blunt chest trauma because the long-term 
prognosis of flail TV leaflets is poor16 and the likelihood of 
repair is high. When severe symptomatic TR is the result of 
leaflet perforation or lead impingement from a pacemaker lead, 
removal or repositioning of the lead may decrease the degree of 
TR.52 If removal or repositioning is not feasible, TV repair or 
replacement should be performed.15

Carcinoid heart disease is best treated surgically with valve 
replacement to beneficially impact patient survival.26 Indica-
tions for surgery include progressive symptoms and right heart 
failure. Asymptomatic patients with severe carcinoid heart 
disease may need valve replacement that enables partial hepatic 
resection or liver transplantation.

In patients with severe TR from pulmonary thromboembolic 
disease–related pulmonary hypertension, pulmonary thrombo-
endarterectomy alone has been shown to reduce pulmonary 
hypertension and usually reduces TR without the need for 

Management of Patients with Severe Tricuspid 
Regurgitation

Level of Evidence Class

Tricuspid valve repair is beneficial for severe tricuspid 
regurgitation in patients with mitral valve disease that 
requires mitral valve surgery.

IB

1. Tricuspid valve replacement or annuloplasty is reasonable 
for severe primary tricuspid regurgitation when it is 
symptomatic.

IIaC

2. Tricuspid valve replacement is reasonable for severe 
tricuspid regurgitation as a result of diseased/abnormal 
tricuspid valve leaflets not amenable to annuloplasty or 
repair.

IIaC

Tricuspid annuloplasty may be considered for less than severe 
tricuspid regurgitation in patients undergoing mitral valve 
surgery when pulmonary hypertension or tricuspid annular 
dilation exists.

IIbC

1. Tricuspid valve replacement or annuloplasty is not indicated 
in patients with tricuspid regurgitation who are 
asymptomatic and whose PA systolic pressure is less than 60 
mm Hg in the presence of a normal mitral valve.

IIIC

2. Tricuspid valve replacement or annuloplasty is not indicated 
in patients with mild primary tricuspid regurgitation.

IIIC

Classification of recommendations and levels of evidence are expressed in the American 
College of Cardiology/American Heart Association 2006 Guidelines as follows:

Class I: Conditions for which there is evidence for and/or general agreement that the 
procedure or treatment is beneficial, useful, and effective.

Class II: Conditions for which there is conflicting evidence and/or a divergence of opinion 
about the usefulness/efficacy of a procedure or treatment.

Class IIa: Weight of evidence/opinion is in favor of usefulness/efficacy.
Class IIb: Usefulness/efficacy is less well established by evidence/opinion.
Class III: Conditions for which there is evidence and/or general agreement that the 

procedure/treatment is not useful/effective and in some cases may be harmful.
Level of Evidence B: Data derived from a single randomized trial or nonrandomized 

studies.
Level of Evidence C: Only consensus opinion of experts, case studies, or standard of care.

TABLE 
34-3 
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RESEARCH APPLICATIONS

Although early experience with 3D echocardiography as a 
routine clinical tool has been disappointing, evaluation of TV 
morphology and annular geometry may be improved with 
newer transducers. Research to determine whether improved 
TV anatomy and functional assessment results in better patient 
selection or improved surgical outcomes is currently under way. 
The use of real-time 3D echocardiography may also be able to 
better define device lead complications and guide endocardial 
biopsy, improving safety of the procedure.

POTENTIAL LIMITATIONS, FUTURE DIRECTIONS

Limitations exist regarding TR assessment with TEE. The TV is 
poorly visualized with TEE, principally because of its anterior 
location far from the transducer and in part because of the 
thinness of the leaflets. Also, the severity of TR can be difficult 
to appreciate or can be underestimated with TEE with Doppler 
techniques because of the limited views afforded and subopti-
mal beam alignment. These inherent limitations are unlikely to 
be overcome in the future.

The biggest promise for the future rests with the implementa-
tion of 3D echocardiography. With assessment of TR, a number 
of limitations are encountered with 2D echocardiography. Only 
two of the three TV leaflets are routinely imaged in a single 2D 
view. Also, the maximal dimensions and spatial geometry of the 
saddle-shaped tricuspid annulus cannot be easily measured 
with a single linear measurement. Lastly, the TV commissures 
and coaptation orifice cannot easily be assessed because an en 
face view of the TV is not readily available. Clinical research to 
determine whether 3D echocardiography will overcome these 
limitations is ongoing. As yet, no evidence shows that 3D assess-
ment of TV anatomy and function results in better patient 
selection for operative intervention or improved surgical out-
comes. Other challenges with regard to implementing 3D echo-
cardiographic assessment include lack of standardized measures 
and specific software to facilitate tricuspid annulus and leaflet 
analysis. Lastly, real-time 3D echocardiography may be useful 
to guide transcatheter-based interventions for the treatment of 
TR in the future.

Tricuspid Stenosis
BACKGROUND

In developed countries, tricuspid stenosis (TS) is an exception-
ally rare clinical condition, particularly because rheumatic heart 
disease accounts for about 90% of cases. Moreover, in patients 
with rheumatic mitral valve disease, only 3% to 5% have con-
current TS.59,60 Unusual causes of TS include carcinoid heart 
disease,61 congenital anomalies, infective endocarditis from 
large (often fungal) vegetations, and Whipple disease.62 An RA 
myxoma might present with signs and symptoms that mimic 
obstruction at the TV level (Box 34-2).

BASIC PRINCIPLES AND ECHOCARDIOGRAPHIC 
APPROACH

Echocardiography enables a definitive diagnosis of the severity 
of TS and provides clues to the etiology. Lesion severity is  
quantified with continuous wave Doppler to derive the mean 
gradient and valve area in valve stenosis.

concomitant TV annuloplasty, even when tricuspid annular 
dilatation is present.53 In contrast, TR from severe primary pul-
monary hypertension is usually treated with pulmonary vaso-
dilator and diuretic therapy alone because of the high risk of 
morbidity and mortality related to valve replacement and poor 
overall prognosis.

The 2006 American College of Cardiology/American Heart 
Association Valvular Heart Disease Guidelines advocate TV 
annuloplasty at the time of left-sided valve surgery if the tricus-
pid annulus is dilated, even when only mild TR is present.2 
Interestingly, a number of observational studies have docu-
mented improvement in TR severity when percutaneous 
balloon mitral valvuloplasty is performed in patients with 
mitral stenosis, severe pulmonary hypertension, and significant 
functional TR.54,55 Nevertheless, TV repair combined with 
mitral valve replacement is better than percutaneous balloon 
mitral valvuloplasty alone in patients with severe functional TR, 
especially if atrial fibrillation or RV enlargement in present.56

Unfortunately, the outlook is poor for patients who have 
previously undergone left-sided valvular heart disease surgery 
and subsequently present with symptomatic severe TR. Repeat 
surgery to specifically address the TR in these patients can be 
performed with an acceptable early mortality rate (8.8%). In 
the survivors, significant symptomatic improvement can be 
expected. However, the late mortality rate remains high (event-
free survival rate, 41.6% ± 9.2%), predicted by age and the 
number of previous cardiac operations.57 Video-assisted endo-
scopic minimal access procedures to correct atrioventricular 
valve disease after previous cardiac surgery were recently shown 
to be not only feasible but also accomplished with lower than 
predicted mortality, holding promise for treatment of these 
patients as an alternative to conventional redo open heart 
surgery.58

Indications for Intervention in Tricuspid Valve Disease 
(European Society of Cardiology 2007 Guidelines)

Class

Severe TR in a patient undergoing left-sided valve surgery IC

Severe primary TR and symptoms despite medical therapy 
without severe RV dysfunction

IC

Severe TS (±TR), with symptoms despite medical therapy* IC

Severe TS (±TR), in a patient undergoing left-sided valve 
intervention*

IC

Moderate organic TR in a patient undergoing left-sided valve 
surgery

IIaC

Moderate secondary TR with dilated annulus (>40 mm) in a 
patient undergoing left-sided valve surgery

IIaC

Severe TR and symptoms, after left-sided valve surgery, in the 
absence of left-sided myocardial, valve, or RV dysfunction 
and without severe pulmonary hypertension (systolic PA 
pressure, >60 mm Hg)

IIaC

Severe isolated TR with mild or no symptoms and progressive 
dilation or deterioration of RV function

IIbC

TR, Tricuspid regurgitation; TS, tricuspid stenosis.

TABLE 
34-4 

*Percutaneous technique can be attempted as a first approach if TS is isolated.
Recommendation classes and levels of evidence:
Class I: Evidence and/or general agreement that a given treatment or procedure is beneficial, 

useful, and effective.
Class II: Conflicting evidence and/or a divergence of opinion about the usefulness/efficacy 

of a given treatment or procedure.
Class IIa: Weight of evidence/opinion is in favor of usefulness/efficacy.
Class IIb: Usefulness/efficacy is less well established by evidence/opinion.
Level of Evidence A: Data derived from multiple randomized clinical trials or meta-

analyses.
Level of Evidence B: Data derived from a single randomized clinical trial or large non-

randomized studies.
Level of Evidence C: Consensus of opinion of the experts and/or small studies, retrospective 

studies, registries.
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should always be considered and specifically excluded with 
echocardiography.

Pulmonic Valve Stenosis
BACKGROUND

Valvular PS is usually an isolated congenital or genetic disor-
der and accounts for 80% to 90% of all RV outflow tract 
obstruction. The abnormal pulmonic valve may be classified 
as acommissural, unicommissural, bicuspid, or dysplastic  
(Fig. 34-12). Carcinoid syndrome and rheumatic valve disease 
may be associated with PS; in both conditions, PS generally 
occurs in conjunction with PR and TV or other valve disease. 
Congenital dysplastic pulmonic valve with PS, dysmorphic 
facial features, and variable intelligence characterize Noonan 
syndrome, an autosomal dominant disorder with variable 
penetrance.

Patients with mild and moderate PS are asymptomatic; they 
have minimal progression of disease and carry an excellent 
prognosis. Auscultatory findings include a pulmonic ejection 
sound that decreases in intensity with inspiration and a pul-
monic ejection murmur that increases with inspiration. The 
electrocardiogram is normal in mild and moderate PS.69

Severe PS may be asymptomatic or cause fatigue and dyspnea. 
Systemic or suprasystemic RV pressures from PS may cause 
reduced exercise capacity, exertional lightheadedness, syncope, 
and eventually right-sided heart failure.69 In severe PS, a jugular 
venous “a” wave and RV lift are common. A pulmonic ejection 
systolic murmur is audible and may be palpable at the upper 
left sternal border with radiation to the neck. With increasing 
PS severity, the ejection click moves closer to the first heart 
sound and eventually disappears; the second heart sound 
becomes widely split. A right-sided fourth heart sound may be 
heard. The electrocardiogram in severe PS is characterized by 
RA enlargement, right-axis deviation, RV hypertrophy, and RV 
strain pattern. Dilation of the main and left pulmonic arteries, 
diminished vascular lung markings, and occasionally, calcifica-
tion of the pulmonic valve may be noted on the chest 
radiograph.

BASIC PRINCIPLES AND ECHOCARDIOGRAPHIC 
APPROACH

Transthoracic echocardiography is the diagnostic test of choice 
for the initial diagnosis and follow-up of PS.2 The echocardio-
graphic examination follows the same basic principles as evalu-
ation of aortic stenosis (see Chapter 23) and not only confirms 
the presence and severity of PS but also provides important 
information regarding etiology. Noninvasive estimation of RV 
pressure and assessment of RV size and function are essential 
components of the echocardiographic examination and are 
important in determination of management.

TECHNICAL DETAILS, QUANTITATION, AND 
DATA ANALYSIS

Two-dimensional echocardiography shows thickened pulmonic 
valve cusps with systolic doming and reduced cusp mobility, 
which is usually best appreciated from the parasternal, the sub-
costal (Fig. 34-13), and occasionally, the anteriorly angulated 
apical views. The presence of subvalvular, annular, or supraval-
vular obstruction may also be noted with 2D echocardiography. 

Rheumatic involvement parallels the changes seen with rheu-
matic mitral valve disease, including commissural fusion and 
diastolic doming with thickened and shortened chordae. Even 
on echocardiography, findings can be subtle so that TV involve-
ment may be overlooked unless specific attention is directed 
towards to TV anatomy and motion in patients with rheumatic 
mitral valve disease.

TECHNICAL DETAILS, QUANTITATION,  
AND DATA ANALYSIS

Evaluation of the degree of TS includes calculation of: 
1. The mean pressure gradient throughout both phases of 

respiration.
2. the pressure half-time valve area (the proposed constant to 

determine TV area is 190).7,63

Unlike the evaluation of mitral stenosis, short-axis 2D 
imaging of the valve orifice is rarely feasible.

Tricuspid stenosis is considered severe when the mean gradi-
ent is 7 mm Hg or more and the pressure half-time is 190 ms 
or longer.7

CLINICAL UTILITY, OUTCOME DATA

Medical therapy for significant TS usually is ineffective because 
diuresis to improve systemic venous congestion further reduces 
cardiac output; thus, surgery should strongly be considered. If 
atrial fibrillation is present, ventricular rate control is important 
to promote diastolic filling. TS that requires surgery is most 
commonly the result of rheumatic heart disease and is best 
treated with valve replacement (see Table 34-4).2,46

Tricuspid valve balloon valvotomy has been advocated for TS 
of various causes. However, severe TR is a common conse-
quence of this procedure, and results are poor when severe TR 
develops.2,64,65

ALTERNATE APPROACHES

Tricuspid stenosis can be evaluated at catheterization with mea-
surement of the transvalvular pressure gradient and calculation 
of valve area. According to the American College of Cardiology/
American Heart Association guidelines,2 severe TS is defined as 
a valve area of less than 1.0 cm2. Nevertheless, because of the 
ease and accuracy of an echocardiographic assessment, cardiac 
catheterization is seldom necessary.66-68

Pulmonic Valve Disease
Pulmonic valve disease is underappreciated and often over-
looked because this valve is least commonly diseased. In the 
setting of RV pressure or volume overload, PS or PR  

Box 34-2 

ETIOLOGY OF TRICUSPID STENOSIS

Rheumatic heart disease
Congenital tricuspid stenosis
Right atrial tumors
Carcinoid heart disease
Endomyocardial fibrosis
Valvular vegetations
Extracardiac tumors
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Figure 34-12  Congenital pulmonic valve disease. The abnormal pulmonic valve may be classified as acommisural  (A) with prominent systolic 
doming of the valve cusps and an eccentric orifice; unicommissural (B); bicuspid with fused commissures (C); or dysplastic (D) with severely thickened 
and deformed valve cusps. (Courtesy Dr. William D. Edwards, Department of Laboratory Medicine and Pathology, Mayo Clinic College of Medicine. 
With permission, from Otto CM, Bonow RO: Valvular heart disease, ed 3. Philadelphia, 2009, WB Saunders.)
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Figure 34-13  Severe pulmonic valve stenosis. A, Two-dimensional echocardiogram from a patient with severe pulmonic valve stenosis. The best 
alignment between the Doppler beam and the pulmonic flow signal was from a subcostal long-axis window with the transducer angled anteriorly. 
Marked RV hypertrophy was noted, and there was systolic doming of the pulmonic valve (arrowhead ). B, From the same patient, the peak velocity 
recorded with continuous wave Doppler ultrasound scan for calculation of the transvalvular pressure gradient (single arrowhead ) suggests a peak 
gradient of more than 100 mm Hg. Note the late peaking infundibular gradient (three arrowheads) from dynamic RV outflow tract obstruction. (With 
permission, from Otto CM, Bonow RO: Valvular heart disease, ed 3. Philadelphia, 2009, WB Saunders.)
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RV wall thickness and function provides an indirect indicator 
of the degree of PS and adaptation of the RV to pressure  
overload. Poststenotic dilation of the pulmonic artery may 
become marked, with the degree of dilation unrelated to the 
degree of PS.

The severity of PS is determined with continuous wave 
Doppler peak transpulmonic velocity and gradient. The con-
tinuous wave Doppler spectrum of PS appears similar to the 
Doppler signal of aortic stenosis but is best obtained from the 
left upper parasternal or subcostal window. The maximal 
instantaneous gradient is generally reported for PS70 and his-
torically has been used to determine timing of PS intervention. 
Pulsed wave Doppler interrogation of the pulmonic annulus 
velocity should be obtained; if the proximal velocity is more 
than 1 m/s, then the modified Bernoulli equation (ΔP = 4[V2

2 
− V1

2]) is used to calculate the maximal instantaneous gradient. 
It is now recognized that the severity of PS is systematically 
overestimated with this technique. The mean PS gradient 

appears to correlate better with catheter-derived peak-to-peak 
gradients than the peak instantaneous PS gradient.71 Ultimately, 
with determination of whether intervention is needed, correla-
tion of the echocardiographic-Doppler gradient with other 
clinical findings is important.72

In the assessment of PS severity, integration of all available 
echocardiographic-Doppler data is important because the peak 
and mean gradients may be lower in patients with severe PS and 
reduced RV function, decreased cardiac output, and severe TR, 
which could potentially lead to an underestimate of PS severity. 
Pulmonic valve area is not generally reported with echocardiog-
raphy because of inaccuracy in measurement of the RV outflow 
tract diameter. Pulsed-wave Doppler interrogation of the 
hepatic veins may show prominent atrial reversal, analogous to 
the jugular venous “a” wave noted in severe PS.

Severe PS is defined as a peak Doppler gradient of more than 
50 mm Hg, moderate PS as a peak gradient of 30 to 50 mm Hg, 
and mild PS as a peak gradient of less than 30 mm Hg.72
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Transesophageal echocardiography rarely provides improved 
visualization of the pulmonic valve compared with transtho-
racic echocardiography because of interposition of the bron-
chus between the transducer and the pulmonic valve, which 
causes shadowing, and because the pulmonic valve is in the far 
field of the imaging plane. The pulmonic valve is best visualized 
with the multiplane transesophageal probe rotated to about  
90 degrees, resulting in a long-axis view of the RV outflow tract 
and pulmonic valve with the aortic valve in an oblique short-
axis orientation. Alternatively, the pulmonic valve can be visual-
ized in a transverse plane (0-degree rotation) with the probe at 
the level of the PA bifurcation to obtain an image that looks 
directly at the pulmonic valve from the bifurcation.

Three-dimensional echocardiography may allow improved 
visualization of the pulmonic valve morphology in select cases.73

CLINICAL UTILITY, OUTCOME DATA

Patients with PS need lifelong informed clinical and echocar-
diographic follow-up. The frequency of follow-up depends on 
the severity of the lesion and results of the intervention per-
formed. Patients with mild PS need to be seen once in 5 years 
with clinical and echocardiographic-Doppler examination. 
Patients with moderate PS should be seen with clinical and 
echocardiographic-Doppler examination every 2 to 5 years, and 
patients with severe PS who have not had intervention should 
be seen with testing annually.69,72 Periodic clinical and echocar-
diographic follow-up is recommended for all patients after pul-
monic balloon valvuloplasty or surgical management of PS, 
with specific attention given to the degree of PR and the impact 
of PR on the right heart. The frequency should be individual-
ized based on the severity of hemodynamic abnormalities but 
should be at least every 5 years.

The event-free survival rate of PS is good and depends on the 
severity of obstruction. The long-term follow-up study of 592 
patients with PS in the Second Natural History Study reported 
an overall survival rate at 25 years of 96%.74 In this surgical 
series, event-free survival was related to preoperative pressure 
gradient.

Intervention in the Second Natural History Study involved 
surgical valvotomy. Reoperation was reported in only 4% of 
patients during a 10-year follow-up period.74 In a subsequent 
longitudinal study of 90 consecutive patients with PS treated 
with operation, reoperation was required in 15%, primarily for 
PR (9%). At the last follow-up examination, moderate to severe 
PR was present in 37%, which emphasizes the importance of 
follow-up after PS intervention.75

Relief of PS is recommended for all patients with a peak 
instantaneous gradient of more than 60 mm Hg.2,72 Additional 
recommendations for intervention are outlined in Table 34-5.72 
Percutaneous pulmonic balloon valvuloplasty is the procedure 
of choice for children and adults with severe or symptomatic 
PS and carries a low risk of morbidity, mortality, and 
restenosis.2,69,72,76,77

Pulmonic balloon valvuloplasty produces PS gradient relief 
with commissural splitting, and thus, patients with a dysplastic 
pulmonic valve generally have suboptimal results. In the Valvu-
loplasty and Angioplasty of Congenital Anomalies registry that 
involved 784 cases, the mean transvalvular gradient declined 
from 71 to 28 mm Hg in patients with typical PS and from 79 
to 49 mm Hg in patients with a dysplastic PS.78 Pulmonic 
balloon valvuloplasty is not recommended in patients with 
acquired PS related to carcinoid or rheumatic disease because 

Recommendations for Intervention in Patients with 
Pulmonic Stenosis

Level of Evidence Class

Balloon valvotomy is recommended for patients who are 
asymptomatic with a domed pulmonic valve and a peak 
instantaneous Doppler gradient greater than 60 mm Hg or 
a mean Doppler gradient greater than 40 mm Hg (in 
association with less than moderate PR).

IB

Balloon valvotomy is recommended for patients who are 
symptomatic with a domed pulmonic valve and a peak 
instantaneous Doppler gradient greater than 50 mm Hg or 
a mean Doppler gradient greater than 30 mm Hg (in 
association with less than moderate PR).

IC

Surgical therapy is recommended for patients with severe PS 
and an associated hypoplastic pulmonic annulus, severe 
PR, subvalvular PS, or supravalvular PS. Surgery is also 
preferred for most dysplastic pulmonic valves and for 
associated severe TR or the need for a surgical Maze 
procedure.

IC

Surgeons with training and expertise in congenital heart 
disease should perform operations for the RV outflow tract 
and pulmonic valve.

IB

Balloon valvotomy may be reasonable in patients who are 
asymptomatic with a dysplastic pulmonic valve and a peak 
instantaneous Doppler gradient greater than 60 mm Hg or 
a mean Doppler gradient greater than 40 mm Hg.

IIbC

Balloon valvotomy may be reasonable in selected patients 
who are symptomatic with a dysplastic pulmonic valve and 
peak instantaneous Doppler gradient greater than 50 mm 
Hg or a mean Doppler gradient greater than 30 mm Hg.

IIbC

Balloon valvotomy is not recommended for patients who are 
asymptomatic with a peak instantaneous Doppler gradient 
less than 50 mm Hg in the presence of normal cardiac 
output.

IIIC

Balloon valvotomy is not recommended for patients who are 
symptomatic with PS and severe PR.

IIIC

Balloon valvotomy is not recommended for patients who are 
symptomatic with a peak instantaneous Doppler gradient 
less than 30 mm Hg.

IIIC

With permission, from Warnes C, Williams RB, Child J, et al: American College of 
Cardiology; American Heart Association Task Force on Practice Guidelines (Writing 
Committee to Develop Guidelines on the Management of Adults With Congenital Heart 
Disease); American Society of Echocardiography; Heart Rhythm Society; International 
Society for Adult Congenital Heart Disease; Society for Cardiovascular Angiography and 
Interventions; Society of Thoracic Surgeons. ACC/AHA 2008 guidelines for the 
management of adults with congenital heart disease. J Am Coll Cardiol 52:e1-e121, 2008.

PR, Pulmonic valve regurgitation; PS, pulmonic valve stenosis; TR, tricuspid regurgitation.

TABLE 
34-5 

of the nature of valve involvement, commonly associated PR, 
and concomitant valve involvement.

Severe PS often is associated with some degree of subvalvular 
muscular obstruction resulting from hypertrophy of the RV 
myocardium (see Figure 34-13). After relief of PS, infundibular 
obstruction may worsen transiently but then tends to regress 
over months with eventual resolution.79,80 Acute severe muscu-
lar obstruction can cause “suicide” RV, which results in supra-
systemic RV pressure with resultant cyanosis and hemodynamic 
instability. Beta-blocker therapy is recommended before pul-
monic balloon valvuloplasty to prevent or reduce the severity 
of this complication; therapy generally is discontinued after 3 
to 6 months.

A high frequency rate of PR has been reported after pulmonic 
balloon valvuloplasty; 57% of children had moderate or severe 
PR at the last follow-up.81,82

In patients who have unfavorable pulmonic valve morphol-
ogy, hypoplastic pulmonic annulus, fixed subvalvar or supraval-
var PS, severe PR, additional cardiac lesions that require 
operative intervention, or a poor result with pulmonic balloon 
valvuloplasty, surgical valvotomy or valve replacement may be 
preferred. The choice of pulmonic valve prosthesis type must 
be individualized.83
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PR is detectable in most healthy individuals.35 Echocardio-
graphic and Doppler parameters that are useful in the evalua-
tion of PR are listed in Table 34-6.4

The mechanism of PR is usually determined with 2D echo-
cardiographic evaluation of the RV outflow tract and pulmonic 
valve from the parasternal, the subcostal, and occasionally, the 
apical views. Identification of anatomic pulmonic valve abnor-
malities, such as absence of the pulmonic valve, flail cusp, or 
annular dilation, may help define the cause and delineate sever-
ity of PR. RV size and function provides an indirect indicator 
of the significance of PR and adaptation of the RV to volume 
overload.

Color Doppler imaging is the most common initial echocar-
diographic method used in identification of PR severity. When 
PR is unrestricted and the pulmonary pressures are low, the 
Doppler color-flow map may be laminar.4,86 PR severity is gener-
ally determined by jet size and duration that in turn is affected 
by driving pressure, regurgitant volume, and the RV pressures. 
Pathologic PR is typically a wide holodiastolic jet (Fig. 34-14). 
In severe PR, equalization of PA and RV pressures early in dias-
tole cause early and abrupt cessation of the color and continuous 
wave Doppler jet. Thus, reliance on the color flow jet alone may 
lead to underappreciation of the PR severity. It is therefore 
important to note the vena contracta width and continuous wave 
Doppler signal contour to recognize that severe PR is present.

The density and contour of the continuous wave Doppler 
signal and deceleration pressure half-time correspond to the 
degree of PR and RV pressures (Fig. 34-14, C).87 Rapid continu-
ous wave Doppler deceleration with a pressure half-time of less 
than 100 ms is suggestive but not specific for severe PR. Equal 
intensities of antegrade and retrograde flow across the  
pulmonic valve suggest severe PR but are influenced by RV 
diastolic properties and filling pressures. In severe PR, equaliza-
tion of RV and PA pressures can occur before the end 

ALTERNATE APPROACHES

Echocardiographic-Doppler assessment of PS severity remains 
challenging in patients with suboptimal echocardiographic 
image quality. Alternate imaging options, including 3D echo-
cardiography with color flow mapping, may provide additional 
future data but require validation. Cardiac magnetic resonance 
imaging and cardiac computerized tomography can be per-
formed to better define the level of obstruction; these tech-
niques are particularly helpful when multiple levels of RV 
outflow obstruction are present in series.

Cardiac catheterization should be considered when discor-
dant data are present, to confirm the extent, severity, and level 
of obstruction or to facilitate intervention.

Pulmonic Valve Regurgitation
BACKGROUND

In adults, pathologic PR most often is the consequence of prior 
interventions for congenital heart disease, such as tetralogy of 
Fallot repair with placement of an outflow tract patch84 or val-
votomy (surgical or balloon) for isolated congenital PS.75 Addi-
tional causes of PR include pulmonary hypertension, rheumatic 
or carcinoid heart disease, trauma, endocarditis, and PA and 
annular dilation.

Patients with long-standing severe PR eventually have devel-
opment of progressive RV dilation and reduced RV function. 
This development can lead to the inability to augment cardiac 
output with exercise, progressive TR from annular dilation, 
increased propensity to atrial and ventricular arrhythmias, and 
ultimately, right heart failure.

Patients with PR may have a parasternal lift as a result of RV 
enlargement. The murmur of PR is typically a soft, diastolic, 
decrescendo murmur best heard at the left upper sternal region. 
It begins after the pulmonic closure sound and may be accom-
panied by a pulmonic systolic ejection murmur. An increase in 
intensity of the murmur may be noted during inspiration or 
with pulmonary hypertension.

The dilated and dysfunctional RV associated with long-
standing severe PR can cause QRS prolongation, ventricular 
arrhythmias, and sudden death. This mechanical-electric asso-
ciation has been documented in patients with transannular 
patch repair of tetralogy of Fallot.85 Chest radiography may 
show cardiomegaly, involving the right-sided chambers and PA 
enlargement.

BASIC PRINCIPLES AND ECHOCARDIOGRAPHIC 
APPROACH

Transthoracic echocardiography is the diagnostic test of choice 
for the initial diagnosis and follow-up of PR.2 The echocardio-
graphic examination follows the same principles as evaluation 
of aortic valve regurgitation (see Chapter 20), confirming the 
presence and severity of PR and also providing information 
regarding etiology. Noninvasive estimation of RV size and func-
tion are essential components of the echocardiographic exami-
nation, and are important in determination of management.

TECHNICAL DETAILS, QUANTITATION, AND 
DATA ANALYSIS

The diagnosis of PR is usually made with echocardiography and 
graded with color Doppler imaging. A trivial or mild degree of 

Echocardiographic and Doppler Parameters Used in the 
Evaluation of Pulmonic Regurgitation Severity: Utility, 
Advantages, and Limitations

Parameter Utility/Advantages Disadvantages

RV size RV enlargement sensitive 
for chronic significant 
pulmonic regurgitation. 
Normal size virtually 
excludes significant 
pulmonic regurgitation.

Enlargement seen in other 
conditions.

Paradoxical septal 
motion (volume 
overload pattern)

Simple sign of severe 
pulmonic regurgitation.

Not specific for pulmonic 
regurgitation.

Jet length–color 
flow

Simple. Poor correlation with 
severity of pulmonic 
regurgitation.

Vena contracta 
width

Simple quantitative 
method that works well 
for other valves.

More difficult to perform; 
requires good images of 
pulmonary valve; lacks 
published validation.

Jet deceleration 
rate–continuous 
wave

Simple. Steep deceleration not 
specific for severe 
pulmonic regurgitation.

Flow quantitation–
pulsed wave

Quantitates regurgitant 
flow and fraction.

Subject to significant 
errors because of 
difficulties of 
measurement of 
pulmonic annulus and a 
dynamic RV outflow 
tract; not well validated.

With permission, adapted from Zoghbi WA, Enriquez-Sarano M, Foster E, et al: 
Recommendations for evaluation of the severity of native valvular regurgitation with 
two-dimensional and Doppler echocardiography. J Am Soc Echocardiogr 16:777-802, 
2003.

TABLE 
34-6 
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orifice area. The vena contracta appears to be a more accurate 
method of evaluation of the severity of PR with color Doppler 
imaging than regurgitant jet area; however, standards for PR 
vena contracta width have not been established.

Magnetic resonance imaging has become a common diag-
nostic tool used to assess PR severity and RV size and function 
in patients with PR. Two-dimensional and Doppler echocardio-
graphic measurements that have been shown to be independent 
predictors of severe PR compared with cardiac magnetic reso-
nance imaging include diastolic flow reversal in the main or 
branch PAs, PR jet width of 50% or more of the pulmonic 
annulus, and PR pressure half-time of less than 100 ms.88 For 
assessment of PR severity after RV outflow tract reconstruction 
or pulmonic valve replacement, PR jet width-annulus ratio 
combined with diastolic flow reversal was found to be the most 
valuable echocardiographic measure with magnetic resonance 
imaging as a reference tool.89

CLINICAL UTILITY, OUTCOME DATA

Most patients with mild degrees of PR have a benign clinical 
course. Chronic severe PR often is well tolerated for many years. 
However, the RV may dilate and develop systolic dysfunction, 
analogous to the effect of chronic aortic regurgitation on the 
left ventricle. Severe RV dilation is associated with an increased 
risk of sudden death, related primarily to arrhythmias.85 No 
medical therapy has been shown to be effective in reducing the 
degree of PR or affecting the impact of PR on the RV. The 
impact of isolated late PR is increasingly recognized; PR not 
only affects RV size and function but also affects exercise capac-
ity.90 As the intervention options improve and the morbidity 
related to long-standing PR is increasingly recognized, indica-
tions for intervention are being refined.

Consensus Guidelines on the Management of Adults with 
Congenital Heart Disease recommend pulmonic valve replace-
ment for severe PR and symptoms or decreased exercise  
tolerance (Table 34-8). Pulmonic valve replacement is also 
thought to be reasonable in adults with previous surgery  
for tetralogy of Fallot, severe PR, and: (1) moderate to severe RV 

of diastole. The RV end-diastolic pressure may exceed the PA 
pressure during atrial contraction, resulting in antegrade flow 
across the pulmonic valve during atrial contraction. Pulsed 
wave Doppler scan determination of the ratio of the reverse-to-
forward time velocity integral has been used to estimate the 
percent of PR flow.

Transesophageal echocardiography rarely provides improved 
visualization of the pulmonic valve compared with transtho-
racic echocardiography because of interposition of the bron-
chus between the transducer and the pulmonic valve that causes 
acoustic shadowing and because the pulmonic valve is an ante-
rior structure located in the far field of the imaging plane. The 
pulmonic valve is best visualized with the multiplane trans-
esophageal probe rotated to about 90 degrees, resulting in a 
long-axis view of the RV outflow tract and pulmonic valve with 
the aortic valve in an oblique short-axis orientation. This allows 
visualization of the PR jet size and vena contracta. Alternatively, 
the pulmonic valve can be visualized in a transverse plane 
(0-degree rotation) with the probe at the level of the PA bifurca-
tion to obtain an image that looks directly at the pulmonic valve 
from the bifurcation. This view provides a parallel intercept 
angle that optimizes beam alignment for Doppler recordings. 
TEE is generally not performed for the diagnostic assessment 
of pulmonic valve disease.

Three-dimensional echocardiography may allow improved 
visualization of pulmonic valve morphology in select cases.73

A comprehensive multimodality echocardiographic evalua-
tion of PR involves primarily a qualitative assessment that pro-
vides clinically useful estimates of PR severity and is feasible in 
most patients.4 Information about right heart size and function 
is taken into account in the comprehensive approach to patients 
with PR (Table 34-7).

Insufficient data exist on the echocardiographic quantitation 
of PR to recommend routine use. Validation studies are lacking 
because of difficulties in imaging of the pulmonic valve and the 
low prevalence of severe PR. The vena contracta width is the 
smallest regurgitant flow area immediately beyond the flow 
convergence region and before expansion of the turbulent 
regurgitant jet, which corresponds with the effective regurgitant 

Figure 34-14  Transthoracic echocardiogram images of the RV outflow tract from a 
patient with severe pulmonic valve regurgitation related to prior repair of tetralogy of 
Fallot.  A,  Color  flow  Doppler  imaging  features  show  laminar  flow  during  systole  into  the 
pulmonary artery. B, Broad  laminar  regurgitation  jet of pulmonic  regurgitation  that fills  the 
RV  outflow  tract  during  diastole.  C,  Continuous  wave  Doppler  imaging  shows  an  intense 
holodiastolic  flow  signal  (arrowhead)  across  the  pulmonic  valve  that  decelerates  rapidly  to 
baseline. There is no pulmonic stenosis (antegrade velocity of 1.0 m/s), and the low-velocity 
diastolic flow indicates normal pulmonary diastolic pressures. (With permission, from Otto CM, 
Bonow RO: Valvular heart disease, ed 3. Philadelphia, 2009, WB Saunders.)
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dysfunction; (2) moderate to severe RV enlargement; (3) devel-
opment of symptomatic or sustained atrial or ventricular 
arrhythmias; and (4) moderate to severe TR.

In the authors’ practice, pulmonic valve replacement for 
severe PR is also recommended for: (1) decline in functional 
aerobic capacity; (2) severe PR in a patient needing another 
cardiac operation; and (3) concern about risk of arrhythmia in 
patients with prolonged or increasing QRS duration (total QRS 
duration of 180 ms or more or QRS duration increase of 
3.5 ms/y or more).85

Right ventricle size tends to decrease or normalize and func-
tional status improves after pulmonic valve replacement for PR 
late after tetralogy of Fallot surgery.91 Preoperative N-terminal-
pro brain natriuretic peptide elevation and QRS prolongation 
may indicate patients with poorer outcome regarding RV func-
tion and volumes after surgery.92 However, RV function may not 
fully recover after pulmonic valve replacement once marked 
enlargement and systolic dysfunction are evident.93,94 When 
pulmonic valve replacement is recommended, the type of pul-
monic valve prosthesis should be individualized.83

ALTERNATE APPROACHES

Echocardiographic quantitation of PR remains challenging 
and not well validated. Future alternate imaging options, 
including 3D color flow mapping, may provide additional 
future data. Cardiac magnetic resonance imaging is considered 
the clinical gold-standard method for the noninvasive  
quantitation of PR and is commonly used to assess right- 
sided heart size and function in asymptomatic patients  
with severe PR to determine the optimal time of valve replace-
ment. Cardiac catheterization is rarely performed to assess PR.

Pulmonic valve disease is underappreciated clinically and 
with echocardiography. In patients with RV pressure or volume 
overload, PS or PR should always be sought with multimodality 
echocardiographic imaging.

Echocardiographic and Doppler Parameters Used in 
Grading Pulmonic Regurgitation Severity

Parameter Mild Moderate Severe
Pulmonic valve Normal Normal or 

abnormal
Abnormal

RV size Normal* Normal or dilated Dilated

Jet size with color 
Doppler†

Thin (usually 
<10 mm in 
length) with a 
narrow origin

Intermediate Usually large, with 
a wide origin; 
may be brief in 
duration

Jet density and 
deceleration 
rate–continuous 
wave Doppler‡

Soft; slow 
deceleration

Dense; variable 
deceleration

Dense; steep 
deceleration, 
early termination 
of diastolic flow

Pulmonic systolic 
flow compared 
with systemic 
flow–pulsed 
wave Doppler§

Slightly increased Intermediate Greatly increased

*Unless there are other reasons for RV enlargement. Normal 2D measurements from the 
apical 4-chamber view; RV medio-lateral end-diastolic dimension ≤ 4.3 cm, RV end-
diastolic area ≤ 35.5 cm2

TABLE 
34-7 

†At a Nyquist limit of 50-60 cm/s.
‡Steep deceleration is not specific for severe PR.
§Cut-off values for regurgitant volume and fraction are not well validated.

With permission, adapted from Zoghbi WA, Enriquez-Sarano M, Foster E, et al: 
Recommendations for evaluation of the severity of native valvular regurgitation with 
two-dimensional and Doppler echocardiography. J Am Soc Echocardiogr 16:777-802, 
2003.

Recommendations for Surgery for Adults with Pulmonic 
Regurgitation

Level of Evidence Class

Surgeons with training and expertise in congenital heart 
disease should perform operations in adults with previous 
repair of tetralogy of Fallot.

IC

Pulmonic valve replacement is indicated for severe PR and 
symptoms or decreased exercise tolerance.

IB

Coronary artery anatomy, specifically the possibility of an 
anomalous anterior descending coronary artery across the 
RV outflow tract, should be ascertained before operative 
intervention.

IC

Pulmonic valve replacement is reasonable in adults with 
previous repair of tetralogy of Fallot, severe PR, and any of 
the following:
1. moderate to severe RV dysfunction; IIaB
2. moderate to severe RV enlargement; IIaB
3. development of symptomatic or sustained atrial or 

ventricular arrhythmias; or
IIaC

4. moderate to severe tricuspid regurgitation. IIaC

With permission, adapted from Warnes C, Williams RB, Child J, et al: American College 
of Cardiology; American Heart Association Task Force on Practice Guidelines (Writing 
Committee to Develop Guidelines on the Management of Adults With Congenital Heart 
Disease); American Society of Echocardiography; Heart Rhythm Society; International 
Society for Adult Congenital Heart Disease; Society for Cardiovascular Angiography and 
Interventions; Society of Thoracic Surgeons. ACC/AHA 2008 guidelines for the 
management of adults with congenital heart disease. J Am Coll Cardiol 52:e1-e121, 2008.

PR, Pulmonic regurgitation.

TABLE 
34-8 

KEY POINTS

 Moderate or more TR is most frequently “functional” in 
nature, that is, not related to primary tricuspid leaflet 
pathology but rather the result of another disease process 
that causes RV dilation, distortion of the subvalvular 
apparatus, tricuspid annular dilation, or a combination 
of these.

 Echocardiography is currently the reference standard for 
diagnosis and evaluation of tricuspid and pulmonic 
valve disease.

 An integrated assessment that incorporates 2D and 
Doppler qualitative and quantitative parameters is nec-
essary to grade TR.

 Data suggest severe TR as a result of a flail leaflet is asso-
ciated with adverse outcomes that favor early surgical 
repair.

 Severe TV regurgitation has an important impact on 
clinical outcome and survival in patients with concomi-
tant cardiovascular disease.

 Tricuspid stenosis occurs infrequently and is essentially 
never seen in isolation.

 Pulmonic stenosis is most commonly an isolated con-
genital cardiac lesion.

 Pulmonic stenosis should always be considered in the 
setting of RV hypertension.

 Determination of PS severity requires comprehensive 
clinical and echocardiographic assessment.

 Pulmonic regurgitation is most commonly found in 
patients with prior intervention for congenital PS 
(balloon or surgical) or tetralogy of Fallot.

 Severe PR is often missed because of laminar color flow 
appearance and short duration.
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Echocardiography is often requested in pregnant women to 
evaluate preexisting heart disease or to assess women with 
cardiac symptoms or abnormal findings on physical examina-
tion. Many healthy women experience symptoms of fatigue, 
decreased exercise tolerance, or dyspnea during pregnancy. 
Clinical examination may be nondiagnostic, prompting a 
request for echocardiographic evaluation. Although a “flow 
murmur” is present in most pregnant women, this normal 
finding cannot always be clinically distinguished from a patho-
logic murmur. Diagnostic testing can differentiate between the 
normal alterations in cardiovascular physiology and anatomy 
resulting from pregnancy and from pathologic findings.

In pregnant patients with known cardiac disease, expected 
findings (and appropriate normal reference values) may be dif-
ferent from those in nongravid patients. Echocardiography may 
be used to monitor cardiovascular function during pregnancy 
and the peripartum period. In pregnant patients with concur-
rent systemic disease or with preeclampsia, echocardiography 
can provide important insights into the effect of the disease 
process on cardiovascular physiology and can assist in manage-
ment of individual patients.

In this chapter, the normal hemodynamic and echocardio-
graphic changes during pregnancy are reviewed and the role of 
echocardiography in management of pregnant women with 
known or suspected cardiac disease is summarized.

Normal Hemodynamic and 
Echocardiographic Changes  
with Pregnancy
NORMAL HEMODYNAMIC CHANGES

During normal pregnancy, plasma volume, erythrocyte volume, 
and cardiac output (CO) increase substantially over baseline 
values (Table 35-1 and Fig. 35-1). Many original studies of 
hemodynamic changes during pregnancy were based on right-
sided heart catheterization with Fick or thermodilution CO 
data. These studies included small numbers of patients with 
evaluation of limited points during pregnancy.1,2 More recent 
use of Doppler CO measurement techniques has greatly 
increased our understanding of the magnitude and timing of 
CO changes during pregnancy.2-4

CO increases during pregnancy by as much as 45% over 
baseline values.4-7 Noninvasive Doppler measurements consis-
tently show a definite rise in CO that occurs as early as 10 weeks 
gestation. Some studies suggest that maximum CO is reached 
at 24 weeks gestation with no further increase in later preg-
nancy (Fig. 35-2). Other studies (Figs. 35-3 and 35-4) show a 
continued increase in CO throughout pregnancy, with higher 
stroke volume accounting for much of the first-trimester 
increase, followed by a continued elevation in heart rate (and 
thus CO) in the last two trimesters. On average, heart rate 
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balance the increased blood volume. Diastolic filling pressures 
in both the right-sided and left-sided heart also remain normal 
in pregnancy.16

TECHNICAL ASPECTS OF DOPPLER CARDIAC 
OUTPUT MEASUREMENTS

Doppler measurement of CO in pregnancy is based on the same 
principles as in nonpregnant patients. Stroke volume (SV) is 
calculated from the cross-sectional area (CSA) of flow multi-
plied by the velocity-time integral (VTI) of flow at that site:

SV CSA VTI= ×

increases 25% to 30% over baseline values during pregnancy8 
(Fig. 35-5).

The underlying etiology of increased CO with pregnancy is 
presumably hormonal, but the exact mechanism remains 
unclear.9 Vasodilation may be mediated by nitric oxide10 and 
hormones, such as relaxin.11 An increase in venous tone during 
pregnancy contributes to preload augmentation.4 In addition, 
decreased aortic stiffness reduces afterload.6 Arterial capaci-
tance increases during pregnancy, accounting for the decrease 
in total peripheral resistance.12 This fall in systemic vascular 
resistance allows blood pressure to rise only slightly despite 
increased stroke volume (see Fig. 35-5). Some studies suggest 
that pregnancy is associated with an increased ventricular wall 
stress.13 However, this view is challenged by other studies dem-
onstrating a 30% decrease in wall stress.4,14 Left ventricular (LV) 
contractility may to be depressed in pregnancy, based on mea-
surement of the afterload adjusted velocity of circumferential 
fiber shortening.13,14 LV systolic performance is maintained, 
despite this possible decrease in contractility, as a result of the 
altered loading conditions of pregnancy. However other studies 
suggest that there is no change in ventricular contractility.1,12 
Pulmonary pressures remain normal during pregnancy,15 sug-
gesting a similar decrease in pulmonary vascular resistance to 

Figure 35-1  Plasma and erythrocyte increase during pregnancy. 
(From Pitkin PM: Nutritional support in obstetrics and gynecology. Clin 
Obstet Gynecol 19:489-513, 1976.)
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Normal Anatomic and Hemodynamic Changes of Pregnancy

Anatomic

Aortic root Slight increase in diameter (2-3 mm)

LV Slight increase in end-diastolic dimension and 
slight decrease in end-systolic dimension

LA Slight increase in size

Hemodynamic
Cardiac output Increased beginning in first trimester; 

maximum increase (at term) of 45% over 
baseline value

Stroke volume Increased

Heart rate Increased by 25% to 30%

Blood pressure Unchanged

Systemic vascular resistance Decreased

Pulmonary artery pressure Unchanged

LV end-diastolic pressure Unchanged

TABLE 
35-1 
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Typically, the cross-sectional area is assumed to be circular 
and is calculated from a two-dimensional (2D) echocardio-
graphic diameter measurement recorded with the ultrasound 
beam perpendicular to the flow diameter. The velocity-time 
integral is measured by either pulsed-wave (PW) or continuous-
wave (CW) Doppler ultrasound, with the Doppler beam aligned 
parallel to the flow stream. As in nonpregnant patients, it  
is critical that (1) diameter is measured accurately, (2) the 
Doppler beam is aligned parallel to the direction of blood flow, 
and (3) diameter and velocity data are obtained almost simul-
taneously from the same intracardiac site. In addition, this 
method assumes that flow is laminar with a relatively flat (or 
blunt) flow-velocity profile and that flow fills the anatomic 
cross-sectional area. Although these assumptions appear to be 
warranted in nonpregnant patients according to numerous 
studies validating this approach,17 the potential effect of the 
altered flow conditions during pregnancy warrants reevalua-
tion. Specific concerns in pregnant patients include the possibil-
ity that the flow profile may not be blunt or may be asymmetric 
given the higher flow volumes. Possible changes in cross-
sectional flow areas during pregnancy may also affect these 
measurements.

Validation of CO measurements in pregnancy has been per-
formed by several groups of investigators using either of two 

Figure 35-3  Hemodynamic changes during pregnancy and post-
partum. (From Mabie WC, DiSessa TG, Crocker LG, et al: A longitudinal 
study of cardiac output in normal human pregnancy.  Am  J  Obstet 
Gynecol 170:849-856, 1994.)
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basic Doppler approaches (Table 35-2). Some investigators have 
applied the technique of measuring ascending aortic flow with 
a CW Doppler probe from a suprasternal approach.18,20 The 
cross-sectional area of flow is calculated from a carefully 
recorded A-mode aortic diameter measured at the sinotubular 

Figure 35-5  Sequential  changes  in  mean  arterial  pressure  (A)  and 
total peripheral resistance (B) in 89 women with no cardiac disease and 
a normal pregnancy. SD, Standard deviation. (Data from Easterling TR, 
Benedetti TJ, Schmucker BC, Millard SP: Maternal hemodynamics in 
normal and preeclamptic pregnancies: a longitudinal study.  Obstet 
Gynecol 76:1061-1069, 1990.)
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Validation of Doppler Cardiac Output Measurements in Pregnancy

Study n Gestational Age Doppler Method Standard of Reference r Regression Equation (L/min) SEE (L/min)

Easterling18 23 Third trimester CWD TD 0.93 Dop = 1.07 TD − 0.58 —

A-mode Ao — — — —

Robson25 15 Nonpregnant PD asc Ao Fick 0.93 Fick = 1.0 Dop + 0.8 0.4

2D Ao-leaflets — — — —

Robson25 40 Pregnant Ao Doppler — — —

Nonpregnant MV vs. PA MV 0.96 Ao = 1.02 MV − 0.96 0.37

— PA 0.96 Ao = 0.97 PA + 0.40 0.47

— — 0.97 MV = 0.92 PA + 0.62 0.34

Lee19 16 Pregnant LVOT TD 0.94 TD = 0.74 LVOT + 1.91 0.64

Ao, Aorta; asc, ascending; CWD, continuous-wave Doppler; Dop, Doppler; LVOT, left ventricular outflow tract; MV, mitral valve; PA, pulmonary artery; PD, pulsed Doppler; SEE, standard 
error of estimate; TD, thermodilution.

TABLE 
35-2 

junction, the narrowest segment of the aorta, because the 
highest flow velocity (as obtained with CW Doppler) will cor-
respond to the smallest flow area. Doppler COs calculated with 
this method correlated well with simultaneous thermodilution 
COs in pregnant women undergoing right-sided heart catheter-
ization for clinical indications.18 Of note, serial studies in preg-
nant women suggest that aortic root diameter increases during 
pregnancy,21,22 so that repeat aortic diameter measurements are 
needed at each time point. This contrasts with the situation in 
nonpregnant adults in whom both left ventricular outflow tract 
(LVOT) and aortic diameters tend to remain relatively constant 
over time.

Other investigators have measured CO in pregnant women 
using standard clinical cardiac ultrasound systems.5,23-25 LVOT 
diameter is measured from a 2D parasternal long-axis view; 
LVOT flow is recorded via an apical approach using pulsed 
Doppler echocardiography, with the sample volume positioned 
just proximal to the aortic valve plane.26 This method correlates 
well with simultaneous Fick COs in nonpregnant patients.17 In 
a group of pregnant women, internal consistency between 
Doppler COs measured from diameter and flow data across the 
aortic, mitral, and pulmonic valves was demonstrated.27

Reproducibility, in addition to accuracy, is critical for the 
application of these methods in following individual patients 
during the course of pregnancy. Several studies suggest that 
both these methods can be performed reproducibly with an 
acceptable degree of recording and measurement variability in 
pregnant patients, with a coefficient of variation of 5% to 
8%.18,27 Although there is still concern that these methods have 
been validated against invasive standards in only small numbers 
of pregnant women, the data should still accurately reflect 
hemodynamic changes over time (if not absolute values) both 
in individuals and in groups of patients.

Compared with the 2D/pulsed Doppler approach, the advan-
tage of the A-mode/CW method is that a smaller, less expen-
sive, dedicated instrument can be used for CO measurements. 
Although optimal results require careful data acquisition, 
focused education and training of appropriate individuals 
allows more widespread application of this technique. Potential 
disadvantages include (1) the possibility of a nonperpendicular 
measurement of aortic root diameter (resulting in overestima-
tion of CO), (2) a nonparallel intercept angle between the 
Doppler beam and the direction of aortic flow (resulting in 
underestimation of CO), and (3) failure to recognize abnormal 
aortic flow conditions (e.g., aortic stenosis or aortic regurgita-
tion) that invalidate the Doppler method. When any of these 
problems are suspected, a standard clinical echocardiographic 
examination should be performed to resolve the difficulty.
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change is significant for accurate CO calculations, and given the 
wide range of values, some individuals have more pronounced 
changes in outflow tract geometry.

Left atrial (LA) anteroposterior dimension increases by about 
4 mm. When compared with echocardiograms obtained several 
weeks postpartum, the maximal atrial size is seen at term.22 
Changes in atrial dimension in the peripartum period are asso-
ciated with changes in serum atrial natriuretic peptide levels.36 
A small increase in mitral annulus diameter has been docu-
mented in conjunction with a much larger change in tricuspid 
annulus diameter.22

A small pericardial effusion is seen on echocardiography is 
as many as 25% of normal pregnant women, with a higher 
prevalence in women with preeclampsia.36

DOPPLER FLOWS

Although enlargement in annular diameters partially compen-
sate for the increased transvalvular volume flow of pregnancy, 
higher transvalvular flow velocities are also seen24 (Table 35-4). 
Both the maximum aortic and LVOT flow velocity rises by 
approximately 0.3 m/s compared with the nongravid state. Less 
dramatic changes in transmitral velocities are seen with an 
increase in early (E) velocity of only 0 to 0.1 m/s and an increase 
in atrial (A) velocity of only 0.1 to 0.2 m/s. However, the relative 
increase in E and A velocities being unequal, the E/A ratio 

M-MODE AND TWO-DIMENSIONAL  
ECHOCARDIOGRAPHIC CHANGES

The increased CO of pregnancy is reflected in changes in LV 
dimensions, volumes, and geometry (Table 35-3). M-mode 
studies show that LV end-diastolic dimension increases slightly 
(by 2 to 3 mm on average) and end-systolic dimension is 
unchanged, so that there is a slight increase in fractional short-
ening during pregnancy.20,27,29,31 The change in LV diastolic 
dimension correlates with increased preload caused by changes 
in systemic venous tone.30 LV wall thickness also increases 
slightly, with a corresponding increase in calculated LV mass. 
Similar changes in right ventricular (RV) dimensions have been 
noted.

With 2D echocardiography, a slight increase in end-diastolic 
volume and in ejection fraction is seen, with little change in 
end-systolic volume.6,22,29,31,33,34 These findings are consistent 
with the altered loading conditions of an increased end-diastolic 
volume and decreased systemic vascular resistance and do not 
imply an increase in LV contractility. There are conflicting data 
on the changes in contractility with pregnancy.4,14,16,31 There 
have been few studies evaluating LV geometry in normal preg-
nancy; however, no dramatic changes in ventricular shape have 
been observed.

Several investigators have found consistent increases in aortic 
and LVOT diameters during pregnancy, with the magnitude of 
this change averaging 1 to 2 mm.20,35 Even this small average 

Normal Echocardiographic Measurements in Pregnancy (Maximum Changes)

Measurement Modality Mean ± SD Gestational Age Comparison Value Time of Comparison Reference

Aortic root (mm) M-mode 30 ± 12 Third trimester 28 ± 3 2 months pp Sadaniantz22

A-mode 25 ± 2 Term 24 ± 4 10 weeks Easterling21

LVOT (cm2) 2D area 3.5 ± 0.3 Term 3.2 ± 0.3 2 months pp Vered28

LA dimension (mm) 2D 38 ± 4 Term 34 ± 5 2 months pp Vered28

M-mode 36 Term 31 Preconception Sadaniantz22

M-mode 37 Term 33 24 weeks pp Robson29

LV EDD (mm) M-mode 47 ± 4 Term 48 ± 4 12 weeks pp Mabie6

M-mode 46 ± 3 24 to 32 weeks 43 ± 3 Nonpregnant controls Rubler30

M-mode 51 ± 3 Third trimester 50 ± 4 2 months pp Sadaniantz22

M-mode 48 Third trimester 45 Preconception Robson26

M-mode 49 Term 47 24 weeks pp Robson29

2D 52 ± 4 Term 50 ± 3 2 months pp Vered28

LV ESD (mm) M-mode 32 Term 32 24 weeks pp Robson29

M-mode 29 ± 3 Term 30 ± 2 Nonpregnant controls Rubler30

2D 33 ± 4 Term 34 ± 5 2 months pp Vered28

PWT (mm) M-mode 10 ± 1 Term 9 ± 1 12 weeks pp Mabie6

M-mode 7 ± 1 Third trimester 6 ± 1 2 months pp Sadaniantz22

2D 8 ± 1 Term 7 ± 1 2 months pp Vered28

LV mass (g) M-mode 175 ± 37 Term 135 ± 25 12 weeks pp Mabie6

M-mode 203 Term 157 24 weeks pp Robson29

M-mode 183 Term 120 Preconception Robson26

M-mode 186 ± 39 Term 151 ± 34 2 months pp Vered28

FS (%)
LV EDV (mL)

M-mode 40 ± 7 Term 33 ± 7 12 weeks pp Mabie6

M-mode 30 ± 5 Term 35 ± 5 2 months pp Vered28

2D 108 ± 14 Term 102 ± 13 2 months pp Vered28

LV ESV (mL) 2D 44 ± 10 Term 44 ± 7 2 months pp Vered28

EF (%) 2D 60 ± 4 Term 57 ± 4 2 months pp Vered28

RV (mm) M-mode 20 ± 1 Third trimester 18 ± 1 2 months pp Sadaniantz22

M-mode 19 ± 3 24 to 32 weeks 15 ± 2 Nonpregnant controls Rubler30

Mitral annulus (mm) 2D 24 ± 5 Third trimester 21 ± 4 2 months pp Sadaniantz22

Tricuspid annulus (mm) 2D 27 ± 3 Third trimester 18 ± 3 2 months pp Sadaniantz22

EDD, End-diastolic dimension; EDV, end-diastolic volume; EF, ejection fraction; ESD, end-systolic dimension; ESV, end-systolic volume; FS, fractional shortening; LVOT, left ventricular 
outflow tract; pp, postpartum; PWT, posterior wall thickness.

TABLE 
35-3 
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recognition of the extremely high prevalence of small amounts 
of tricuspid, mitral, and pulmonic regurgitation in normal indi-
viduals, it is now apparent that the prevalence of physiologic 
degrees of valvular regurgitation in pregnant women is similar 
to that in nonpregnant normal adults.

SIMILARITY OF HEMODYNAMIC CHANGES 
WITH EXERCISE AND DURING PREGNANCY

Many of the hemodynamic changes of pregnancy are similar to 
the normal changes seen with exercise. The increase in heart 
rate and CO and decrease in systemic vascular resistance are 
analogous to changes seen at a moderate level of physical exer-
tion. In addition, the changes in cardiac anatomy seen with 
pregnancy are similar to those seen with repetitive activity in 
physically conditioned individuals. Specifically, the increases in 
LV end-diastolic dimensions, volume, and LV mass, with normal 
diastolic filling patterns, are analogous to the changes seen with 
regular physical activity in nonpregnant women and in men. 
Presumably, these changes represent a similar hemodynamic 
response to chronic elevation in volume flow rate. In contrast, 
the increase in aortic root dimension observed in pregnant 
women by several groups of investigators has not been seen 
with physical conditioning, suggesting that the mechanism of 
this effect is related to physical changes in the vessel wall, pos-
sibly mediated by hormonal effects.

Doppler Echocardiographic Evaluation 
of Hemodynamics in Pregnancy
POSITIONAL HEMODYNAMIC CHANGES

Doppler echocardiography can readily evaluate the effect of 
positional changes on hemodynamics. Orthostatic changes 
from sitting to standing positions are similar to the changes 
seen in nonpregnant individuals, with no significant differences 
between early and late pregnancy.34 When a pregnant patient 
changes from a supine to a standing position, heart rate 
increases, stroke volume and CO decrease, and systemic vascu-
lar resistance rises, maintaining mean arterial pressure. During 
pregnancy, the supine position is associated with compression 
of the inferior vena cava by the gravid uterus, resulting in a 
decrease in venous return to the right atrium (RA) and a decline 

changes from the normal pattern in young women (higher E 
than A with an E/A ratio greater than 1.5) to a pattern of equal-
ized or reversed E/A velocities (E/A ratio less than 1) later in 
pregnancy. Peak pulmonary venous A-wave velocity but not 
duration also increases during pregnancy.6

POSTPARTUM CHANGES

Interestingly, the estimated magnitude of changes in hemody-
namics and cardiac anatomy during pregnancy depends on 
whether the values obtained during pregnancy are compared to 
postpartum values or to values obtained in the same patient 
before pregnancy. It is often difficult to obtain data in the pre-
pregnant time period (because women typically present to the 
physician after the onset of pregnancy), but a few studies have 
followed women prospectively starting from preconception. 
These studies found hemodynamic and anatomic changes of 
greater magnitude than studies that compared values obtained 
during pregnancy with postpartum data. This suggests that at 
least some of the changes of pregnancy may persist into the 
postpartum period or may be permanent. Although in the post-
partum period hemodynamic and anatomic changes return 
rapidly toward baseline over 6 to 12 weeks (see Fig. 35-4),5,26 the 
postpartum baseline may be different from the prepartum base-
line. Specifically, aortic and LV dimensions, although remaining 
within normal adult limits, may remain larger than the prepreg-
nant values in that individual. Analysis of these data is compli-
cated by the small number of subjects studied, by the possibly 
confounding effects of breastfeeding or other factors, and by the 
measurement variability of the techniques. Further studies are 
needed because if there are significant, persistent changes after 
pregnancy, perhaps adult normal values not only should be 
indexed for body size and gender but also should consider 
parity.

NORMAL VALVULAR REGURGITATION

As in nonpregnant patients, a small degree of valvular regurgi-
tation is often found on Doppler echocardiography.5,32,37 It is 
unlikely that these small regurgitant leaks are audible on aus-
cultation or account for the presence of a murmur in pregnant 
patients. Early studies suggested an unusually high prevalence 
of tricuspid regurgitation in pregnant women.32 With the 

Normal Doppler Flow Velocities in Pregnancy

Measurement Modality Value Gestational Age Comparison Value Time of Comparison Reference

Aorta (m/s) CWD 1.4 ± 0.2 Term 1.1 ± 0.2 12 weeks pp Mabie6

LVOT (m/s) PD 1.3 ± 0.1 Term 1.0 ± 0.1 12 weeks pp Mabie6

Mitral E (m/s) MV-tips 0.7 ± 0.2 Third trimester 0.8 ± 0.1 2 months pp Sadaniantz22

0.9 ± 0.1 6 to 12 weeks 0.8 ± 0.1 12 weeks pp Mabie6

Mitral A (m/s) MV-tips 0.6 ± 0.1 Third trimester 0.5 ± 0.1 2 months pp Sadaniantz22

0.6 ± 0.1 24 to 27 weeks 0.5 ± 0.1 12 weeks pp Mabie6

E/A MV-tips 1.5 ± 0.2 Term 1.8 ± 0.2 12 weeks pp Mabie6

1.3 ± 0.3 Third trimester 1.6 ± 0.4 2 months pp Sadaniantz22

Heart rate (bpm) 84 ± 10 Third trimester 70 ± 16 2 months pp Sadaniantz22

89 ± 15 32 to 35 weeks 69 ± 12 12 weeks pp Mabie6

87 Term 69 24 weeks pp Robson29

77 ± 10 Term 70 ± 7 2 months pp Vered28

Cardiac output (L/min) 6.5 ± 1.5 Term 4.3 ± 0.6 2 months pp Vered28

7.6 Term 5.0 24 weeks pp Robson29

CWD, Continuous-wave Doppler; LVOT, left ventricular outflow tract; MV, mitral valve; PD, pulsed Doppler; pp, postpartum.

TABLE 
35-4 
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During labor, uterine contractions result in an acute increase 
in both heart rate and intravascular volume as uterine blood is 
forced into the circulation. The magnitude of CO rise during 
contractions increases as labor progresses, with an augmenta-
tion of as much as 20% in CO with each contraction.38,39 There 
are also mild increases in pulmonary and LV pressures, which 
may be accentuated in patients with decreased LV compliance 
(e.g., those with aortic stenosis or LV hypertrophy). Despite the 
acute blood loss associated with delivery, stroke volume and CO 
actually rise after delivery of the placenta (by about 10%)26 and 
remain elevated for about 24 hours.26,38 Over the next several 
days to 2 weeks, CO declines by about 25% to 30% compared 
with the immediately prepartum value, related to a decrease in 
both heart rate and intravascular volume.

Volume changes associated with cesarean section and deliv-
ery are greater than those associated with vaginal delivery, so 
there is rarely hemodynamic advantage to this mode of delivery 
in patients with heart disease.40

The hemodynamic effects of pain include increased heart 
rate and systemic vascular resistance. In patients with cardiac 
disease, the hemodynamic effects of pain may lead to a decline 
in CO. The negative effects of pain can be eliminated by appro-
priate anesthesia. However, anesthesia-related changes in pre-
load and afterload also affect cardiac function, especially in 
patients with heart disease. Thus, the choice of anesthetic agent 
and route of administration depends on the specific cardiovas-
cular concerns in an individual patient.40

EXERCISE PHYSIOLOGY

Exercise physiology in pregnant women is similar to that in 
nonpregnant women, except that the basal values are altered by 
pregnancy. Resting heart rate and stroke volume are elevated 
during pregnancy. With exercise, heart rate and CO rise appro-
priately.41,42 Exercise in pregnant women at 32 weeks gestation 
was associated with a higher exercise heart rate, higher maximal 
oxygen consumption, and high atriovenous oxygen difference 
compared to 3 months postpartum.43

Conditioned pregnant women have a greater CO than  
sedentary women for any given heart rate, as is seen in non-
pregnant, physically conditioned individuals.44-48 However, the 
cardiovascular effects of aerobic conditioning are most evident 
during strenuous (not during mild or moderate) exercise in 
pregnant women.49

SYSTEMIC DISEASES

Doppler echocardiography is a useful tool for examining the 
hemodynamic changes associated with systemic diseases in preg-
nant patients. For example, in hyperthyroid pregnant women, 
elevated CO and decreased systemic vascular resistance can be 
documented, and the resolution of these changes with therapy 
can be monitored.50 Echocardiographic evaluation of the effects 
of beta-agonist tocolysis,51 pheochromocytoma,52 sickle cell 
disease,53 and renal artery stenosis54 has also been reported.

Pregnancy-Induced Hypertension  
and Preeclampsia
HEMODYNAMICS

There are four hypertensive conditions in pregnancy: pre-
eclampsia, chronic hypertension, chronic hypertension with 
superimposed preeclampsia, and gestational hypertension.55

in stroke volume and CO.24 This supine decrease in CO can be 
reversed (or prevented) by placing the patient in a left lateral 
decubitus position. Accordingly, diagnostic echocardiographic 
studies should be performed with the pregnant patient in a left 
lateral decubitus position whenever possible. If optimal imaging 
requires a supine position, the length of time the patient is 
positioned on her back should be limited.

PERIPARTUM PERIOD

Dramatic changes in loading conditions occur in the peripar-
tum period related to the effects of (1) uterine contractions, (2) 
the pain associated with labor and delivery, (3) anesthetic medi-
cations, (4) the immediate blood loss associated with delivery 
(Fig. 35-6), and (5) the delivery of the placenta. Although these 
physiologic changes are well tolerated by healthy women, they 
can result in acute decompensation in women with underlying 
heart disease.

Figure 35-6  Changes in heart rate and cardiac output after normal 
delivery. (From Hunter S, Robson SC: Adaptation of the maternal heart 
in pregnancy. Br Heart J 68:540-543, 1992.)
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elevated systemic vascular resistance might respond to vasodila-
tor therapy. Importantly, maternal hemodynamics affect fetal 
growth: High-resistance hypertension is associated with lower 
birth weights.

Investigators identified women at risk of preeclampsia based 
on an elevated CO (greater than 7.4 L/min by Doppler echo-
cardiogram) before 24 weeks gestation. In a subsequent double-
blind, randomized trial of women with an elevated CO early  
in pregnancy, atenolol decreased the incidence of preeclampsia 
(1 of 28 versus 5 of 28, p = 0.04) but increased the risk of a 
low–birth-weight infant (p = 0.02).64

Heart Disease in Pregnancy
Given the low prevalence of heart disease in women of child-
bearing age in the general population, few pregnant women 
have significant heart disease. Despite this low prevalence, heart 
disease is a leading cause of maternal morbidity and mortality. 
The prevalence of specific types of heart disease in pregnancy 
reflects both the geographic distribution of these diseases and 
the patterns of health care in the overall population.65 For 
example, in the United States and Europe, the prevalence of 
rheumatic valvular disease in young women is decreasing, 
whereas that of surgically treated congenital heart disease with 
survival to adulthood is increasing. Several studies have dem-
onstrated that severe complications related to chronic heart 
disease have increased, including one study demonstrating  
that although overall prevalence of heart disease in delivery 
hospitalizations in the United States had not changed from 

Preeclampsia is defined as systolic blood pressure greater 
than or equal to 140 mm Hg or diastolic blood pressure greater 
than or equal to 90 mm Hg and proteinuria greater than 0.3 g 
per 24 hours, developing after the 20th week of pregnancy in a 
previously normotensive woman. Eclampsia is the onset of sei-
zures in a woman with preeclampsia. Gestational hypertension 
is hypertension after the 20th week of pregnancy in a previously 
normotensive woman, without proteinuria or signs of pre-
eclampsia. Gestational hypertension may progress to pre-
eclampsia but frequently resolves after delivery and has a more 
benign course than preeclampsia.56 In a prospective study of 
400 primigravid women, gestational hypertension developed in 
24 and preeclampsia in 20 women.57 Chronic hypertension is 
defined as systolic blood pressure greater than or equal to 
140 mm Hg or diastolic blood pressure greater than or equal to 
90 mm Hg that antedates pregnancy, develops before 20 weeks 
gestation, or persists longer than 12 weeks postpartum. If pro-
teinuria develops after 20 weeks gestation in a woman with 
chronic hypertension, she is diagnosed with preeclampsia. Pre-
eclampsia in a woman with preexisting hypertension and pro-
teinuria is diagnosed if she develops severe hypertension 
(systolic greater than 160 mm Hg or diastolic greater than 
110 mm Hg) in the last half of pregnancy.

The hemodynamics of preeclampsia and gestational hyper-
tension are complex. There is a growing body of literature 
regarding the pathophysiology of preeclampsia.23,47,58-60 Pre-
eclampsia may be a heterogeneous disease with different hemo-
dynamic subsets.61 Investigators have identified that early in the 
disease course, CO is elevated, and later in the course, elevated 
systemic vascular resistance is seen associated with decreased 
CO and clinical decompensation.57 For any given CO, mean 
arterial pressure is elevated in preeclamptic in comparison with 
normotensive pregnant women.57,60,62 Central venous pressures, 
pulmonary capillary wedge pressures, and pulmonary artery 
pressures tend to be normal. The exception is decompensated 
patients with pulmonary edema, in whom central venous and 
pulmonary wedge pressures can be discrepant to the point that 
invasive hemodynamic monitoring is needed. However, because 
serum oncotic pressure is reduced even more than normal in 
preeclamptic pregnant patients, interstitial fluid in the lungs 
and pulmonary edema can occur at relatively low LA and pul-
monary wedge pressures.

ECHOCARDIOGRAPHIC FINDINGS

In the few studies that have compared cardiac structure in pre-
eclamptic versus normotensive pregnant patients, there have 
been few or no differences in LV dimensions, volumes, frac-
tional shortening, or LV mass (Table 35-5). Aortic root dimen-
sion appears to be slightly greater in preeclamptic than in 
normotensive pregnant patients and tends to be inversely 
related to total peripheral resistance.21

IMPACT ON PROGNOSIS AND  
TREATMENT PLANS

The use of Doppler CO measurements and calculation of sys-
temic vascular resistance in patients with pregnancy-induced 
hypertension and preeclampsia to tailor medical therapy is con-
troversial. Some authors have described medication choice 
based on whether the patient has an elevated CO or elevated 
systemic vascular resistance.63 For example, hypertension related 
to a high CO might respond to beta-blocker therapy, whereas 

Echocardiographic Findings in Preeclampsia

Study
Normal Pregnant 

Women
Women 

with PIH
p 

Value

EDD (mm)
Kuzniar* 51.4 ± 2.2 49.2 ± 3.4 0.01

Thompson† 45 ± 2.3 44 ± 5.1 NS

Veille‡ 50 ± 4 48 ± 4 NS

ESD (mm)
Kuzniar* 33.8 ± 2.6 32.3 ± 3.8 NS

Thompson† 28.7 ± 1.9 29.8 ± 4.7 NS

EDV (mL)
Kuzniar* 128.5 ± 14.4 115.2 ± 18.8 0.01

ESV (mL)
Kuzniar* 46.9 42.5 NS

FS (%)
Kuzniar* 35 ± 3 35 ± 4 NS

Thompson† 36 ± 5 34 ± 4 NS

Veille‡ 32 ± 4 37 ± 7 <0.02

Ao-Root
Easterling§ 25 ± 0.2 27.3 ± 1 0.01

LV Mass
Thompson† 147 ± 12 157 ± 16 <0.01

Veille‡ 105 ± 14 117 ± 20 <0.05

Ao, Aorta; EDD, end-diastolic dimension; EDV, end-diastolic volume; EF, ejection fraction; 
ESD, end-systolic dimension; ESV, end-systolic volume; FS, fractional shortening; NS, 
not significant; PIH, pregnancy-induced hypertension.

*Kuzniar J, Piela A, Skret A: Left ventricular function in preeclamptic patients: an 
echocardiographic study. Am J Obstet Gynecol 146:400-405, 1983 (25 normals, 42 PIH).

†Thompson JA, Hays PM, Sagar KB, Cruikshank DP: Echocardiographic left ventricular 
mass to differentiate chronic hypertension from preeclampsia during pregnancy. Am J 
Obstet Gynecol 155:994-999, 1986 (11 normals, 14 PIH).

‡Veille JC, Hosenpud JD, Morton MJ: Cardiac size and function in pregnancy-induced 
hypertension. Am J Obstet Gynecol 150:443-449, 1984 (17 normals, 23 PIH).

§Easterling TR, Benedetti TJ, Schmucker BC, et al: Maternal hemodynamics and aortic 
diameter in normal and hypertensive pregnancies. Obstet Gynecol 78:1073-1077, 1991 
(89 normals, 9 PIH).

TABLE 
35-5 



672 PART VII The Pregnant Patient

important risk predictor in women with congenital heart 
disease who underwent cardiopulmonary exercise testing before 
pregnancy. There were 89 pregnancies in 83 women, with 18% 
suffering an adverse cardiac event such as heart failure or sus-
tained arrhythmia during pregnancy. Peak heart rate and per-
centage of maximal heart rate were predictors of maternal 
cardiac events.70

Data such as this emphasize that although echocardiography 
and anatomic data are important in assessing risk, other data 
are necessary to provide a comprehensive preconceptional 
evaluation.

Additionally, there is data that events during pregnancy 
predict events in the years following pregnancy.71 This group 
followed 318 women who had 405 pregnancies had found that 
12% had cardiac events in the 5 years following delivery. Events 
before and during pregnancy predicted late events, with ana-
tomic and functional risks similar to those identified in the risk 
scores developed to assess preconceptional risk (see Box 35-1).

The ACC/AHA Guidelines for the Management of Adults 
with Congenital Heart Disease72 and the ACC/AHA Guidelines 
for the Management of Patients with Valvular Heart Disease73 
provide guidance on risk assessment, management, and the use 
of echocardiography in women with heart disease and are 
invaluable resources.

PULMONARY VASCULAR DISEASE

Elevated pulmonary artery pressures may be the result of 
primary pulmonary hypertension, pulmonary emboli, chronic 
lung disease, left-sided heart disease, or congenital heart disease 
with systemic-to-pulmonary shunting. Elevated pulmonary 
pressures of any cause are associated with poor maternal and 
fetal outcomes.

Initial concerns regarding the risk of pulmonary hyperten-
sion in pregnancy were raised by studies of women with Eisen-
menger syndrome. Eisenmenger syndrome develops when a 
left-to-right shunt causes equalization of pulmonary and sys-
temic vascular resistance, resulting in right-to-left shunting and 
cyanosis.74 Women with Eisenmenger syndrome have cyanosis, 
arterial oxygen desaturation, and polycythemia. One of the 
largest single-center studies reported 70 pregnancies in 44 
women with a maternal mortality of 52%. Over half of preg-
nancies delivered prematurely, and neonatal mortality was 
nearly 30%.75 In a review of pulmonary vascular disease in 
pregnancy, 73 women with Eisenmenger syndrome had a 
maternal mortality of 36%, 27 with primary pulmonary hyper-
tension had a mortality of 30%, and 25 with secondary pulmo-
nary hypertension had a maternal mortality of 56%.76 The 
neonatal survival was 88% in all groups, with all maternal 
deaths occurring within 35 days after delivery. Effective thera-
pies for these conditions during pregnancy are not currently 
available, although small case reports describe pregnancies in 
patients receiving epoprostenol, sildenafil, or nitric oxide.77,78 
Despite the appeal of novel pulmonary vasodilators, maternal 
death is nonetheless reported following pregnancy treated with 
these medications.79,80

One series reported 9 women with 10 pregnancies who chose 
to continue pregnancy despite the increased risk and were 
managed with current pulmonary vasodilators and multidisci-
plinary pregnancy and delivery management. One woman who 
self-discontinued pulmonary vasodilators died 4 weeks after 
delivery, but the other women and their infants were alive after 
a median of 3.2 years.81

1995-1997 to 2004-2006, the number of hospitalizations for 
severe cardiac complications tripled in that time and there was 
a linear increase in congenital heart disease, arrhythmias, and 
heart failure. These authors concluded that the severity of heart 
disease had increased and that specific diagnoses, such as con-
genital heart disease, were increasingly common.66

Although the incidence of significant heart disease is low, 
suspected cardiac disease is a common reason for echocardio-
graphic evaluation of pregnant women. The most common 
symptoms and signs prompting a suspicion of cardiac disease 
are (1) evaluation of a murmur; (2) evaluation of cardiac symp-
toms, such as heart failure; and (3) a history of preexisting heart 
disease. It is important that the normal hemodynamic changes 
of pregnancy be distinguished from pathologic abnormalities 
when these patients are evaluated.

The echocardiographic diagnosis of significant heart disease 
in a pregnant woman can affect patient management in several 
ways.67 First, the cardiac diagnosis may have important prog-
nostic implications (morbidity and mortality) for both mother 
and fetus. Second, special or more intensive monitoring of the 
mother or fetus may be needed during pregnancy or in the 
peripartum period. Third, surgical or medical intervention may 
be needed either during or after pregnancy. Finally, the risk of 
congenital heart disease in the fetus may be increased, suggest-
ing the need for fetal echocardiographic evaluation.

Several risk scores have been developed that allow stratifica-
tion based not only on specific diagnosis, but on more broadly 
applicable clinical features such as systemic ventricular func-
tion, cyanosis, functional class, and prior history of events. 
Depending on the study, specific diagnoses also have been iden-
tified as risks for adverse outcomes, such as LV inflow or outflow 
obstruction (i.e., aortic or mitral stenosis) or tetralogy of Fallot 
with significant pulmonary regurgitation. A summary of the 
identified risks is found in Box 35-1. Echocardiography is an 
important component of the evaluation in such risk scores.68,69 
Recent data identified heart rate response to exercise as another 

Modified from references 68 and 69.
LVOT, Left ventricular outflow tract; NYHA, New York Heart Association.

Box 35-1 

PREDICTORS OF CARDIAC EVENTS  
DURING PREGNANCY

Cardiac event before pregnancy
Heart failure, arrhythmia

Functional status
NYHA class >2

Cyanosis
Left heart obstruction

Symptomatic or severe mitral stenosis
Severe aortic stenosis (aortic valve area <1.0 cm2, 

aortic velocity >4.0 m/s)
Hypertrophic cardiomyopathy with LVOT ΔP 

>30 mm Hg
Systemic ventricular dysfunction

Ejection fraction <40%
Pulmonary hypertension

Systolic pressure >50% systemic
Severe aortic or mitral regurgitation

NYHA class III or IV symptoms
Smoking



  35  Role of Echocardiography in the Diagnosis and Management of Heart Disease in Pregnancy 673

normal chamber dimensions and function. This lesion is also 
well tolerated, though one study suggests an increased risk of 
preeclampsia with unrepaired ventricular septal defect. The 
mechanism is not well understood.84 Pregnancy does not sig-
nificantly alter the echocardiographic findings. Large unrestric-
tive ventricular septal defects are uncommon in adulthood and 
almost always associated with Eisenmenger syndrome.

Occasionally, a previously undiagnosed patent ductus arte-
riosus becomes noticeable during pregnancy. The classic con-
tinuous machinery-like murmur may or may not be appreciated 
on auscultation if the murmur is soft. When a patent ductus 
arteriosus is not suspected a priori, findings of LA or LV enlarge-
ment in excess of the expected changes of pregnancy, diastolic 
flow reversal in the descending thoracic aorta in the absence of 
significant aortic regurgitation, or unexplained pulmonary 
hypertension should prompt a careful search for this possible 
diagnosis. On 2D imaging, the patent ductus is often difficult 
to visualize in adults, so that a directed Doppler examination is 
essential when this diagnosis is suspected. Diastolic flow rever-
sal in the pulmonary artery is seen with both color flow imaging 
and pulsed Doppler techniques. The hemodynamic impact of 
a patent ductus arteriosus is similar to that of a ventricular 
septal defect and is also associated with Eisenmenger syndrome 
when large.

Other types of unoperated acyanotic congenital heart disease 
seen in pregnant patients include mild pulmonic stenosis and 
Ebstein’s anomaly of the tricuspid valve. Both are well tolerated, 
provided there is no associated cyanosis.85 Ebstein’s anomaly 
may occur as an isolated anomaly with varying degrees of tri-
cuspid regurgitation or may be associated with an atrial septal 
defect. The regurgitant jet may be directed at the atrial septum 
and in combination with impaired diastolic function may cause 
right-to-left shunting and cyanosis. In women with acyanotic 
Ebstein’s anomaly, pregnancy is well tolerated.86 Despite varying 
degrees of tricuspid regurgitation, no maternal deaths, strokes, 
heart failure, or arrhythmias were reported in 111 pregnancies 
in 44 women with Ebstein’s anomaly.87

These data suggest that there may be mortality benefit to 
current pulmonary hypertension therapies combined with 
careful multidisciplinary management, although more data are 
needed to change current recommendations regarding the 
safety of pregnancy in these patients.

Doppler echocardiographic measurement of pulmonary 
pressures allows identification of women with pulmonary 
hypertension, quantitation of disease severity, and evaluation of 
the response to therapy. Doppler data are limited to assessment 
of pressures, not vascular resistance, and therefore may incom-
pletely assess the extent of the underlying pathology.

CONGENITAL HEART DISEASE

Acyanotic Patients with No Prior  
Surgical Procedures82

The most common congenital defect newly diagnosed during 
pregnancy is an atrial septal defect (ASD). These patients are 
usually asymptomatic but have a prominent “flow murmur” 
prompting a request for echocardiography. 2D echocardio-
graphic and Doppler diagnosis of atrial septal defects in preg-
nancy is straightforward (Fig. 35-7). Contrast echocardiography 
is not needed for detection of significant interatrial shunt and 
should be avoided to minimize embolic risks. Given the 
increased CO and ventricular volumes of pregnancy, evaluation 
of the shunt ratio can be problematic in borderline cases At least 
in theory the decreased systemic vascular resistance of preg-
nancy might result in increased systemic blood flow without 
affecting pulmonary blood flow, decreasing the pulmonic-to-
systemic shunt ratio and leading to underestimation of the true 
magnitude of the atrial septal defect. However, accurate defini-
tion of the shunt ratio is not necessary during pregnancy 
because pregnancy is well tolerated if pulmonary pressures are 
normal, regardless of the size of the left-to-right shunt.83

Ventricular septal defects in acyanotic adults are typically 
small and associated with a loud systolic murmur. On Doppler 
examination, a high-velocity jet from LV to RV is seen with 

Figure 35-7  A 24-year-old G1P0 woman at 14 weeks gestation is referred for echocardiography in evaluation of palpitations and a murmur. 
Key findings from an apical four-chamber view included a secundum atrial septal defect (ASD) by 2D (A) imaging, left-to-right shunt by color Doppler 
(B), and RV and RV enlargement (A). Also found were normal pulmonary pressures and a 1.8 : 1 estimated left-to-right shunt . She was asymptomatic 
aside  from the palpitations and went on to have an uneventful pregnancy with closure of her ASD via a percutaneous approach 4 months after 
delivery. 
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repair of certain defects, such as transposition of the great arter-
ies, has evolved over time and results in different anatomy  
and physiology depending on the era in which the repair  
was performed. When these patients become pregnant, echo-
cardiographic evaluation can detect any residual structural or 
functional cardiac abnormalities, evaluate for long-term com-
plications of the surgical procedure, and optimize patient  
management during pregnancy and in the peripartum period. 
Data on maternal and fetal outcomes in these patient popula-
tions are based on case series, with many series including mul-
tiple congenital abnormalities. As a consequence, although our 
understanding of pregnancy in congenital heart disease is 
increasing, recommendations based on large clinical trials are 
not available and recommendations must be tailored on an 
individual basis.

In patients with previous surgical procedures that completely 
correct the congenital abnormality, outcome in pregnancy is 
similar to that in normal women. For example, closure of an 
uncomplicated atrial or ventricular septal defect or patent 
ductus arteriosus ligation often result in normal cardiac 
anatomy and function, with a corresponding normal echocar-
diographic examination.83 When mild abnormalities remain 
after corrective surgery for congenital heart disease, maternal 
outcome is also likely to be similar to that in women without 
heart disease, with the proviso that the echocardiographic 
examination should be directed toward potential residual 
abnormalities or late complications. With complex congenital 
heart disease and palliative or partially corrective surgical  
procedures, residual or recurrent anatomic/functional cardiac 
abnormalities occur commonly, resulting in an increased 
maternal risk. Echocardiographic evaluation is especially valu-
able in these patients both before pregnancy to assess the poten-
tial risk and during pregnancy to monitor cardiovascular 
function. In pregnant patients with complex congenital heart 

Congenitally corrected transposition of the great arteries 
(CCTGA), also known as L-transposition with ventricular 
inversion (Fig. 35-8), is most often is associated with a normal 
physiologic pattern of blood flow through the heart and may 
first be recognized during pregnancy. Although there is physi-
ologic blood flow through the heart, the anatomic RV is the 
systemic ventricle, and the tricuspid valve is the systemic atrio-
ventricular valve. Associated defects are common, including 
ventricular septal defects, pulmonic stenosis, complete heart 
block, and regurgitation of the systemic atrioventricular valve, 
at times the result of Ebstein’s anomaly of the tricuspid valve.

Outcome during pregnancy depends on the associated defects 
and systemic ventricular function in patients with CCTGA. 
Published summaries in a total of 87 women with 118 pregnan-
cies demonstrated a live birth rate of 83%.85,88,89 Complications 
during pregnancy included heart failure, increased cyanosis, 
endocarditis, stroke, and myocardial infarction (MI). Although 
there are few data regarding the fate of the systemic RV follow-
ing pregnancy in CCTGA, studies of the systemic RV in patients 
with transposition of the great arteries corrected with an atrial-
level switch (Mustard or Senning repair) may provide some 
insight. A study with longitudinal echocardiographic data of 16 
women with 24 pregnancies demonstrated decline in systemic 
RV dysfunction during pregnancy in four patients (25%) with 
return to baseline in only one of those patients.90 Patients with 
systemic RVs, including CCTGA, should have echocardio-
graphic assessment during and after pregnancy.

Acyanotic Patients with Prior Surgical Procedures
As medical therapy and cardiac surgery for congenital heart 
disease have advanced, the number of patients reaching adult-
hood has markedly increased. The majority of patients with 
complex congenital heart disease will have had at least one 
surgical repair in childhood. Additionally, the favored surgical 

Figure 35-8  A 34-year-old G3P3 woman with a history of congenitally corrected transposition of the great vessels returns for routine 
follow-up. Her pregnancies had all been uneventful, and she has done well since her last delivery 2 years ago with minimal decrease in ventricular 
function. She required a pacemaker for complete heart block 1 year ago. On echocardiography, apical views demonstrate a hypertrophied anatomic 
RV that is rightward of the anatomic LV (A). An anterior aorta, typical of transposition of the great vessels, is seen on parasternal images (B). Ao, 
Aorta; PV, pulmonary vein. 
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Coarctation of the Aorta
Patients with a previous aortic coarctation repair may have 
residual or recurrent stenosis97,98 (Fig. 35-10). Even in the 
absence of restenosis, these patients are at risk for late systemic 
hypertension, which may present initially as exercise-induced 
hypertension.101 Women with a repaired coarctation and a 
residual gradient less than 20 mm Hg can have successful preg-
nancies, with one study reporting 29 births for 36 pregnancies.90 
A study of 50 women with coarctation found no significant 
maternal cardiovascular complications in 118 pregnancies. 
Thirty percent of women were hypertensive during pregnancy, 
and of those, 75% had a hemodynamically significant coarcta-
tion. The rate of spontaneous abortion and preeclampsia was 
similar to that of the general population.102 Another series 
demonstrated that 24% of women with coarctation had hyper-
tensive complications compared with 8% of women without 
coarctation. Women with coarctation had longer hospital stays 
and were more likely to have adverse cardiac outcomes.103 These 
studies and other case reports suggest that hypertension during 
pregnancy is more common and needs to be controlled. Addi-
tionally, aneurysm in the area of prior repair or in the ascending 
aorta can be seen in patients with coarctation. These patients 
represent a higher risk group and consideration to aneurysm 
repair before pregnancy may be warranted. Echocardiographic 
evaluation may be insufficient to fully evaluate for aortic aneu-
rysm in these patients, and other imaging modalities, such as 
magnetic resonance imaging or computed tomography, may be 
needed.104

Fontan Repair
Following the initial description by Fontan and Baudet105 of 
surgical atriopulmonary connection to alleviate cyanosis in 

disease, arrhythmias are a frequent cause of morbidity and 
mortality.91

Tetralogy of Fallot
Patients with surgical repair of tetralogy of Fallot often have 
pulmonic regurgitation, recurrent or residual RV outflow tract 
obstruction, ventricular septal defect, or aneurysm of the RV 
outflow tract92 (Fig. 35-9). Multiple series of pregnancies in 
patients with tetralogy of Fallot have been reported. Two series 
describe 92 women with 175 pregnancies. Cardiac complica-
tions included arrhythmias and symptomatic heart failure, 
which occurred in 8% of women and 4.5% of pregnancies.93,94 
There were no reported maternal deaths, but fetal complica-
tions included a high rate of spontaneous abortion. In one 
study, the risk of maternal and fetal complications was associ-
ated with LV dysfunction, severe pulmonary hypertension, and 
severe pulmonic regurgitation and RV dilation.94

Another more recent study evaluated 74 women with 157 
pregnancies, with cardiovascular events in 8.1%, primarily 
supraventricular arrhythmias, with risks predicted by the use of 
cardiac medications before pregnancy.95

An echocardiographic evaluation of LV size and function 
during pregnancy in patients with tetralogy of Fallot followed 
11 women with 17 pregnancies. An increase in LV end-diastolic 
diameter was noted in controls but not seen in patients with 
tetralogy of Fallot. A progressive increase in the Tei index as the 
pregnancy progressed was seen in patients with tetralogy of 
Fallot. Although this returned to normal postpartum, the pro-
gressive increase in Tei index was not seen in normal women.96 
This suggests that some of the normal echocardiographic find-
ings in women without heart disease may not manifest in 
patients with congenital heart disease.

Figure 35-9  A G0P0 25-year-old woman with tetralogy of Fallot presents for preconception counseling. She underwent initial Blalock-Taussig 
shunt palliation as an infant and subsequent complete repair with takedown of the Blalock-Taussig shunt at age 4. She is asymptomatic. An echo-
cardiogram and cardiopulmonary exercise test are obtained. Key findings on echocardiography include significant pulmonic regurgitation (A), mild 
pulmonic stenosis (A), mild to moderate RV enlargement (B), and normal biventricular systolic function. Exercise testing demonstrated a mild reduc-
tion  in exercise capacity. She was advised  that pregnancy was  likely  to be well  tolerated, and  regular  reassessment of her cardiac status during 
pregnancy was recommended. PR, Pulmonic regurgitation; PS, pulmonic stenosis. 
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bear their names.109,110 By redirecting blood flow at the atrial 
level, these repairs leave the morphologic RV as the systemic 
ventricle.

Pregnancy in patients with a previous Mustard or Senning 
interatrial baffle repair (Fig. 35-12) for transposition of the 
great arteries has been reported in multiple series. One series of 
28 women with 69 pregnancies found a decline in NYHA class 
during pregnancy in approximately one third of pregnancies.111 
Another reported 70 pregnancies in 40 women, with arrhyth-
mias and heart failure complicating pregnancy and the post-
partum period.112 Multiple series have demonstrated a decline 
in systemic ventricular function that is permanent in some 
cases.90,111,113 No maternal deaths were reported, but there was 
an increased rate of spontaneous abortion. In a study of asymp-
tomatic patients who had excellent baseline prepregnancy func-
tional status, none had significant maternal complications.113 
Specifically, none had significant baffle leaks or obstruction, 
significant systemic atrioventricular valve regurgitation, or sys-
temic ventricular systolic dysfunction.

The available data suggest that in patients with significant 
functional cardiac abnormalities, maternal outcome is depen-
dent on the specific underlying abnormalities (e.g., patients 
with systemic ventricular dysfunction are at risk for heart failure 
during pregnancy). Thus, echocardiographic evaluation is 
directed toward evaluation of the interatrial baffle (which may 
require transesophageal imaging), evaluation of systemic and 
venous ventricular function, detection and quantitation of sys-
temic atrioventricular (tricuspid) valve regurgitation, and 
assessment of any other residual or acquired abnormalities.

Patients with transposition of the great arteries and ventricu-
lar septal defect may undergo a Rastelli repair, which baffles LV 
flow to the aorta through the ventricular septal defect and uses 
an RV-to-pulmonary artery conduit.114 There are few data on 
pregnancy in the setting of Rastelli repair of transposition of 
the great arteries, and a series of 6 patients reports a 50% inci-
dence of progressive LVOT obstruction during pregnancy.115 
Echocardiographic evaluation of these patients must focus on 
LVOT obstruction and dysfunction of the RV-to-pulmonary-
artery conduit.

tricuspid atresia, modifications of the original repair have 
evolved, as have the underlying defects treated with a Fontan-
type repair. The goal of the repair is to alleviate cyanosis in 
congenital defects that result in essentially single ventricle phys-
iology. In this circulation, there is not a subpulmonic ventricle. 
Survival after Fontan repair is now 60% at 10 years, so that some 
women undergoing this procedure will reach childbearing age 
and may become pregnant.91 Maternal survival has been docu-
mented, but fetal outcome is uncertain. In a series of 33 preg-
nancies in women with a Fontan repair, there were only 15 
(45%) live births. However, there were no significant maternal 
complications and no deaths.106 Another study of 38 women 
with Fontan repair identified 6 women with 10 pregnancies. 
They found a 50% spontaneous abortion rate, and of the 4 
completed pregnancies, 50% of women had cardiac complica-
tions during the pregnancy including atrial arrhythmias and 
decline in New York Heart Association (NYHA) class. Fetal 
outcome of the live births was uniformly complicated, with all 
live infants delivered prematurely or small for gestational age, 
and there was one neonatal death.107

Another series of 6 women with 10 pregnancies had similar 
findings, with a high rate of miscarriage (50%) and cardiac 
events including a decline in functional status and atrial fibril-
lation.108 Based on the limited data available, women with 
Fontan repairs may carry pregnancies to term. Maternal com-
plications are generally related to supraventricular arrhythmias, 
especially in women with atriopulmonary anastomoses. 
However, the high rate of fetal loss and neonatal complications 
should be considered when counseling these patients.

Transposition of the Great Arteries
Complete transposition of the great vessels (Fig. 35-11) requires 
surgical repair in childhood for survival and resolution of cya-
nosis. Initial repairs redirected blood flow at the atrial level, 
such that systemic venous return was directed to the LV and 
then the pulmonary artery and pulmonary venous return was 
directed to the RV and then the aorta (see Fig. 45-10). In the 
early and mid-1960s, Mustard and Senning each described a 
different surgical approach to atrial level switch procedures that 

Figure 35-10  A G1P0 19-year-old woman underwent coarctation repair at age 6 months with subsequent repair of recoarctation at age 
2 years. She has a known mild residual coarctation and is now 7 weeks pregnant. By clinical examination, her right arm blood pressure is normal 
and she has a 10 mm Hg gradient by blood pressure measurements in the arms and legs. Key findings on echocardiography include narrowing by 
2D and color Doppler (A) in the aortic arch and evidence of diastolic runoff in the abdominal aorta (B). CW Doppler is often an inaccurate measure 
of coarctation severity when using the Bernoulli equation; however, the finding of continuous forward flow is a better predictor of coarctation sever-
ity.99,100 Further evaluation with computed tomography or gadolinium magnetic resonance imaging at 7 weeks gestation was not thought warranted, 
given the patient’s normal blood pressure and attendant risks of radiation and gadolinium. She was followed closely during her pregnancy, and 
although her blood pressure and gradient increased minimally, fetal growth remained normal and she delivered a healthy girl by assisted vaginal 
delivery. 
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woman with LV dysfunction and 1 with a mechanical mitral 
valve. The series emphasized the importance of residua or other 
cardiac abnormalities in risks for adverse events.118

Cyanotic Heart Disease
Eisenmenger physiology (Fig. 35-13) is characterized by equal-
ization of pulmonary and systemic vascular pressures in asso-
ciation with a large systemic-to-pulmonary communication, 
such as a ventricular septal defect or atrioventricular canal 
defect.119 During pregnancy and in the peripartum period, the 
decrease in systemic vascular resistance, in the setting of irre-
versible pulmonary hypertension, can result in increased right-
to-left shunting and decreased pulmonary blood flow, with 

Currently, the preferred correction of transposition of the 
great arteries is the arterial switch operation as described by 
Jatene and colleagues116 and later modified by LeCompte and 
associates117 (see Fig. 35-11, B). This operation did not replace 
the Mustard and Senning repair until the early 1990s, and so 
the first patients with the arterial switch repair are just entering 
their reproductive years. Because the LV is the systemic ven-
tricle, the anticipated problems relate less to ventricular func-
tion than issues related to the surgical repair, including ostial 
coronary stenoses, supravalvular and branch pulmonary steno-
sis, and supraaortic stenosis.

One series reports successful pregnancies in 9 women with 
17 pregnancies with 2 pregnancy-related complications, 1 in a 

Figure 35-11  Sketches of complete transposition of the great vessels (A) and an arterial switch repair (B). (From Brickner EM, Hillis LD, Lange RA: 
Congenital heart disease in adults. Second of two parts. N Engl J Med 342:334-342, 2000.)
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Figure 35-12  A 28-year-old G2P1 woman with a history of transposition of the great vessels who underwent a Mustard repair in infancy 
presents at 10 weeks gestation. Before pregnancy she was asymptomatic with normal exercise tolerance. Echocardiography demonstrated sig-
nificant RV enlargement with mildly reduced systolic function. Long-standing, well-tolerated subpulmonic obstruction, in part as a result of systolic 
anterior motion of the mitral apparatus, was evident in parasternal views. Systemic (A) and pulmonary venous return (B) were unobstructed by 2D  
color flow, and PW Doppler. No baffle leaks were identified. Long-standing, mild tricuspid regurgitation was present. Her pregnancy was uneventful, 
and she delivered a healthy girl by an assisted vaginal delivery. Ventricular function remained unchanged following delivery. IVC, Inferior vena cava. 
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for complex pulmonary atresia, there were only 8 healthy  
children. Although there were no maternal deaths in this  
series or in a smaller study, maternal complications were  
high, including pulmonary embolism, heart failure, and 
arrhythmias.107,109,123

VALVULAR HEART DISEASE

Valvular Stenosis
In a pregnant patient, stenosis of a semilunar valve is usually 
the result of a congenitally abnormal valve.110 Mild to moderate 
stenosis of the pulmonic valve is well tolerated, whereas severe 
pulmonic stenosis is rare in adults.124 In contrast to patients 
with pulmonic valve stenosis, those with aortic valve stenosis, 
even if asymptomatic before pregnancy, may decompensate 
during pregnancy. In clinical series, the majority of pregnant 
patients with aortic stenosis have bicuspid valves.125 Patients 
with a previous surgical commissurotomy may have significant 
restenosis126; one study estimated that about 20% of such 
patients require reoperation at a mean interval of 13 (range 3 
to 26) years after the initial procedure.127 Thus, depending on 
the patient’s age at the initial commissurotomy, restenosis may 
be diagnosed during pregnancy.

As stroke volume increases across the stenotic valve with 
pregnancy, an increase in the pressure gradient measured by 
Doppler echocardiography is seen. Calculation of valve area 
with the continuity equation still provides accurate assessment 
of stenosis severity (Fig. 35-14). Some patients may become 
symptomatic during pregnancy as a result of increased meta-
bolic demands in the setting of a limited ability to increase 
stroke volume across the valve.126,128 These patients may develop 
angina or dyspnea during pregnancy even though they were 
asymptomatic before pregnancy. Reduced diastolic ventricular 
compliance secondary to LV hypertrophy can also lead to heart 
failure. Even when patients with aortic stenosis remain physi-
ologically compensated during pregnancy, any superimposed 
hemodynamic alteration can lead to acute decompensation. For 
example, the high CO and heart rate associated with an infec-
tion or anemia may result in acute pulmonary edema resulting 
from a combination of an increased valve gradient and a short-
ened diastolic filling time.

subsequent cardiovascular collapse resulting from hypoxia and 
hypotension.120 Death usually occurs in the peripartum period, 
including cases reported 3 to 4 weeks postpartum. Maternal 
mortality is extremely high (between 30% and 70% in various 
series), and only 15% of infants are born at term, so pregnancy 
should be avoided in these patients.74,121

Pulmonary artery systolic pressure may be difficult to esti-
mate in patients with Eisenmenger physiology as a result of an 
inadequate tricuspid regurgitation jet. The presence of pulmo-
nary hypertension must therefore be inferred from findings of 
a large, nonrestrictive intracardiac communication or large 
systemic-to-pulmonary artery shunt, such as a patent ductus 
arteriosus, a short time to peak velocity in the pulmonary 
artery, midsystolic notching on the pulmonic valve M-mode, 
and the pattern of ventricular septal motion. If severe pulmo-
nary hypertension is not clearly established, other confirmatory 
diagnostic tests should be considered in view of the grave prog-
nosis associated with this condition. Rarely, a patient with pre-
viously unevaluated congenital heart disease is diagnosed 
during pregnancy with Eisenmenger physiology.

Cyanotic congenital heart disease without Eisenmenger  
physiology also connotes high maternal mortality and morbid-
ity.120,122 In 822 pregnancies in 416 cyanotic women, the rate of 
maternal cardiovascular complications was 32%, with one 
maternal death. Fetal outcome was also suboptimal; only 43% 
of pregnancies resulted in live births, 37% of which were pre-
mature. Factors that predict a poor outcome include functional 
status before pregnancy, arterial oxygen saturation, and blood 
hemoglobin. Other studies suggest that maternal outcome is 
also strongly related to the degree of RV pressure overload.123 
Thus, echocardiographic evaluation should include estimates of 
pulmonary systolic pressure and definition of the anatomic 
abnormalities and ventricular function.

For congenital heart disease with decreased pulmonary 
blood flow that cannot be physiologically repaired, palliative 
shunts to increase pulmonary blood flow are often used. These 
patients are cyanotic resulting from intracardiac shunting  
and decreased pulmonary blood flow, rather than from pul-
monary hypertension and Eisenmenger syndrome. Few data 
exist on pregnancy in these patients. However, in a series of  
41 pregnancies in 15 women with cyanosis after partial repair 

Figure 35-13  Endocardial cushion defect with a large ventricular septal defect (VSD), atrial septal defect (ASD), and Eisenmenger physiol-
ogy in a 19-year-old G1P0 pregnant woman with no previous cardiac diagnosis. Apical four-chamber view (A) shows the ASD and VSD (arrows), 
and parasternal short-axis view shows the VSD (B). Color flow imaging (C) shows severe “mitral” (left-sided atrioventricular valve) regurgitation (MR). 
Despite relatively stable hemodynamics during pregnancy and delivery with careful hemodynamic monitoring, the patient had abrupt hemodynamic 
collapse 48 hours postpartum and died. 
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Figure 35-14  Valvular aortic stenosis in a 25-year-old G1P0 pregnant woman who underwent an aortic valve commissurotomy 10 years 
previously. The parasternal long-axis view (A) shows a congenitally abnormal aortic valve with reduced systolic opening. Color Doppler in this view 
(B) shows turbulent flow across the valve. Short-axis views confirm congenital aortic stenosis (C). The maximum jet across the aortic valve, recorded 
with CW Doppler  from a high right parasternal position, shows maximum velocity of 4.1 m/s  (D). There was mild coexisting aortic  regurgitation. 
Aortic valve area, calculated by the continuity equation, was 1 cm2. This patient was managed with placement of a pulmonary artery catheter and 
arterial line at the time of delivery. Because of fetal presentation, she underwent a cesarean section with epidural anesthesia, which was tolerated 
well. 
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The role of echocardiography in pregnant patients with 
aortic stenosis is to accurately delineate disease severity so that 
monitoring and therapy during pregnancy and in the peripar-
tum period can be optimized (Fig. 35-15). In some patients the 
severity of stenosis may worsen during pregnancy, possibly 
related to the hormonal and metabolic changes. Most pregnant 
women with aortic stenosis can be managed medically, but 
balloon aortic valvuloplasty or valve replacement during preg-
nancy has been required in rare cases.128-132 A series of 39 
patients with 49 pregnancies divided groups based on stenosis 
severity. The mild to moderate stenosis group had no maternal 
complications, whereas pulmonary edema or arrhythmias 
occurred in 10% of pregnancies complicated by severe aortic 
stenosis. Interestingly, fetal complications, such as small for ges-
tational age and prematurity, were found in both groups of 
patients, but more often in the mild to moderate stenosis group. 
Patients with severe stenosis were more likely to require valve 
replacement in the peripartum period than those with mild to 
moderate aortic stenosis, and a separate study by the same 
group showed that the likelihood of needing cardiac interven-
tion was higher in those women who had undergone pregnancy 
than in those who had not.128,133

Some data exist using more novel echocardiographic modali-
ties to identify patients at risk for adverse events. LV twist was 
increased in pregnant patients with aortic stenosis. Two of 10 
women with aortic stenosis did not have an increase in LV twist, 

and both had symptomatic decline during pregnancy requiring 
balloon valvuloplasty.134 As experience with novel echocar-
diographic modalities increases, there may be a role for some 
of these indices in assessing pregnant women and preconcep-
tional risk.

Rheumatic mitral valve stenosis is often diagnosed during 
pregnancy (Fig. 35-16). If mitral stenosis is moderate in severity 
or if disease progression has been gradual, the patient may not 
have noted symptoms or exercise limitation before the preg-
nancy. Early in pregnancy the increased transmitral volume 
flow rate and the shortened diastolic filling time resulting from 
the increase in heart rate result in further elevation of LA pres-
sures. This may result in pulmonary edema, depending on the 
severity of mitral valve obstruction. Because it is often difficult 
to appreciate the diastolic murmur of mitral stenosis in preg-
nant dyspneic patients, mitral stenosis should be considered in 
the differential diagnosis of all pregnant patients with heart 
failure or pulmonary congestion. Echocardiography reliably 
differentiates mitral stenosis from other causes of heart failure 
(e.g., cardiomyopathy or diastolic dysfunction) and will distin-
guish cardiac from noncardiac causes of respiratory distress. 
Echocardiographic measures of mitral stenosis severity, includ-
ing 2D valve area, Doppler gradients, and pressure half-time 
valve area, remain valid in pregnancy, so that echocardiographic 
evaluation allows optimization of patient monitoring and 
therapy.
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balloon angioplasty and pregnancy include both maternal risks 
of the procedure and the effects of radiation exposure on the 
fetus. One group reported 5-year follow-up of 22 women who 
underwent valvotomy during pregnancy at a mean gestation of 
25 weeks. They demonstrated excellent maternal outcomes and 
no evidence of any clinical abnormalities in the children.138 
Echocardiography clearly plays a valuable role in assessing the 

Usually, patients can be managed medically during preg-
nancy using beta-blockers to improve diastolic filling, even with 
severe mitral stenosis, although decompensation may require 
invasive monitoring in an intensive care unit setting.135 In some 
severe cases, maternal or fetal complications may necessitate 
mechanical relief of stenosis during pregnancy, preferably with 
percutaneous balloon valvotomy.136,137 Concerns regarding 

Figure 35-16  A 35-year-old G2P1 woman presented with respiratory distress at 26 weeks gestation. She was found to be in atrial fibrillation, 
and echocardiography demonstrated severe rheumatic mitral stenosis. 2D imaging is shown from a parasternal view (A). Despite efforts at medical 
stabilization, she remained in pulmonary edema. Balloon mitral valvuloplasty was performed using an Inoue balloon, seen from an apical view (B), 
and she symptomatically improved. She delivered at 35 weeks and required intravenous diuretics in the 48 hours after delivery to alleviate pulmonary 
edema. She subsequently recovered uneventfully. Ao, Aorta; IB, Inoue balloon; MV, mitral valve. 
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Figure 35-15  Hemodynamic responses in a patient with severe valvular aortic stenosis showing increased vascular return associated with 
uterine contractions. BP, Blood pressure; ECG, electrocardiogram; FHR,  fetal heart  rate; HR, heart  rate; PAP, pulmonary artery pressure.  (From 
Easterling TR, Chadwick HS, Otto CM, Benedetti TJ: Aortic stenosis in pregnancy. Obstet Gynecol 72:113-118, 1988. Reprinted with permission from 
The American College of Obstetricians and Gynecologists.)
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misdiagnosis in a patient with only moderate regurgitation. In 
either case, postpartum reevaluation of regurgitant severity and 
ventricular function will provide accurate data for clinical deci-
sion making.

Prosthetic Heart Valves
The outcome of pregnancy is significantly affected by the pres-
ence of a prosthetic heart valve.141-144 With mechanical valves, 
the risks of valve thrombosis (8% to 9%), embolic events (3% 
to 5%), serious bleeding (5%), heart failure (28%), and mater-
nal death (4% to 8%) are high,145 even with careful monitoring 
of anticoagulation.146,147 With a bioprosthetic valve, there is less 
risk of maternal death (0% to 5%), but accelerated valve degen-
eration during pregnancy may occur and results in a high rate 
of heart failure (35%) and urgent repeat replacement of the 
valve in the early postpartum period (35%).142 The effect of 
pregnancy in accelerating valve degeneration is controversial. 
Initial studies made the observation that women with pros-
thetic heart valves and more than one pregnancy have a lower 
10-year graft survival rate for bioprosthetic valves (17%) than 
women with only one pregnancy (55%).148 However, another 
study demonstrated no change in durability of bovine pericar-
dial valves in women who bore children compared with a popu-
lation who did not.149 An evaluation of women who underwent 
pulmonic allograft replacement in the setting of a Ross repair 
for aortic valve disease did not demonstrate valvular degenera-
tion of the pulmonic allograft.150

Echocardiography plays a critical role in identifying valve 
dysfunction and in assessing valve degeneration during preg-
nancy (Fig. 35-18). Assessment of prosthetic valves in women 
who are pregnant may be confounded by the normal hemo-
dynamic changes of pregnancy. The increased heart rate and 
stroke volume affect Doppler evaluation of velocities and pres-
sure gradients across prosthetic valves. Thus, the volume flow 
rate should be taken into consideration when evaluating pros-
thetic valves in pregnant women. The alterations in loading 
conditions may also affect the accuracy of the pressure half-time 
method.151 Ideally, a baseline Doppler echocardiographic study 
in the prepartum period or early in pregnancy can be used to 
accurately assess changes later in pregnancy.

likelihood of complications and the expected result of percuta-
neous mitral valvotomy.139 Echocardiographic monitoring also 
minimizes fluoroscopy time.140

Valvular Regurgitation
Pathologic valvular regurgitation in pregnancy may be the 
result of a congenital abnormality (bicuspid aortic valve), previ-
ous bacterial endocarditis, rheumatic disease, or myxomatous 
valve disease (Fig. 35-17) or may be associated with more 
complex congenital heart disease. Standard 2D and Doppler 
echocardiographic methods for detection and evaluation of val-
vular regurgitation are applicable in the pregnant patient. Phys-
iologically, it is plausible that pregnancy may result in a decrease 
in regurgitant severity as a result of the pregnancy-related after-
load reduction. This potentially beneficial physiologic effect 
may be counterbalanced, to some extent, by the hormonal and 
vascular changes of pregnancy. Increased aortic root dimen-
sions may increase aortic regurgitant severity, whereas increased 
laxity of valve tissues may lead to an increase in mitral regurgi-
tant severity.

Valvular regurgitation is well tolerated during pregnancy by 
some patients. Others develop signs and symptoms of heart 
failure with pulmonary congestion, decreased exercise toler-
ance, orthopnea, and paroxysmal nocturnal dyspnea. Decom-
pensation can occur in patients with chronic valvular 
regurgitation because of either (1) the increased CO demands 
of pregnancy or (2) worsening of the underlying valvular 
abnormality (e.g., chordal rupture in a patient with myxoma-
tous mitral valve disease). Echocardiographic evaluation can 
distinguish between these possibilities and aid in optimizing 
therapy in the decompensated patient.

Quantitation of valvular regurgitant severity and evaluation 
of LV systolic function may be confounded by the anatomic 
and hemodynamic changes of pregnancy. In patients with 
severe aortic or mitral regurgitation, decreased systemic vascu-
lar resistance resulting from pregnancy can result in an appar-
ent decrease in regurgitant severity and improvement in LV 
systolic function. In these patients, surgical intervention may be 
inappropriately delayed. Conversely, LV dimensions may be 
slightly larger than in the nonpregnant state, resulting in 

Figure 35-17  A 34-year-old G3P2 woman presented at 28 weeks gestation with dyspnea with minimal exertion. Failure of coaptation is seen 
on 2D imaging (A), and color Doppler shows severe mitral regurgitation (B). She was managed with diuretics and bedrest and delivered a healthy 
baby boy. After delivery she underwent mitral valve repair. Ao, Aorta; MV, mitral valve. 

A B

LV

Ao

LA

LV

LA

Ao

RV

MV



682 PART VII The Pregnant Patient

consideration. Echocardiography is used to confirm or exclude 
the diagnosis in patients considering pregnancy who are at risk 
for an inherited cardiomyopathy and to assess disease severity 
in patients with a known cardiomyopathy.153

Peripartum cardiomyopathy152,154 was initially defined as 
heart failure presenting in the last month of pregnancy or 

CARDIOMYOPATHIES

The risk of pregnancy in a patient with a known cardiomyopa-
thy is related to the severity of the underlying disease.152 In 
familial types of cardiomyopathy, including hypertrophic (Fig. 
35-19) and some forms of dilated cardiomyopathy, the genetic 
implications of the diagnosis also need to be taken into 

Figure 35-18  A 24-year-old G1P0 woman with a St. Jude’s mitral prosthesis placed at age 20 presented at 12 weeks gestation with dyspnea 
and exertional chest pain. Her anticoagulation had been subtherapeutic. Echocardiography demonstrated more  than the expected amount of 
mitral regurgitation (A) for this type of prosthesis by color Doppler and a peak gradient of 33 mm Hg and mean gradient of 20 mm Hg (B) by PW 
and CW Doppler. Despite aggressive anticoagulation and medical therapy, she did not improve. After discussion of the relative risks and benefits 
of thrombolytic therapy versus surgery, she was taken to the operating room for emergent valve replacement. She recovered uneventfully; however, 
the fetus did not survive. A subsequent pregnancy managed with therapeutic anticoagulation was uneventful, and she delivered a healthy baby. 
Ao, Aorta; MR, mitral regurgitation. 
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Figure 35-19  A 21-year-old G1P0 woman with hypertrophic cardiomyopathy was seen throughout pregnancy. Before pregnancy, she had 
minimal symptoms of chest pain and exertional dyspnea. Echocardiography demonstrated marked septal hypertrophy with posterior hypertrophy 
(A). Post-PVC peak gradient was approximately 3.0 m/s  (B) and was stable  from prior studies. Pulmonary pressures were normal. Her symptoms 
worsened  during  pregnancy  but  were  controlled  with  diuretics  and  continued  beta-blockers.  She  had  an  uneventful  delivery  and  subsequently 
returned to her prepregnancy baseline. Ao, Aorta; PVC, premature ventricular contraction. 
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syndrome presumably relates to (1) the underlying defect in 
aortic wall structure, (2) normal structural changes in the aortic 
wall with pregnancy, and (3) the increased stroke volume and 
LV dP/dt of pregnancy. Gestational hypertension may further 
aggravate the risk of dissection.163

As is the case with many cardiac disorders in pregnancy, there 
are difficulties in gleaning appropriate care recommendations 
based on the available literature. Initial series suggested a high 
risk of dissection: Of 35 women with Marfan syndrome and at 
least one pregnancy, 20 (63%) suffered an acute aortic dissec-
tion and 16 (50%) died during pregnancy.164 Subsequent series 
suggested a maternal mortality rate of only 1%, especially when 
aortic diameter is only mildly increased.165-169 However, in a 
study of 91 pregnancies in 36 women with Marfan syndrome, 
4 of 36 (11%) had dissection related to pregnancy and 2 others 
required aortic surgery following delivery for a total aortic com-
plication rate of 17%.170

As in nonpregnant patients, risk of aortic dissection increases 
with the degree of aortic dilation. Several studies have demon-
strated an increase in the risk of dissection in women with 
aortic diameter greater than 4 cm.167,168 One study evaluated 61 
women, of whom 23 had had 31 pregnancies with known aortic 
root dimensions.169 In this group, there were no complications 
in women with aortic diameters of 25 to 45 mm, with the only 
complication in a woman with a prior dissection. In addition 
to absolute diameter, change in aortic size during pregnancy has 
also been identified as a risk for dissection. Some patients with 
Marfan syndrome suffer aortic dissection with only mildly 
increased aortic root dimensions,170,171 although a case report 
describes a woman with an aortic diameter of 8 cm who did 
not dissect during pregnancy.172

Echocardiography is extremely valuable in the preconcep-
tional assessment of women with Marfan syndrome, as several 
authors have recommended prophylactic aortic root replace-
ment when pregnancy is planned, if aortic root dilation is 
present.173,174 Echocardiographic monitoring during pregnancy 
allows risk stratification by assessing both initial aortic diameter 
and progression in size increase over time. With careful echo-
cardiographic evaluation of aortic root dimensions and geom-
etry, review of the patient’s family history, and consultation 
between the cardiologist and geneticist,175 women with Marfan 
syndrome can be counseled about the potential risks before 
pregnancy, especially because the risk of dissection during preg-
nancy appears to be directly related to the degree of aortic root 
dilation. Treatment with beta-blockers176,177 and careful peripar-
tum anesthetic management178 may improve the prognosis in 
pregnant patients with Marfan syndrome. Successful surgical 
repair during pregnancy of aortic dissection in Marfan syn-
drome has been reported.179

Aortic Dissection
There is an increased risk of aortic dissection during pregnancy 
even in women without Marfan syndrome. Patients with con-
nective tissue disorders such as Ehlers-Danlos syndrome are at 
higher risk, as are women with bicuspid aortic valve and dilated 
aortic root,167 Turner syndrome,180 and severe hypertension. 
Echocardiography is often the initial diagnostic test requested 
in these patients. Prompt recognition and surgical intervention 
can be lifesaving.181

Ischemic Heart Disease
Acute coronary events and MI are rare in pregnancy, resulting 
from the low prevalence of coronary artery disease in women 

within 6 months of delivery, without other reason for cardio-
myopathy.155 More recently authors have suggested that the defi-
nition include LV dysfunction with an echocardiographic 
ejection fraction of less than 45%.156 Others argue that the 
disease can be found earlier in pregnancy and that the “tradi-
tional” presentations represent a spectrum of disease that 
includes those patients with the earlier onset of cardiomyopa-
thy. The diagnosis typically is established by echocardiography 
in the appropriate clinical setting. Despite overall improvement 
in therapy of heart failure, the mortality of peripartum cardio-
myopathy remains greater than 20%.157 The risk to women in 
subsequent pregnancies is high, particularly if the ejection frac-
tion did not return to normal.158 Dilated cardiomyopathy carries 
similarly high risks of adverse cardiac events, predicted by LV 
dysfunction and NYHA functional class.159 Echocardiographic 
monitoring of disease severity, especially LV systolic function, 
helps optimize patient management.

Pregnancy in patients after cardiac transplantation has been 
described.160,161 In one series of 29 organ recipients (26 heart 
and 3 heart-lung), 21% of women experienced a rejection 
episode during pregnancy, although only 3% had graft loss 
within 2 years of delivery. Fetal outcomes were notable for an 
18% spontaneous abortion rate, higher than expected in the 
general population. Of live-born infants, 40% were premature 
and 40% had low birth weight.162 As medical therapy for 
transplant patients evolves and the population requiring trans-
plant includes more young women as a result of the increase 
in adults with congenital heart disease, one would expect an 
increase in the number of women bearing children following 
cardiac transplantation. Echocardiography can be used to 
evaluate for evidence of rejection during and after pregnancy.

OTHER HEART DISEASES

Marfan Syndrome
Pregnancy in patients with Marfan syndrome is associated with 
an increased risk of aortic dissection (Fig. 35-20). The mecha-
nism of aortic dissection in pregnant women with Marfan 

Figure 35-20  A 23-year-old G1P0 woman with a history of Marfan 
syndrome presented at 6 weeks gestation with stable significant 
aortic enlargement with a maximal dimension of approximately 
4.5 cm at the sinuses of Valsalva. She was followed through pregnancy 
with serial echocardiograms with stable aortic dimensions. She had an 
assisted  vaginal  delivery  and  delivered  a  healthy  baby  girl  who  was 
noted to have some features suggestive of Marfan syndrome. Ao, Aorta. 

Ao

LA

LV



684 PART VII The Pregnant Patient

helps demonstrate normal cardiac anatomy and function, 
allowing attention to be focused on potential noncardiac causes 
of the illness. Conversely, a cardiac etiology can be quickly  
identified and evaluated, permitting appropriate therapeutic 
interventions.

Of the cardiac conditions presenting with pulmonary edema 
in the third trimester or in the peripartum period (Table 35-6), 
the most prevalent are mitral valve stenosis and peripartum 
cardiomyopathy. On physical examination, the diastolic rum-
bling murmur of mitral stenosis is difficult to appreciate and 
the patient herself is often unaware of a heart condition. The 
added hemodynamic burden of pregnancy may result in a pre-
viously asymptomatic patient being diagnosed with “sudden” 
and “unexplained” pulmonary edema. It is not unusual for the 
echocardiogram (ordered for other reasons) to be the first clue 
that valvular obstruction is present.

Peripartum cardiomyopathy may present with the insidious 
onset of heart failure symptoms or may be more abrupt in 
onset. In the latter case, it is likely that the patient has unrecog-
nized heart failure symptoms that can be elicited in retrospect. 
The degree of LV systolic dysfunction is variable. Typically, 
clinical symptoms are first noted between 1 month antepartum 
and 1 month postpartum.152,190 Echocardiographically, peripar-
tum cardiomyopathy is indistinguishable from other forms of 
dilated cardiomyopathy.

THE PREGNANT PATIENT WITH A  
CARDIAC MURMUR

A systolic murmur is a common finding during pregnancy, 
being reported in as many as 80% of women in some series.191 
This murmur typically is a “flow” murmur resulting from the 
increased volume flow rate of pregnancy. Depending on its 
location and timing, it most often originates from the pulmonic 

of childbearing age. In women aged 15 to 44 years, the incidence 
of MI unrelated to pregnancy is 5 per 100,000 woman-years, 
and the rate of cerebrovascular events is 10.7 per 100,000 
woman-years.182 However, coronary dissection and thrombo-
embolic events are unusual causes of MI disproportionately 
represented in pregnancy. A literature review of 125 cases of MI 
in pregnancy found the highest incidence in multigravid women 
over age 33 years. MI tended to occur in the third trimester, 
often during labor and delivery. Of the MIs, 43% were the result 
of atherosclerosis, 21% were thrombotic without evidence of 
underlying atherosclerosis, 16% were the result of coronary 
dissection, and in 29% coronary anatomy was normal, suggest-
ing the possibility of coronary spasm.182

Another study identified 859 MIs related to pregnancy, which 
was a case event rate of 6.2 per 100,000. The case fatality rate 
was 5.1%, demonstrating that although rare, MI related to preg-
nancy carries a significant risk of mortality. In this study, classic 
risk factors for coronary artery disease, including hypertension, 
diabetes mellitus, and smoking, were significant. In addition, 
the risk was 30 times higher for women older than 40 years 
compared with women younger than 20 years.183 As women 
delay childbirth, the incidence of MI in pregnancy may rise.184 
Though uncommon, rates of severe complications related to MI 
during pregnancy are high.185 The usual criteria for MI apply in 
pregnancy and the puerperium, with the exception of myoglo-
bin and creatinine kinase myocardial band, which may increase 
twofold in normal women within 30 minutes of delivery.186 
Troponin I is a more accurate marker in this setting. Segmental 
wall motion abnormalities on echocardiography should raise 
the possibility of ischemic heart disease.

Data regarding therapy of MI during pregnancy are limited. 
Thrombolytic therapy is contraindicated in pregnancy and the 
early postpartum period, so the optimal clinical approach to 
revascularization is percutaneous balloon angioplasty with or 
without placement of an intracoronary stent, although coro-
nary bypass grafting surgery during pregnancy also has been 
described.187 The use of clopidogrel can complicate delivery; 
therefore, stent selection is based on the anticipated delivery 
date and duration of clopidogrel therapy to protect from stent 
thrombosis.188 Little is known about the risk of subsequent 
pregnancy for women with a pregnancy complicated by MI.

Echocardiographic Monitoring in 
Pregnant Patients
In addition to monitoring disease severity and cardiovascular 
hemodynamics in pregnant patients, both transthoracic echo-
cardiography (TTE) and transesophageal140 echocardiography 
(TEE) have been used to monitor diagnostic and therapeutic 
procedures. One of the advantages of echocardiographic moni-
toring during pregnancy is the avoidance of exposure to ionizing 
radiation. Echocardiographic monitoring in pregnant women 
has been reported for electrophysiologic testing,148 pacer implan-
tation, and percutaneous balloon mitral valvotomy.189

Common Clinical Presentations
PULMONARY EDEMA AND HEART FAILURE

In the pregnant patient with acute respiratory distress, the 
initial differential diagnosis is cardiac and noncardiac causes, 
such as acute pulmonary embolism, pneumonia, or an acute 
viral syndrome. An echocardiographic study in these situations 

Respiratory Distress in Pregnancy: Echocardiographic 
Differential Diagnosis

Pathophysiology Examples

Cardiac

↓ LV (or systemic ventricle) 
systolic function

Peripartum cardiomyopathy

Congenital heart disease

Dilated cardiomyopathy

LV diastolic function Hypertension

Aortic stenosis

LV pressure overload Aortic stenosis

Hypertension

Impaired cardiac filling Mitral stenosis

Pericardial disease

LV (or systemic ventricle) 
volume overload

Aortic regurgitation

Mitral regurgitation

Tricuspid regurgitation in systemic RV

↓ Pulmonary blood flow Eisenmenger physiology

Palliative systemic-to-pulmonary shunts

Noncardiac
Capillary “leak” Preeclampsia

Adult respiratory distress syndrome

Infection Pneumonia

Viral syndrome

Pulmonary vascular obstruction Pulmonary embolus

From Vered Z, Poler SM, Gibson P, et al: Non-invasive detection of the morphologic and 
hemodynamic changes during normal pregnancy. Clin Cardiol 14:327-334, 1991.

TABLE 
35-6 
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diographer often initiates communication with the maternal-
fetal specialist.

MITRAL VALVE PROLAPSE

Because a diagnosis of mitral valve prolapse is common in young 
women, concern is often raised that this diagnosis may affect 
the risk or management of pregnancy. Some series report a 
history of mitral valve prolapse in as many as 1.2% of all preg-
nancies.192 No echocardiographic changes in the presence or 
degree of mitral prolapse169 and no increase in maternal risk 
have been seen in pregnant patients with this diagnosis.193,194 
Many of these women have only minor abnormalities of leaflet 
anatomy or motion without significant valvular dysfunction. 
Thus, echocardiography plays an important role in reassuring 
both patient and referring physician that the risk of pregnancy 
is not affected by this diagnosis and that the management of 
pregnancy and the peripartum period can be considered routine, 
other than the need for endocarditis prophylaxis. In the patient 
with significant functional mitral valve disease—myxomatous 
leaflets and mitral regurgitation—echocardiography allows 
assessment of the degree of regurgitation and the LV response 
to chronic volume overload.

PALPITATIONS AND ARRHYTHMIAS  
IN PREGNANCY

Most women experience an increased awareness of their heart-
beat with occasional premature ventricular and atrial beats 
during pregnancy. Significant arrhythmias, associated with 
hypotension, dizziness, or shortness of breath, most often 
occur in patients with known underlying heart disease or a 
history of arrhythmias. The onset of symptomatic arrhythmia 
during pregnancy warrants echocardiographic evaluation, as 
in the nonpregnant patient, to evaluate for structural heart 
disease.

Limitations of Echocardiography and 
Alternative Approaches
Echocardiography often provides all the information needed 
for patient management in pregnant women with heart disease, 
but in some situations other diagnostic approaches or imaging 
modalities may be needed. If TTE is inadequate because of poor 
ultrasound tissue penetration, TEE is appropriate and can be 
safely performed during pregnancy. Other useful imaging pro-
cedures in patients with congenital heart disease and valvular 
heart disease include radionuclide ventriculography, magnetic 
resonance imaging, computed tomographic imaging, and angi-
ographic evaluation in the catheterization laboratory. In preg-
nant patients, the use of ionizing radiation with some of these 
techniques needs to be considered in the overall risk-benefit 
analysis of whether evaluation is needed during pregnancy or 
can be safely postponed to the postpartum period.

When direct and repeated measurements of pulmonary pres-
sures, LV filling pressures, and CO are needed, invasive moni-
toring with an indwelling right-sided heart catheter is the 
procedure of choice. In patients with significant heart disease, 
invasive monitoring may be needed in the peripartum period 
to allow maintenance of optimal loading conditions under the 
changing volume and hemodynamic conditions of labor, deliv-
ery, and anesthesia.

valve, although some flow murmurs of pregnancy may be the 
result of high flow across the aortic valve. With the normal 
murmur of pregnancy, Doppler echocardiography shows no 
abnormal flow patterns, although antegrade velocities are 
increased, as expected in pregnancy.

One study of 103 women with no previous cardiac history 
referred for evaluation of a murmur during pregnancy found 
that 79% had a benign murmur on physical examination, and 
all of these individuals had normal results on Doppler echocar-
diography.191 Benign ejection murmurs were soft and midsys-
tolic. Even in the 14% with a loud or long ejection murmur, 
most had normal Doppler study results, with abnormalities 
seen in only 3 patients (1 mitral valve prolapse with mild mitral 
regurgitation, 1 nonobstructive hypertrophic cardiomyopathy, 
1 bicuspid aortic valve). In contrast, in the 7% of patients with 
a pansystolic, late systolic, or diastolic murmur all had abnor-
mal echocardiographic results. This group included 3 ventricu-
lar septal defects, 1 large atrial septal defect, one atrial septal 
defect in conjunction with rheumatic mitral regurgitation,  
1 mitral valve prolapse, and 1 nonobstructive hypertrophic 
cardiomyopathy.

Although it is likely that the prevalence of specific cardiac 
diagnoses will vary with the population, this series clearly dem-
onstrates the importance of careful patient selection in request-
ing echocardiography for evaluation of a murmur in pregnancy. 
To minimize the inappropriate use of echocardiography in 
pregnant women, one approach is to limit echocardiographic 
evaluation to pregnant women with a murmur only if they have 
(1) a history of underlying heart disease, (2) definite cardiac 
symptoms, (3) a grade 3/6 or greater systolic murmur, or (4) a 
diastolic murmur. Use of these criteria will avoid unnecessary 
echocardiography.

Conversely, it is critically important to perform an echocar-
diographic examination in patients with pathologic or possibly 
pathologic murmurs. Many cases of previously undiagnosed 
congenital heart disease, valvular stenosis, and valvular regur-
gitation are recognized during pregnancy. In addition to the 
prognostic information obtained by having the correct cardiac 
diagnosis, the echocardiographic data resulted in significant 
changes in patient management. Such changes included recom-
mendation of endocarditis prophylaxis at delivery for structural 
heart disease, surgical closure of an atrial septal defect postpar-
tum, and genetic counseling in patients with inherited diseases 
in the study described previously.191

Like other clinical guidelines, these criteria are not absolute, 
and given the negligible risk of echocardiography, it is prefer-
able to err on the side of performing echocardiographic studies 
in normal women than to miss a case of significant heart disease 
in a pregnant patient. When a pathologic murmur is present, it 
is incumbent on the echocardiographer to make sure the refer-
ring physician is aware of the significance of this finding and to 
ensure appropriate assessment of maternal and fetal risk. In 
view of the multidisciplinary nature of care for pregnant women 
with heart disease and the impact of maternal heart disease on 
both mother and fetus, referral to a maternal-fetal specialist in 
a high-risk obstetrics clinic is needed for optimal care, particu-
larly in patients with hemodynamically significant lesions. This 
consideration also applies to nonpregnant women with heart 
disease in whom appropriate counseling regarding the risks of 
pregnancy and contraceptive options is needed either to avoid 
unnecessary anxiety and delay in starting a family (if the 
maternal-fetal risk is low) or to avoid a high-risk complicated 
pregnancy (when the maternal-fetal risk is high). The echocar-
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Conclusions

The mortality of acute type A aortic dissection escalates 
hourly,1 reaching 50% by 48 hours. Immediate diagnosis and 
therapy are critical for survival. Two thousand new cases of 
acute dissection are reported in the United States per year2; the 
true incidence, including the large numbers of patients who die 
from unrecognized dissection, has been estimated at more than 
10,000 per year.3 Further, 10% to 30% of acute dissections 
occurring in the hospital may be misdiagnosed. It is a great 
clinical challenge that patients’ presenting symptoms may be 
nonspecific or even misleading. Aortic dissection must be 
included in the differential diagnosis of chest pain in many 
patients at risk for dissection, and also when simultaneous acute 
involvement of multiple organ systems does not have a ready 
explanation.

Acute dissection of the aorta can create myocardial ischemia 
via compromise of the coronary arteries; Hirst and colleagues4 
found involvement of the coronary arteries on pathologic 
examination in 39 of 505 cases of acute dissection (7.7%). Many 
clinical signs of that coronary impairment are also seen in acute 
myocardial infarction due to acute coronary syndrome: pain 
(related to the dissection itself or to myocardial ischemia), elec-
trocardiographic abnormalities consistent with ischemia 
(resulting from involvement of the coronary ostia in proximal 
dissection),5 and elevated serum creatinine kinase levels.6 Con-
fusion of acute dissection with myocardial infarction not only 
delays appropriate treatment, but increases the risk of disas-
trous consequences from thrombolytics, aggressive antiplatelet 

regimens, or passage of coronary catheters in the course of left 
heart catheterization.7 Given that the incidence of aortic dissec-
tion is far less than that of myocardial infarction and that ST 
segment elevation is a relatively rare finding in patients with 
aortic dissection, electrocardiographic changes without physi-
cal findings suggesting dissection will rarely mislead clinicians.8 
Maintenance of a high suspicion for dissection must be paired 
with highly reliable tests to avoid such infrequent but cata-
strophic misdiagnoses.

The optimal diagnostic test for acute aortic dissection, there-
fore, must be accurate, safe, and immediately applicable in a 
broad range of medical environments. The limited sensitivity 
of echocardiography for dissection from the transthoracic 
approach has been greatly improved by transesophageal echo-
cardiography (TEE). Transesophageal examinations can be per-
formed within minutes in the emergency department, operating 
room, or intensive care unit and provide high-quality images of 
the thoracic aorta as well as of other cardiac and vascular struc-
tures at risk. Time to transesophageal images often exceeds the 
time required for emergent computed tomography (CT) scan-
ning in emergency departments, however, and the role of TEE 
in the immediate diagnosis of acute aortic syndromes has 
diminished. The specific advantages and limitations of TEE use 
in the management of patients with suspected aortic dissection 
or trauma have been carefully investigated at many centers and 
have refined TEE’s ongoing role in the diagnosis, repair, and 
follow-up of acute aortic syndromes and trauma.
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Pathophysiology of Aortic Dissection
ANATOMY AND HISTOLOGY

The diameter of the adult aorta tapers from a size of less than 
2.1 cm/m2 in the ascending aorta to less than 1.6 cm/ m2 at the 
level of the aortic arch.9 The size of aorta increases with age 
during adulthood at a rate of 1 to 2 mm/ year; aging is associ-
ated with a loss of compliance and increased wall stiffness.

The aortic wall comprises three layers: the intima, which is a 
single layer of vascular endothelium; the media, with concentric 
layers of smooth muscle cells, collagen, elastin, and extracellular 
matrix proteoglycans; and the peripheral adventitia, consisting 
of loose connective tissue that anchors the aorta in surrounding 
tissues. The vasa vasorum, which perfuse the aortic wall, are 
contained within the adventitia. Of the three layers of the aortic 
wall, the structure of the media dominates the wall’s mechanical 
properties.10 Medial smooth muscle directly influences wall 
stiffness by contraction. In addition, smooth muscle cells are 
the major source of the extracellular matrix components. These 
include the elastin fibers, which can be stretched to 300% of 
their resting length without rupturing11 and are important con-
tributors to the normal pulsatile behavior of the vessel. Elastin 
is less important to the overall strength of the aorta than col-
lagen, however, which is both stiffer and much stronger than 
elastin.

The components of the media vary from vessel to vessel and 
change with age. In the aortas of older patients, the elastin 
content decreases and collagen increases, resulting in increased 
vascular stiffness.12 The mechanical properties of the vascula-
ture are also almost always disturbed in cases of systemic 
hypertension.13

MECHANICAL AND SHEAR STRESSES

The aortic wall is subjected to mechanical stresses of several 
forms. Stress, which is expressed as force per unit area, may 
occur in radial, circumferential, or longitudinal directions. The 
normal intima bears little of the aorta’s stress load. It is exposed 
to shear stresses, however, which are forces applied parallel to 
the vessel wall as a result of the viscous effects of blood flow. 
The amount of these shear stresses varies with the distribution 
of velocity across the vessel lumen and with local vessel 
geometry.

Circumferential stress predominantly affects the media. This 
type of stress (δ) increases with the radial pressure from the 
aortic lumen (P) and the aortic radius (r) and decreases with 
increasing wall thickness (h):

δ = Pr/ h2

The danger of aortic dilation can therefore be understood: In 
dilated, thin-walled aortas, the circumferential stresses may be 
increased many times above normal. In addition, the geometry 
of the dilating aorta changes progressively from the normal 
cylinder to an ellipsoidal or even spherical shape. This slowly 
increases the circumferential stress but quickly exacerbates lon-
gitudinal stress. Most atraumatic aortic tears are caused by lon-
gitudinal stress, which explains why they are generally transverse 
in orientation.14 The ascending aorta experiences additional 
longitudinal stress owing to the motion of the aortic annulus. 
Finally, dilated or aneurysmal vessels demonstrate marked stiff-
ness, in part because of loss of elastin.15 Combined aortic dila-
tion, wall thinning, and shape change sets the stage for intimal 
rupture and the initiation of dissection.

Intimal and/or medial abnormalities of the aorta increase the 
resistance to both shear and circumferential stresses. Stress fail-
ures of both types may play a role in aortic dissection. Circum-
ferential stress failure can occur when the stresses caused by 
intraluminal pressure are greatly magnified in the thin fibrous 
cap of an atheromatous lesion. If the lesion fractures and a small 
crack develops, the circumferential stress will cause it to extend 
through the wall.10 Shear stress failure is due to inhomogeneity 
in the properties of the vessel wall. Even under normal condi-
tions, mural stresses are greater on the inner than on the outer 
wall.16 In the presence of atherosclerosis, incremental variations 
in the shear resistance between contiguous regions of diseased 
and normal wall occur. The progression of aortic dissection 
probably represents an example of shear failure, where the 
interface between two such aortic segments with different stiff-
ness leads to separation of medial and intimal layers: the two 
layers slide relative to one another because the “glue” of the 
extracellular matrix cannot withstand the shear stress.10

Once initiated, dissections behave like a two-ply tube. The 
intima and the internal elastic lamina of the media form the 
inner layer, while the outer layer consists of the external elastic 
lamina and the adventitia. A velocity-dependent shear force will 
then further separate the two layers, creating a false lumen sepa-
rated from the true lumen by the intima and internal elastic 
lamina (Fig. 36-1). Experimentally, it has been demonstrated 
that the work per unit area of tissue required to propagate a tear 
in the aorta is small (15.9 ± 0.9 mJ cm−2) and independent of 
the depth of the tear.16

Increasing recognition of intramural hematoma as one of the 
acute aortic syndromes has expanded our understanding of the 
precursors of dissection. In the case of hematoma formation, 
the inciting event is hemorrhage into the media from the vasa 
vasorum. This lesion may expand and rupture into the aortic 
lumen, creating what we recognize as an entry tear and allowing 
progression of the intimal detachment along the arterial tree. 
In other cases, the hematoma is contained but creates a risk of 
external rupture.

These concepts of shear and tensile failure are the basis for 
understanding why different patient populations are at increased 

Figure 36-1  Complications of aortic dissection. The  intimal flap  is 
seen  in  the  ascending  aorta  separating  the  true  lumen  (TL)  from  the 
false  lumen  (FL).  The  flap  may  extend  into  the  right  coronary  artery 
(RCA), resulting in myocardial ischemia; may rupture into the pericardial 
space  with  a  hemorrhagic  pericardial  effusion  (PE )  and  tamponade 
physiology; or may disrupt the valve leaflet attachment with a flail leaflet 
(small arrow) and aortic regurgitation. 
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approximately 20%. Up to 14% of patients presenting with dis-
section in the International Registry of Acute Aortic Dissection 
had preexisting aortic aneurysm.26

Trauma
Trauma may create a spectrum of aortic injuries (see later dis-
cussion). Aortic dissection may occur in external, accidental 
trauma and be difficult to assess in the setting of major multi-
system injuries. The region most prone to traumatic injury is 
the aortic isthmus, where relative tethering by the spinal arteries 
and ligamentum arteriosum resists abrupt deceleration more 
than the more mobile transverse arch.27 Other vulnerable sites 
include the origin of the right brachiocephalic artery, particu-
larly with vertical forces from falls, and the ascending aorta 
above the sinus of Valsalva.28 Traumatic injuries to the aorta 
may result in intimal tears, recognizable on TEE as mobile flaps. 
Thrombus may be seen protruding into the lumen; in other 
cases, intramural hematoma without apparent intimal discon-
tinuity is seen. Whereas very minor lesions such as minimal 
hematomas may regress spontaneously, the prognosis of signifi-
cant aortic trauma is grave. Without repair, there is 30% mortal-
ity within the first 24 hours. Within 1 week, mortality is greater 
than 50%.29 Prompt recognition is therefore critical to patient 
outcome. TEE has been shown to be safe and highly sensitive 
for aortic trauma after motor vehicle accidents, equivalent to 
angiography and more expeditiously applied.30 TEE may also 
detect other signs of cardiac trauma, including wall motion 
abnormalities, pericardial effusion, and valvular regurgitation. 
When the suspicion of aortic rupture in the territory of the 
transverse arch remains high, CT may provide better images of 
those territories.

Other sources of trauma include the Heimlich maneuver for 
respiratory obstruction, and cardiovascular procedures. Opera-
tive sources of tears in the aorta include cannulation sites for 
cardiopulmonary bypass, aortic transections for valve or aortic 
segment replacement, and proximal anastomotic sites for coro-
nary bypass grafts.31,32 Very uncommonly, aortic catheterization 
for angiography may traumatize an atherosclerotic region and 

risk for aortic dissection. Medial elastic tissue degeneration 
resulting from hereditary defects of the arterial wall creates the 
substrate for dissection in patients with Marfan syndrome, 
Turner syndrome,17 Noonan disease, Ehlers-Danlos syndrome, 
and osteogenesis imperfecta.14,18 In these patients, as well as in 
other groups, dilation of the aorta is an important source of 
tensile failure and a precursor to dissection.

Both wall abnormalities (shear failure) and increased wall 
stress (tensile failure) owing to dilation are important in non-
hereditary risk groups. Dissection occurring in hypertensive 
patients is generally based on high blood pressure, moderate 
aortic dilation, and medial muscular degeneration predisposing 
the internal layer to tear.14 The contribution of shear stress in 
those patients is infrequent and unpredictable.

RISK FACTORS

Hypertension and atherosclerosis are the predominant condi-
tions that result in dissection. More infrequently, pregnancy, 
inflammatory disorders such as giant cell arteritis and Takayasu 
disease, or congenital collagen disorders such as Marfan syn-
drome, Turner syndrome, or Ehlers-Danlos are etiologic. Bicus-
pid aortic valve and/or aortic coarctation are other congenital 
causes.

Cocaine use, trauma, and iatrogenic disruption of the arterial 
structures during surgery or cardiac catheterization can also be 
the initiator (Box 36-1).19-25

Atherosclerosis
Atherosclerosis is a highly prevalent disorder whose generalized 
and focal manifestations can predispose to dissection. True 
aortic aneurysms are due to atherosclerotic degeneration of  
the media and progress to involve all three layers of the vessel 
wall and to gradual dilation. Increasing risk accompanies 
enlarged diameters, rapid expansion, or symptoms. Formation 
of laminar thrombus within the aneurysm does not decrease 
the wall stress. The 1-year survival rate in patients with thoracic 
aortic aneurysms is less than 60%, and the 5-year survival rate 

Box 36-1 

PATIENT POPULATIONS AT RISK FOR AORTIC DISSECTION

Genetic Disorders (Medial Abnormalities)
Marfan syndrome
Turner syndrome
Noonan disease
Ehlers-Danlos syndrome
Osteogenesis imperfecta

Congenital Disorders
Aortic coarctation
Unicuspid or bicuspid aortic valve

Degenerative Disorders
Hypertension
Atherosclerotic vascular disease

Aortic ulcer
Aortic aneurysm

Non–Marfan syndrome cystic medial necrosis

Traumatic Causes
Deceleration injury
Penetrating injury
Heimlich maneuver

Postprocedural Causes
Cardiac surgery

Cannulation
Cross-clamping
Aortic valve replacement

Angioplasty
Coronary
Renal

Inflammatory Disorders
Syphilis
Giant cell arteritis

Other Conditions
Pregnancy
Weightlifting
Cocaine use
Discontinuation of beta blockers
Polycystic kidney disease
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Figure 36-2  Type A aortic dissection (arrows indicate intimal flap) 
in a patient with Marfan syndrome on transesophageal imaging. 
Enlargement of the proximal aortic root and prolapse of the posterior 
mitral valve leaflet are also noted. 

prompt dissection.33 Angioplasty procedures of coronary or 
renal vessels can also initiate the process.34 A history of these 
procedures may be important in alerting the clinician to the 
possibility of dissection in these patients.

Cocaine and Methamphetamine
Cocaine stimulates central neural sympathetic outflow and 
blocks reuptake of catecholamines in the synaptic clefts. The 
resulting intense vasoconstriction; prothrombosis; and increase 
in heart rate, blood pressure, and myocardial contractility 
increase the risk of aortic dissection. In one series, 14 of 38 cases 
of aortic dissection were associated with cocaine use during the 
preceding 24 hours (average, 2 hours). The proportion of types 
A and B dissection was similar to than in nonusers of cocaine.35 
Methamphetamine use is increasing, and users may also experi-
ence a significant increase in their risk for acute aortic dissec-
tion. One retrospective series found that 20% of acute aortic 
dissections in patients under age 50 years were associated with 
methamphetamine.36

Pregnancy
Although aortic dissection is mostly a disease of middle-aged 
or elderly males, women and children can also experience dis-
section. It has been claimed that half of all aortic dissections 
occurring in women younger than 40 years of age are associated 
with pregnancy, particularly during the third trimester, or the 
postpartum period.37-39 This has been disputed by Oskoui and 
Lindsay,40 who reviewed their own experience and published a 
series of 1253 dissections in consecutive patients (868 males and 
385 females), with no cases occurring in pregnancy. They con-
cluded that most women experiencing aortic dissection in preg-
nancy had other risk factors such as hypertension or Marfan 
syndrome, and that the apparent association could result from 
selective reporting and coincidental occurrence of dissection 
with the very common condition of pregnancy.

The most up-to-date information on acute aortic dissection 
in women from the International Registry of Acute Aortic Dis-
section implies that dissection generally affects women at a 
more advanced age than men and that they fare worse than their 
male counterparts with respect to rupture, hypotension, and 
surgical mortality.26

Genetic Diseases
Marfan Syndrome
Of the genetic causes of aortic medial disease and aortic dissec-
tion, Marfan syndrome is the most common and best studied. 
Although a clinical diagnosis, Marfan syndrome may be con-
firmed by linkage to the dominantly inherited gene MFS-1 on 
15q21 or by determination of the specific family mutation.41 
Histologic examination of the aortic wall in Marfan syndrome 
patients reveals fragmentation of aortic components, especially 
the elastic fibers,42 and abnormal accumulation of collagenous 
and mucoid materials in the media.43 Fragmentation of elastin-
associated microfibrils also occurs in aortic valve leaflets.44 The 
disruption and loss of elastic tissue of the media is attributed 
to a deficiency of fibrillin, a microfibrillar protein that scaffolds 
the elastic lamellae in the aortic wall.45,46 These changes are 
greatest in the ascending aorta, which is subject to the greatest 
pulsatile expansion and therefore the highest stress in systole.14 
The alterations in aortic wall components are associated with 
abnormal functional properties: aortic elasticity is abnormal in 
patients with Marfan syndrome, irrespective of the aortic 

diameter.47 A comparative study of aortic wall dynamics between 
Marfan syndrome patients and normal controls confirmed that 
in both groups, stiffness of the wall increases with age and aortic 
diameter, but at all ages the Marfan syndrome group exhibits a 
stiffer aorta than controls for a given diameter.48 Furthermore, 
Marfan syndrome patients have large ascending aortic diame-
ters, but not abdominal aortic size, after correction for body 
surface area.47 Dissection occurs in Marfan syndrome patients 
because of this dilation in combination with wall weakness; 
mural stress increases dramatically with increasing radius and 
becomes self-perpetuating.14

Echocardiographic evidence of aortic root dilation is present 
in 60% to 80% of Marfan syndrome patients (Fig. 36-2).49 In 
one series, aortic dilation was generalized in 51% and localized 
in 28%.50 Localized dilation did not appear to represent an 
earlier stage of aortic involvement, as the patient ages in both 
groups were identical, as was the duration of follow-up. It could 
not be determined whether generalized dilation reflected more 
severe underlying cystic medial necrosis from different specific 
mutations in fibrillin. Generalized dilation, however, was asso-
ciated with higher rates of expansion as well as aortic regurgita-
tion. In Marfan syndrome patients, aortic regurgitation has 
been associated with decreased survival.25 The existence of 
mitral valve prolapse does not appear to be an independent 
predictor of outcome. The clinical course of Marfan syndrome 
patients with respect to progressive aortic dilation and dissec-
tion is variable.50 Increased risk has been associated with older 
age,51,52 male gender, aortic root diameters exceeding 60 mm,50 
aortic growth rate,49,50 and a family history of dissection.53 In 
one study, two groups of Marfan patients were identified 
according to the speed of their aortic root dilatation.54 The 
speed of dilatation was not related to the use of beta blockers 
or the family history. The fast-growing group had significantly 
more type A dissection, as well as more elective root replace-
ment, compared to subjects with slower dilatation. Of great 
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intramural hematoma and penetrating ulcer may progress to 
aortic dissection during their course.

AORTIC DISSECTION

Aortic dissection is defined by separation of the intima and 
internal media from the external media and adventitia of the 
aorta, with creation of an intimal flap that separates the true 
aortic lumen from a false lumen where active flow or thrombus 
can be seen. The etiologic event for dissection is a medial lesion 
that creates a hematoma in the aortic wall; a subsequent tear in 
the overlying tissue allows pulsatile aortic flow entry into the 
medial tissues. The primary entry tear is usually transverse and 
involves more than half of the circumference of the aorta. In 
65% of cases it occurs within 3 cm of the coronary ostia. Ten 
percent of tears occur in the descending thoracic aorta and 
another 10% in the arch. Primary tears are rare in the abdomi-
nal aorta.64 Whatever the location of the initial tear, dissections 
may progress distally, proximally, or occasionally in both 
directions.

Anatomic Classification
There are several widely used classification systems for dissec-
tion (Table 36-1). The DeBakey classification divides dissections 
with involvement of the ascending aorta into type I, which 
extends into the transverse arch and distal aorta, and type II, 
which is confined to the ascending aorta. DeBakey type III dis-
sections involve the descending aorta only.65 The Stanford clas-
sification66 was developed from a functional approach based on 
whether the ascending aorta is involved, regardless of the site of 
primary intimal tear and irrespective of the extent of distal 
propagation. This reflects clinical observations that the biologic 
behavior of the dissection, the clinical prognosis, and how the 
patient should be managed pivot almost exclusively on whether 
the ascending aorta is involved.67-69 This system of nomencla-
ture describes type A dissections as any with involvement of the 
ascending aorta (including DeBakey types I and II), and type B 
dissections as dissection limited to the descending aorta 
(DeBakey type III).

The clinical classification schemes just described do not 
emphasize the location of the primary entry tear or the extent 
of the distal propagation of the dissection. These two factors are 

concern is the observation that aortic dissection can occur in 
Marfan syndrome patients even in the absence of aortic root 
dilation.55

Medical management of Marfan patients with aortic dilata-
tion involves beta-blockers and observation of aortic root diam-
eter to determine timing of elective surgery aimed at preventing 
aortic dissection. (See Chapter 39.) Long-term fatality rates are 
improved with prophylactic aortic root replacement; 5-year 
survival is approximately 97% for elective surgery versus only 
51% with emergency surgery for dissection.56 Operative mortal-
ity in experienced centers for elective surgery in Marfan patients 
is low (1.3% to 1.5% 30-day mortality versus 11.7% for emer-
gency surgery).57,58 In patients with normal aortic valve leaflets, 
elective aortic valve–sparing surgery may provide better clinical 
outcomes than aortic root replacement.59 In this retrospective 
review, however, those undergoing aortic root replacement with 
aortic valve replacement had more cardiac comorbidities than 
the group in which valve-sparing surgery was possible. The size 
of aneurysm often determines the feasibility of valve-sparing 
surgery; hence, some centers recommend elective surgery when 
the aortic root reaches 50 mm.

Bicuspid Aortic Valve
Bicuspid aortic valve is the most common congenital heart 
anomaly, with a prevalence of 1% to 2%. It has been estimated 
that patients with bicuspid valves have a ninefold increase in 
the risk of dissection compared to those with normal valves, 
and up to a 5% lifetime risk of dissection.60 As with Marfan 
syndrome, aortic histology in bicuspid aortic valve patients 
demonstrates cystic medial necrosis, with significantly increased 
expression of metalloproteinase MMP2 and MMP9. It is impor-
tant to remember that replacement of the malformed valve does 
not correct the patient’s progressive aortic root dilatation or 
elevated dissection risk. Ascending aorta replacement is indi-
cated when the aortic diameter exceeds 50 mm.61

Turner Syndrome
The most common cause of aortic dissection in young women 
is Turner syndrome. This relatively common disorder is associ-
ated with short stature and congenital cardiovascular defects. 
These patients are at significantly increased risk for dissection 
at every age (1.4 in 100 patients with Turner syndrome, more 
than 100-fold increased from normal), but the risk appears 
highest during young adulthood and pregnancy.62 The dissec-
tion risk is associated with ascending aortic dilation and is 
thought to be similar in etiology to the cystic medial necrosis 
of Marfan syndrome. Although bicuspid aortic valve and coarc-
tation may also occur, their absence does not preclude 
dissection.63

Familial Aortic Dissection
Twenty percent of patients with aortic dissection have a first-
degree relative with a history of thoracic aneurysm or aortic 
aneurysm. The inherited risk for dissection appears to follow 
an autosomal dominant pattern, and surveillance of family 
members is warranted. 61

Spectrum of Acute Aortic Syndromes
It is now recognized that aortic dissection is part of a larger 
collection of acute aortic disorders (Box 36-2) which can share 
features of acuity, prognosis, treatment options, and etiology. 
Their separation is often temporal rather than etiologic: 

Box 36-2 

ACUTE AORTIC SYNDROMES

Aortic dissection
Intramural hematoma
Penetrating atherosclerotic ulcer
Traumatic aortic rupture

Nomenclature of Aortic Dissection

Dissection Type Classification

Ascending aorta involved Stanford type A
DeBakey I
DeBakey II
University of Alabama ascending
Massachusetts General Hospital proximal

Ascending aorta not involved Stanford type B
DeBakey III
University of Alabama descending
Massachusetts General Hospital distal

TABLE 
36-1 
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About half of patients progress despite medical treatment. 
Predictors of disease progression include involvement of the 
ascending aorta, a maximum aortic diameter of 50 mm or 
more, persistent pain, progressive thickening of the aortic wall, 
or expanding aortic diameter. The treatment of aortic intramu-
ral hematoma is similar to that of aortic dissection. If the aortic 
intramural hematoma is located in the ascending aorta, early 
surgical intervention with aortic graft replacement is often rec-
ommended. Mortality after surgery ranges from 10% to 50% at 
30 days.80,81,82 Another strategy that has been advocated is initial 
medical therapy with aggressive antihypertensive treatment and 
frequent imaging follow-up, with elective surgery for patients 
who develop complications.83

Early prognosis in those patients was somewhat better than 
in those with acute communicating dissections; this may reflect 
the tendency for the noncommunicating medial space to heal 
with complete thrombus formation.84 These intramural hema-
tomas may progress to typical dissection (in 33%) or to rupture 
(in 27%) and therefore usually require surgical rather than 
medical management.79

PENETRATING AORTIC ULCER

Ulceration of an atheromatous plaque into the internal elastic 
lamina of the aorta creates a penetrating atheromatous ulcer.85 
Patients with such ulcers are typically older and have more 
cardiovascular risk factors and diffuse atherosclerosis. The 
ulcers are predominately located in the descending aorta, where 
atherosclerosis tends to be more severe. They can progress to 
aneurysm formation, intramural hematoma, dissection, or 
rupture. Controversy remains regarding medical versus surgical 
therapy for these lesions.86,87

AORTIC TRAUMA

The intrathoracic aorta may be injured during penetrating or 
blunt trauma, particularly episodes that involve high-energy 
and/or marked deceleration, such as falls from over 10 feet or 
motor vehicle crashes at speeds over 40 miles per hour. The site 
most often affected is the aortic isthmus. The mechanism of 
injury is primarily rupture of the adventitia. This creates a high 
risk of lethal hemorrhage, which occurs in nearly 80% of blunt 
aortic injuries. In some cases mediastinal structures temporarily 
contain the rupture, but these will almost all rupture within  
24 hours if untreated.88,89

Contrast-enhanced spiral CT of the chest is usually obtained 
early in trauma resuscitations. Its accuracy in diagnosis and 
exclusion of aortic injury generally places it ahead of TEE as an 
emergent modality. TEE is contraindicated with unstable inju-
ries of the cervical spine or in the setting of suspected esopha-
geal injury. TEE more often is applied in the operating room 
and during the intensive care unit course, where it can be per-
formed serially if necessary.

TEE in patients with traumatic rupture of the aortic subad-
ventitia will demonstrate flow on both sides of the wall. 90 The 
flap that is seen on TEE comprises the intima and media in 
separation from the adventitia. It may be limited to a few cen-
timeters only, in contrast to the intimal flap of dissection which 
can extend longer distances in both directions.

Other aortic manifestations of trauma include dissection, 
intramural hematoma, and thrombus formation. False aneu-
rysm originating at the site of the rupture may be seen.90,91 
Mediastinal hematomas can also be recognized92,93 by noting an 

of less prognostic value and can be technically difficult to deter-
mine.70,71 When identification of the entry site is possible, the 
culprit primary intimal tear is more easily resected. Although 
successful resection of the primary tear does not appear to affect 
early or late survival rates, it may decrease the incidence of late 
reoperation.72

Some cases of aortic dissection will present with multiple 
primary tears. Two separate dissections in the same patient may 
be more common than previously reported. Roberts and 
Roberts73 reported that 3 of 40 necropsy patients had separate 
proximal and distal thoracic dissections. Although all fatal 
events were caused by rupture of the acute proximal dissections, 
a separate distal dissection may still pose a risk for late compli-
cations, and therefore recognizing two separate dissections may 
have important implications regarding follow-up and therapy.74 
Multiple distal exit tears, which decompress the false lumen, are 
extremely common.

Time Course
Dissections are also differentiated with respect to their time 
course. Acute dissections are detected within 14 days of the 
onset of initial symptoms. Chronic dissections present more 
than 2 weeks after onset.69,75 This division is arbitrary; it may 
primarily reflect the fact that the majority of type A dissection 
patients will die within 2 weeks if untreated. Chronic dissec-
tions may be detected because of symptoms or may be an inci-
dental finding. They are differentiated from aortic aneurysms 
by the presence of an intimal flap and false lumen. These may 
not be easy to recognize when the false lumen is largely throm-
bosed. Pronounced atherosclerotic changes may be present in 
the false lumen in chronic dissections, even when the true 
lumen walls appear normal and hyperlipidemia is absent.76

Sequelae
The sequelae of aortic dissection are many and varied. Obstruc-
tion of branch vessels may explain acute myocardial ischemia 
and infarction of cerebral, spinal, bowel, and renal territories. 
Aortic valve dehiscence with regurgitation, cardiac tamponade 
from retrograde extension into the pericardium, and frank 
aortic rupture are all highly morbid consequences.

INTRAMURAL HEMATOMA

A small number of aortic dissections, estimated at 3% to 5%, 
occur without apparent intimal disruption.6,77 The pathologic 
process in these cases of aortic intramural hematoma is rupture 
of the vasa vasorum into a region of medial degeneration, or 
possibly rupture of atherosclerotic plaque without an intimal 
tear. Patients with this form of disease tend to be older (mean 
age 70 years, versus 56 years for communicating dissection) and 
have frequently had long-term hypertension.

The clinical course of aortic intramural hematoma is similar 
to that of aortic dissection, with a high incidence of aortic dila-
tion due to expansion of the false lumen, pleural and pericardial 
effusions, aortic regurgitation, aortic rupture, and progression 
to classical dissection. The early prognosis in aortic intramural 
hematoma patients may be slightly better than in those with 
acute “communicating” dissections; this may reflect the ten-
dency for the noncommunicating medial space to heal with 
complete thrombus formation.78 Many aortic intramural hema-
tomas progress to typical dissection (in 33%) or to rupture (in 
27%), however, and therefore usually require surgical rather 
than medical management.79
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increased distance from the TEE probe face and the aortic 
lumen.

Imaging Approaches to the Diagnosis  
of Acute Aortic Syndromes
TRANSTHORACIC ECHOCARDIOGRAPHY

Time is of the essence when aortic dissection is suspected. Most 
emergency departments have ultrasound equipment that can be 
used by staff to quickly determine the presence of pericardial 
effusion using the standard FAST (Focused Assessment with 
Sonography for Trauma) examination. More expert users and 
dedicated echocardiography equipment can also be utilized to 
perform emergent transthoracic echocardiography (TTE) to 
rapidly define aortic valve competence, ventricular dysfunction, 

Figure 36-3  Conventional transthoracic views are often the first clue to diagnosis of aortic dissection. Parasternal short-axis views (A) dem-
onstrate intimal flap in proximal aortic root (arrow). Long-axis views show the mobile flap (B) as well as the associated aortic regurgitation (C). 

A B C

Figure 36-4  Recognition of aortic dissection from transthoracic views often requires a high level of suspicion.  Linear  structure near  the 
posterior sinotubular ridge might be an artifact (A, arrow) but is more clearly seen on short-axis views (B). These inconclusive findings in a patient 
with clinical features of dissection merit clear communication to other care providers and rapid progression to another modality such as computed 
tomography or TEE. This patient had a type A dissection. 

A B

and regional wall motion abnormalities. Though these immedi-
ate scans are inherently restricted to available windows and have 
limited sensitivity, they can often provide the first images of 
mobile intimal flaps in the aortic root, arch or descending aorta 
(Figs. 36-3 through 36-6) that can guide earliest therapy and 
mobilize other resources.

TRANSESOPHAGEAL ECHOCARDIOGRAPHY

The intrathoracic aorta is well visualized from esophageal 
windows (Fig. 36-7), with the exception of a well-recognized 
blind spot created by the interposition of the trachea between 
the esophagus and the heart, obscuring portions of the distal 
ascending aorta, superior transverse arch, and origins of the 
great vessels. As a result, a dissection limited to these areas could 
be missed by transesophageal imaging alone. This is of concern 
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CT is immediately available. Extensive trauma where possible 
aortic involvement is the concern may often be better evalu-
ated during the comprehensive CT scanning that those patients 
undergo. A concerted imaging strategy may well rely on more 
than one imaging modality, as the unique strengths of  
one method may offset the limitations of another. TEE may be 
the initial choice in patients with contraindications to CT con-
trast or magnetic resonance scanning, or be a subsequent 
choice when imaging artifacts in those tests render results 
inconclusive.

CT scans may demonstrate extension of dissection into great 
vessels that TEE views would not confirm. More often, CT is 
particularly useful in confirming that there is no demonstrable 
involvement of the distal ascending aorta. Another important 
role for CT is in clarifying inconclusive TEE results (see False 
Positives, later). The incidence of false-negative TEE studies has 
been minimal in large series,76 and positive angiographic or CT 
results are rare when the initial TEE results are negative.

because the clinical behavior and therapeutic approach to the 
patient depend largely on whether the proximal aorta is involved 
in the dissection.94 Despite this, the sensitivity and specificity of 
TEE for acute aortic dissection are high and well documented. 
More relevant considerations regarding emergent TEE for acute 
aortic syndromes are the delay to implementation (many sites 
will not have the personnel immediately available to perform 
this study, particularly off hours) and the conscious sedation 
that is required for alert patients. The potential for incomplete 
visualization of all thoracic aortic segments and therefore 
inconclusive results limits the use of emergent TEE where other 
highly reliable options are more readily available.

COMPUTED TOMOGRAPHY

CT is a powerful and rapid tool for acute aortic syndromes 
(Fig. 36-8).The use of TEE in emergency departments for 
these cases has fallen well behind that of CT in centers where 

Figure 36-5  Descending aortic dissection.  Transthoracic  views can be helpful  in  some patients  as  shown by a parasternal  long-axis  view  (A) 
showing enlarged descending thoracic aorta posterior to and compressing LA with a linear echo suggestive of a dissection flap (arrow). Subcostal 
view shows the flap (B) and flow in the true lumen (C). Ao, Aorta. 

A B

C

AoLV
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Figure 36-6  Aortic arch dissection flap. Transthoracic suprasternal view (A) shows a clear intimal flap (arrow); there is no alternative diagnosis as 
its course does not mimic other surrounding structures. Color flow Doppler (B) shows systolic flow confined to the smaller true lumen, increasing 
confidence in the diagnosis. 

A B

A B

C
Figure 36-7  Entry tear in transverse aortic arch. A, During systole, flow crosses from true 
lumen  into  false  lumen.  B,  During  diastole,  flow  reverses  as  false  lumen  decompresses. 
C, Alternating direction and timing of flow can be confirmed with spectral Doppler. 
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MAGNETIC RESONANCE IMAGING

The sensitivity of magnetic resonance imaging (MRI) for aortic 
dissection approaches 100% (Fig. 36-9).95 However, pragmatic 
issues of imaging such acutely ill patients with trauma or need 
for hemodynamic monitoring or infusion of medications or 
those at risk for hemodynamic collapse continue to make CT 
or TEE preferable in acute settings unless the clinical suspicion 
is low or the patient is stable.

CHOICE OF IMAGING

Echocardiography is only one of several diagnostic tests for 
acute aortic syndromes. The choice of one over the other,  
as well as the clinical confidence in positive or negative results, 
needs to be gauged relative to each test’s performance  
(Table 36-2). A meta-analysis of 16 studies involving a total of 
1139 patients reviewed the reliability of TEE, helical CT, and 
MRI.96 The sensitivity and specificity of the three modalities 
were equivalent. After stratifying the patients for pretest likeli-
hood of dissection (high-risk features included typical tearing 
chest pain in the back, hypotension, and pulse disparities), the 
positive likelihood ratio was highest for MRI, suggesting that 
this is the most powerful modality to confirm dissection in a 
patient with a high pretest likelihood of dissection. Helical CT 
had the lowest negative likelihood ratio of the three tests, sug-
gesting that it is best at ruling out dissection in patients at lower 
risk. Angiography is a time-honored diagnostic method for 
aortic dissection that may identify the intimal flap and false 
lumen, as well as coronary and great vessel involvement. 
However, its sensitivity and specificity for dissection (88% and 

Figure 36-8  Computed tomography (CT) is often used as an early diagnostic modality 
for patients suspected of acute aortic syndromes. A patient with hypertension and aneu-
rysmal dilation of the aorta presented with chest pain. Extensive dissection is seen involving 
ascending  aorta,  transverse  arch,  and  brachiocephalic  artery  (A)  and  spiraling  down  the 
descending aorta (B). Large tear can be seen in proximal descending aorta. Aortic intramural 
hematoma is recognized on CT as crescent-shaped thickening of aortic wall (arrows) without 
communication to true lumen (L) of aorta (C). 

A B

C

L

Figure 36-9  Gadolinium-enhanced magnetic resonance angiogra-
phy (MRA) can be used to create 3D images of aorta and branches. 
Follow-up of patients after acute dissection requires careful comparison 
of  aortic  dimensions;  MRA  is  particularly  useful  for  this.  This  demon-
strates chronic dissection (arrow  indicates intimal flap) that extends to 
level of renal arteries. 
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additional views of this vulnerable area. The sequential use of 
TEE and CT, aortography, or MRI is clearly extremely powerful 
in clarifying suspicious or clinically incongruous results.104,105

TEE provides additional information about left and right 
ventricular wall motion and global function, and aortic and 
mitral valve competence. Importantly, with acute type A dissec-
tions, TEE is able to detect and determine the severity and 
mechanism of aortic valve regurgitation106 and may influence 
the decision to replace or repair the valve.

An important advantage of TEE in cases of dissection is its 
rapid and safe performance in a wide range of clinical environ-
ments, including emergency departments, intensive care units, 
and the operating room. TEE requires minimal patient prepara-
tion, avoids the contrast and x-ray exposure associated with CT 
and angiography, and eliminates the time delays and practical 
encumbrances of MRI. Choice of a best test must always take 
into account the individual center’s track record with each 
modality, as well as access issues.

94%, respectively97) are limited by false lumen thrombosis, 
intramural hematomas, and equal flow in true and false 
lumens.98,99 The last case is also an important limitation for 
CT studies, where differential flow may not be detectable even 
with dynamic CT imaging.100 Ongoing improvements with 
multidetector, helical CT methods have improved the CT  
performance compared to early methods with lesser spatial  
and temporal resolution in assessing patients for aortic dissec-
tion.101 Nevertheless, despite CT’s high specificity (up to 100% 
in some series), a negative CT result in the presence of high 
clinical suspicion of dissection requires a second confirmatory 
test. This is also true for clinically discordant results from TEE 
or MRI as well.

Transesophageal Echocardiography  
in Acute Aortic Syndromes
Multiple studies have documented that the specificity and sen-
sitivity of TEE in the range of 98% and 99%, respectively. The 
recognized blind spot of TEE, involving the distal ascending 
aorta and superior aspect of the arch, is an important limita-
tion, especially because entry tears in this region are important 
to clinical management. The goal of imaging the entire thoracic 
aorta may therefore require a combination of modalities and 
approaches, including transthoracic views (often from the 
suprasternal notch), transesophageal windows, and often direct 
epiaortic or epicardial views at the time of surgery (Fig. 36-10).

TEE has many discrete advantages in the diagnosis of acute 
aortic dissection, the most important of which is its docu-
mented accuracy. Erbel and colleagues,102 reporting for the 
European Cooperative Study Group for Echocardiography on 
a series of 164 patients suspected of acute dissection, demon-
strated sensitivity and specificity rates of 99% and 98%, respec-
tively. Another large study by Nienaber and co-workers103 
compared TEE with MRI. Both TEE and MRI had perfect sen-
sitivity; the 100% specificity of MRI exceeded the 68% specific-
ity of TEE. The authors suggested that TEE’s limited visualization 
of common ascending aorta pathology might have accounted 
for the higher rate of false-positive studies. In that study, strict 
criteria for diagnosing dissection were not applied (see later 
discussion); more stringent criteria could minimize false-
positive results. TTE from the suprasternal notch provides 

Figure 36-10  Intraoperative epiaortic view of transverse aortic 
arch in patient with acute proximal aortic dissection. Intima is widely 
dissected and highly mobile (arrows). Note linear streaking artifact from 
electrocautery. 

Imaging Modalities for Aortic Dissection

Modality
Sensitivity 

(%)
Specificity 

(%)

Positive 
Predictive 
Value (%)

Negative 
Predictive 
Value (%)

Accuracy 
(%)

TTE67 77 93 — — —

TTE69 59 83 — — —

TTE68 83 63 80 70 75

TEE69 98 77 — — —

TEE1 98 97 98 97 97

TEE68 100 68 82 100 87

Aortography67 88 94 96 84 —

Aortography1 88 97 97 85 91

MRI68 100 100 100 100 100

MRI69 98 98 — — —

CT111 83 100 100 86 —

CT101 100 100 — — 100

CT, Computed tomography; MRI, magnetic resonance imaging.

TABLE 
36-2 
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important because most patients suspected of having an aortic 
dissection have evidence of vascular disease involving the tho-
racic aorta (Fig. 36-11). In one series of 40 patients evaluated 
for dissection, abnormal aortic findings (including atheroscle-
rotic plaques, intravascular and extravascular masses, thrombi, 
and dilation) were found in 16 of 17 patients in whom aortic 
dissection and coronary artery disease were excluded as expla-
nations for their chest pain.112 Other underlying aortic abnor-
malities such as coarctation or prior surgical repair may affect 
clinical management, but they are also important potential 
sources of misdiagnosis.

Intramural Hematoma
Transesophageal images demonstrate a thickened aortic wall 
with intramural echo-free spaces, an increased distance from the 
TEE probe to the inner aortic wall, and focal distortion of the 
transverse circular configuration of the aorta. Proposed echocar-
diographic criteria for aortic intramural hematoma include a 
crescent-shaped or circular thickening of the aortic wall 7 mm 
or more in thickness, extending 1 to 20 cm longitudinally, 
without an intimal flap or evidence of flow in the thickened 
aortic wall. TEE has a reported sensitivity of 100% and a specific-
ity of 91% for the diagnosis of aortic intramural hematoma.84

Penetrating Ulcer
Echocardiographic features of penetrating ulcers of the aorta 
include a crater-like outpouching of the aorta with jagged 
edges, associated with complex atheromatous plaque.

DOPPLER FINDINGS

Color Doppler flow imaging during TEE is an excellent descrip-
tor of the abnormal aortic flow patterns associated with acute 
dissection. Flow in the false channel is variable and complicated; 
the true lumen, which is often dwarfed by the false channel, is 
identified by forward systolic flow. With large proximal entry 
tears, flow in the nearby segments of the false lumen may  
have the same direction and timing as the true lumen flow and 
may reverse in diastole.113,114 With smaller or more distal tears, 
false lumen flow is less similar to true lumen flow: It may be 
directed in the opposite direction, and peak velocity may occur 
later in the cardiac cycle, representing delay of flow into the false 
lumen. Many areas will show extremely slow, swirling flow with 

SAFETY OF TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY

Safety of transesophageal examinations depends on adequate 
patient preparation with respect to pain, anxiety, and airway 
protection. (See Chapter 1.) Careful monitoring of the electro-
cardiogram and blood pressure is critical to avoiding adverse 
affects of TEE. In a study of 54 ambulatory patients, TEE was 
accompanied by an increase in systolic pressure in 77% of 
patients. This elevation was moderate (average increase of 
16 mm Hg) in most patients, but some patients had acute 
increases of as much as 51 mm Hg.107 Abrupt increases of blood 
pressure must clearly be avoided in any patient suspected of 
dissection. Serial blood pressure monitoring, pulse oximetry, 
intravenous sedation, topical anesthesia, and control of blood 
pressure with intravenous vasodilators and beta-blockers, if 
needed, are important to patient safety. With these precautions, 
the majority of patients can undergo esophageal intubation 
with minimal distress and good hemodynamic stability. Despite 
this, there has been a reported case of aortic rupture occurring 
during TEE in a patient with an acute dissection, which might 
have been elicited by retching and elevated blood pressure.108 
Other commonly reported adverse events during transeso-
phageal studies that must be anticipated and avoided are  
nonsustained atrial and ventricular arrhythmias, excessive 
vagotonia with transient atrioventricular block, and arterial 
hypoxemia.109

DIAGNOSTIC FEATURES

Dissection
The diagnosis of aortic dissection is most secure when very 
specific criteria are met. Identification of an intimal flap, seen 
as a mobile, linear echo within the vascular lumen, and flow in 
the true and false channels on either side of the flap are highly 
sensitive features of dissection. The motion of the intimal flap 
toward the false lumen during systole may be a helpful feature. 
A thickening of the aortic wall in excess of 15 mm has also been 
used as a sign of dissection, suggesting thrombosis of a false 
channel, which makes the intimal flap difficult to recognize.110 
Strict adherence to these criteria can avoid confusion from 
imaging artifacts and manifestations of other types of disease 
and minimize false-positive results.111 This is particularly 

Figure 36-11  Imaging artifacts and difficult views can be expected in the setting of severe atherosclerosis (A) and aortic tortuosity and/
or ectasia (B). Complementary methods such as computed tomography and magnetic resonance  imaging may assist  in difficult cases with  low-
confidence images. 

A B
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Coronary Artery Involvement
Involvement of coronary arteries by aortic dissection is an 
important issue, and one that raises the question of whether 
preoperative coronary angiography is mandatory. Involvement 
of one or both coronary arteries by acute aortic dissection has 
been estimated to occur in 10% to 20% of cases (Fig. 36-15).116 
In a series of 34 aortic dissection patients, Ballal and col-
leagues117 detected coronary involvement with TEE in 6 of 7 
surgically documented dissected coronaries. Of note, electro-
cardiographic changes were demonstrated in only 2 of the 6 
patients with coronary involvement. Adequate views of the ostia 
and proximal vessel were obtained for 88% of left main arteries 

spontaneous echo contrast or partial thrombosis. These seg-
ments tend to be remote from large entry or exit sites where 
high-velocity flow keeps these changes from occurring. Finally, 
areas of complete thrombosis are also seen, and care must be 
taken to ascertain that the hematoma is entirely intravascular 
and not actually the result of adventitial rupture, pseudoaneu-
rysm formation, or intramural hematoma.

Multiple communications between the true and false lumens 
are often identified on careful scanning of the entire thoracic 
aorta. Some will represent entry sites with flow from the true 
toward the false channel, and others will be exit sites or have 
bidirectional flow (see Fig. 36-7). Exit tears, where flow reenters 
the true lumen from the false lumen, may occur at one or mul-
tiple sites. The exact location of a given tear can be estimated 
from the depth of probe insertion from the incisors, an arbi-
trary but convenient reference point. Recording this informa-
tion at the time of the procedure and on the written report not 
only is helpful in the surgical correction of dissection, but also 
is extremely important for comparison with postoperative 
follow-up TEE studies, where many of the original tears may 
still be detectable.

Identification of the primary entry site must be deduced 
from location, size, and flow patterns. In some cases the primary 
tear cannot clearly be assigned to any one tear, either because 
of multiple tears as described earlier or, in some cases, because 
of the TEE blind spot. Adachi and associates115 were able to 
identify the entry site in 50 of 57 patients with acute dissection. 
They were more successful in this with type B dissections (90%) 
than with type A (83%). As mentioned previously, identifica-
tion of the primary tear is mostly important because ensuring 
that the surgical repair resects the primary entry site may 
decrease the incidence of late reoperation.

COMPLICATIONS OF DISSECTION

An important goal of echocardiographic imaging in aortic dis-
section is identifying associated complications. Type A dissec-
tions may produce acute aortic regurgitation due to annular 
dilation or disruption of leaflet suspension. TEE can provide 
detailed morphologic information regarding the quality of the 
leaflet tissue and the mechanism of aortic regurgitation; these 
can help in the decision regarding valve resuspension versus 
replacement (see Chapter 20). This is a clear advantage and 
complementary feature to CT and MRI. Pericardial effusion 
and tamponade are manifestations of aortic rupture with dis-
section and are often readily identified on transthoracic views 
(Fig. 36-12). The Doppler manifestations of pericardial tam-
ponade may be best obtained from external apical views and 
may obviate preoperative TEE in the interest of moving the 
patient emergently to the operating room (see Chapter 29). 
Other rupture syndromes can occur at different sites (Fig. 
36-13). Uncontained rupture into the mediastinum or pleural 
space causes sudden death. Some ruptures are contained by the 
aortic adventitia, resulting in pseudoaneurysm formation or 
hematoma. In these cases TEE can detect the intimal breach as 
well as the extension of the hematoma into the surrounding 
tissues. An important proviso is to image the aorta at an ade-
quate imaging depth so that such a hematoma can be recog-
nized. These extravasations can be missed if the imaging field 
is restricted to the expected aortic contours; disastrous conse-
quences can ensue if the site of the extravasation is not cor-
rected along with the proximal aortic repair. Contrast may be 
useful in ruling out extravasation (Fig. 36-14).

Figure 36-12  Four-chamber TEE view in patient with type A dis-
section and pericardial effusion. Contrast injection was performed and 
shows  contrast  in  cardiac  chambers,  but  not  in  the  small  pericardial 
effusion  (arrow).  This  suggests  that  there  is  no  active  extravasation, 
which would have implied dissection with rupture. No tamponade phys-
iology was detected. 

Figure 36-13  Transesophageal view of descending aorta in patient 
after high-speed motor vehicle accident shows large thrombus in 
aortic lumen. There is discontinuity of the posterior aortic wall (arrow) 
underlying  the  thrombus and extension of clot  into periaortic  tissues. 
This was confirmed to be a descending thoracic aortic rupture at emer-
gent surgery. 
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INCONCLUSIVE TRANSESOPHAGEAL  
ECHOCARDIOGRAPHIC RESULTS

The path of ultrasound through the esophageal wall and sur-
rounding tissues may generate near-field artifacts that are often 
disconcertingly linear and run parallel to the aortic wall, mim-
icking an intimal flap. In patients with severe atherosclerotic 
disease, calcification in the wall can present similar artifacts and 
shadows. Abrupt aortic dilation can create a shelf, which can 
resemble a flap as well. Determining that these do not represent 
true intimal flaps depends on recognizing the minimal mobility 
of these structures and the homogeneity of flow on both sides 
of the line. The ability to change to a second imaging plane, as 
is possible with biplane or multiple-plane TEE probes, is 
extremely helpful in resolving the issue of artifactual flaps.111,119 
Multiple-plane imaging also allows better visualization of the 
proximal ascending aorta, where atherosclerosis and ectasia can 
be misinterpreted as dissection.102

Aneurysmal dilation of the aorta is another source of false-
positive TEE studies for dissection.120 Flow in aneurysmal areas 
is often low-velocity and swirling, similar to the flow in false 
channels. The absence of an intimal flap is important in avoid-
ing misdiagnosis in this situation. The possibility that the 
intimal flap is not seen because the false channel has throm-
bosed must be excluded by carefully scanning up and down the 
aorta from the abnormal site. An intimal layer identified proxi-
mally or distally may be followed back to the suspicious dilated 
segment to suggest dissection.

Surgical Considerations
The planning of surgical correction of aortic dissection is 
heavily influenced by many of the features discussed earlier. The 
extent of the dissection, the location of primary tears, and con-
comitant valvular regurgitation and coronary disease are all 
critically important to the surgical team. In addition, intraop-
erative ultrasound can address safe cannulation sites, aortic 
valve repair strategies, need for coronary reimplantation with 
root replacement, and confirmation of adequate cardiopulmo-
nary bypass and even intraaortic balloon function (Box 36-3). 
Transesophageal imaging during surgery has the advantage  
of being unobtrusive (at least for the surgeon, if not for the 
anesthesiologist) and is commonly also used as an accurate 
monitor of left ventricular wall motion and volume status. The 

and 50% of right coronary arteries overall. Visualization of the 
ostia and proximal coronaries with TEE continues to improve. 
A separate but related issue is whether possible concomitant 
coronary artery disease, independent of coronary dissection, 
should prompt routine angiography. Given the underlying vas-
cular disease that affects many patients with dissection, it is not 
surprising that coronary disease has been found in up to 43% 
of patients with aortic dissection. The benefits of addressing 
potentially important coronary stenoses must be weighed 
against the risk of delays and aortic manipulation during acute 
dissection and adjusted for the patient’s baseline likelihood of 
coronary disease. A series of 122 patients from the Cleveland 
Clinic found no difference in the in-hospital mortality between 
patients who had emergency coronary arteriography before dis-
section repair and those who did not. Three-fourths of all coro-
nary artery bypass grafting procedures performed in that series 
were done because of coronary dissection rather than obstruc-
tion due to coronary artery disease.118

Figure 36-14  TEE view of the ascending aorta suggests an intimal flap with possible lumen rupture (A, arrow). Contrast injection does not 
confirm extravasation outside aorta (B). Ao, Aorta. 

A B

Ao Ao

Figure 36-15  Short-axis TEE view of aortic root demonstrates an 
intimal flap in proximity to left coronary ostium (arrow). 
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Transesophageal views at the conclusion of cardiac surgery 
confirm aortic valve or prosthetic valve competency and  
allow prompt reinstitution of support if significant aortic 
regurgitation demands surgical revision. Intraaortic balloon 
pump position can be assessed with TEE; accidental placement 
of the balloon in the false lumen can be disastrous if not imme-
diately recognized.122 Finally, postoperative TEE images of 
the graft and native aorta create a baseline for subsequent 
follow-up studies.

AORTIC REGURGITATION

Aortic valve regurgitation complicating aortic dissection has 
negative effects on outcome and may dictate important issues 
in surgical approach. Preservation of the native aortic valve is 
possible in 86% of type A dissection with excellent results.123 If 
the aortic annulus is abnormal due to Marfan syndrome or 
annuloaortic ectasia, aortic valve replacement is preferred 
because of the limited long-term durability of aortic valve 
reconstruction in these patients. Initiation of cardioplegia for 
cardiopulmonary bypass usually depends on a competent aortic 
valve to allow antegrade perfusion of the coronaries; in the 
presence of significant aortic regurgitation, therefore, individ-
ual ostial cannulation or coronary sinus retroperfusion may be 
indicated. The specific causes of aortic regurgitation are also 
important106: Normal-appearing leaflets with a prolapsing cusp 
owing to avulsion of the leaflet base may be amenable to aortic 
repair with resuspension. Other cases may require aortic valve 
replacement. The specific involvement of the adjacent aortic 
root is also critical and may require a variable extent of pros-
thetic conduit. In some cases human aortic allografts are used, 
which have the advantage of supplying both natural aortic valve 
and root.

In proximal aortic involvement, the position and involve-
ment of the coronary ostia are important. Ostial reimplantation 

long-term outcomes for surgery are very promising; a recent 
review found 96% and 90% survival at 1 and 3 years after 
surgery, respectively, for type A dissection.121

INTRAOPERATIVE ECHOCARDIOGRAPHIC 
MONITORING

An additional tool for completing the scan of the aorta is intra-
operative imaging from the epicardium or surface of the aorta 
(see Chapter 2). The unlimited number of acoustic windows 
from this approach allows careful interrogation of the aortic 
root, origins of the great vessels, cardiac valves, and left ven-
tricular wall motion. The transesophageal blind spots in the 
ascending aorta and transverse arch can be thoroughly inspected 
from the epicardium, and potential aortic cannulation sites can 
be evaluated from the exterior aortic surface. Epicardial views 
give much greater freedom of visualization and measurement 
of the aortic valve and allow precise annular sizing before  
cardiopulmonary bypass to expedite selection of the valvular 
prosthesis. The position of the coronary ostia relative to  
the dissection and the annulus can be defined precisely with 
epicardial views, which may also aid in surgical decisions 
regarding valve-graft conduit placement or coronary ostial 
reimplantation.

The amount of time required for imaging in the surgical field 
can be limited to a few minutes, but this requires an experienced 
team with a surgeon or cardiologist familiar with the epicardial 
techniques and views. The combination of epicardial and trans-
esophageal techniques ensures that a high-quality ultrasound 
image is acquired of all segments of the aorta above the dia-
phragm and eliminates any uncertainty regarding involvement 
of the ascending aorta. Post–cardiopulmonary bypass images 
from the epicardium can also be extremely helpful in reassess-
ing proximal tears and interrogating suture lines between aorta 
and conduit.

Box 36-3 

OPERATIVE USES OF TRANSESOPHAGEAL ECHOCARDIOGRAPHY IN AORTIC DISSECTION

Pre–Cardiopulmonary Bypass Assessment

Aorta
Intimal flap
Entry tear*
Intramural hematoma
Aortic rupture
Aortic pseudoaneurysm
Distal extent of extension
Additional tears
False lumen flow patterns, including thrombus
Branch vessel involvement*

Coronary situs and dissection
Involvement of origins of great vessels

Underlying pathology
Atheromatous disease
Coarctation
Sites of previous repairs

Cannulation and cross-clamp sites*

Aortic Valve
Regurgitation
Suitability for repair versus replacement
Sizing for allograft replacement

Mitral Valve
Regurgitation
Suitability for repair versus replacement

Left and Right Ventricle
Wall motion abnormalities

Pericardium
Effusion

Post–Cardiopulmonary Bypass Assessment

Aorta
Confirm competency of proximal anastomosis
Establish baseline for false lumen flow and distal tears

Aortic Valve
Confirm competency of repaired valve

Mitral Valve
Confirm competency

Left and Right Ventricle
Wall motion

Intraaortic Balloon
Confirm position in true lumen

*Epicardial and/or epiaortic scanning may be important in fully defining these features.
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persistent flap and false lumen in 100% of postrepair patients 
by MRI.130 Persistent flow in the false lumen can be detected 
with TEE in the majority of patients after surgical repair. Mohr-
Kahaly and co-workers114 found persistence of the false lumen 
in 71% of their postoperative patients at a follow-up interval of 
1 to 41 months, and in 82% of their medically treated patients. 
Dinsmore and Willerson71 have suggested that long-term sur-
vival is poorer in patients with persistent flow in the false lumen. 
Thrombosis of the false channel seems to be protective, a 
“natural buttress against future or further extension of the dis-
section.” TEE confirms that sites without communications 
develop low-velocity flow and thrombus, whereas healing 
changes are less likely to occur in regions with significant tears 
and persistent flow. TEE also demonstrates aggressive athero-
sclerotic changes and calcification of the neointima lining the 
false channel.

PROGRESSION OF DISEASE

Patients with previous dissection may develop progressive 
abnormalities of both operated and nonoperated aortic seg-
ments. Of original dissections, 25% to 40% will enlarge over 
time, and the rate and extent of enlargement are primary factors 
driving the need for reoperation.116 In addition, dilation of non-
contiguous, nonoperated aortic segments develops in 17% of 
patients with prior acute type A dissections. Early recognition 
of this progressive downstream aortic pathology allows reop-
eration in hopes of preventing rupture or redissection.131 The 
concern regarding disease progression commits these patients 
to routine follow-up studies indefinitely.

PSEUDOANEURYSM FORMATION

Pseudoaneurysms form in 7% to 25% of patients with compos-
ite grafts, such as a Bentall procedure, secondary to hemorrhage 
at a suture line dehiscence.132 Blood between the graft and aortic 
wall can create supravalvular aortic stenosis.133 Both of these 
complications can be detected and completely delineated by 
TEE,134 as well as by CT, angiography, and MRI.135,136 Color flow 
Doppler will demonstrate blood flow into the echo-free space 
between the graft and the aortic wall. Other postoperative com-
plications include endocarditis and development of a sinus of 
Valsalva aneurysm.137

RECURRENT DISSECTION

Because the symptoms of acute redissection or expansion of a 
chronic dissection are nonspecific, the ability to reassess rapidly 
and compare the current findings with previous images is 
extremely important. Younger patients, those with Marfan syn-
drome, and those with primary tears involving the transverse 
arch are particularly prone to progression of their disease.138 
Because TEE may not be able to reproducibly measure the true 
transverse diameter of an ectactic aorta, suspicion of chronic 
expansion usually requires additional confirmatory tests such 
as CT or MRI. Excellent definition of the intimal flap, false 
channel thrombi and flow patterns, and consistent reference 
landmarks for serial sizing over time make MRI a highly reliable 
method. When recurrent chest pain or hemodynamic instability 
suggests acute redissection, TEE can rapidly define the new 
pathologic abnormality and its extent. Changes from baseline 
postoperative or postdissection images can be extremely helpful 
in clarifying the etiologic site and event.

may be necessary; coronary bypass grafting may be unavoidable 
if the coronaries are dissected. Coronaries may be reattached by 
direct reimplantation with or without a surrounding button of 
aortic tissue, reattached to a piece of prosthetic conduit, or 
completely bypassed with saphenous vein or internal mammary 
artery grafts.

MITRAL REGURGITATION

Mitral regurgitation is a different example of a valvular abnor-
mality associated with aortic dissection. New regurgitation may 
result from wall motion abnormalities induced by coronary 
involvement in the dissection, or from acute left ventricular 
dilation induced by aortic regurgitation. In other cases mitral 
regurgitation is part of the underlying disorder, as is the case 
with Marfan syndrome with mitral valve prolapse. Identification 
of the etiologic factors in the mitral regurgitation (e.g., leaflet 
degeneration, ventricular dilation, or papillary muscle ischemia) 
will influence the need for repair or prosthetic replacement. 
Confirmation of results on early post–cardiopulmonary bypass 
images is important, especially when the decision is made to 
leave the mitral valve alone despite some regurgitation in hopes 
that correction of acute ischemia or dilation will remedy it.

PERFUSION OF DISTAL VASCULAR BEDS

In the throes of acute aortic dissection, organs may be perfused 
by either the true or the false lumen flow. Organ underperfusion 
may occur if flow to the source lumen is compromised. During 
surgery, malperfusion may be caused by flow reversal when 
cardiopulmonary bypass is established by cannulation of the 
femoral artery, with obliteration of major communications 
between the two lumens from cross clamping, or with repair of 
the dissection itself. Neustein and colleagues124 describe a case 
in which femoral cardiopulmonary bypass compressed the true 
lumen and created severe malperfusion once the dissection was 
repaired. Perfusion through the new ascending aortic graft 
allowed immediate reinstitution of forward flow.

Endovascular Repair Considerations
Endovascular stenting is an important option and alternative to 
open surgery in selected patients with aortic trauma and dis-
section.125 In traumatic rupture, it may be associated with lower 
mortality and incidence of complications such as spinal cord 
ischemia.126 TEE may help guide endovascular stent place-
ment127 and detection of complications due to device deploy-
ment.128 Echocardiography offers the best detection and 
delineation of endoleaks and is an important addition to angi-
ography and intravascular ultrasound at the time of stent place-
ment and at follow-up.129 Intravascular ultrasound has also 
proved to be a valuable tool in this situation.

Follow-up of Patients after  
Aortic Dissection
PERSISTENT INTIMAL FLAPS

Despite successful surgical repair of aortic dissection, the aorta 
retains many abnormalities of structure and flow. Distal to the 
repair, the intimal flap and false lumen persist. The false lumen 
may fill with thrombus, or it may retain flow along with entry 
and exit flow through multiple fenestrations. One study detected 



708 PART VIII Vascular and Systemic Diseases

Research Applications and  
Future Directions
TEE images provide excellent spatial resolution, and in combi-
nation with the high temporal resolution of M-mode methods 
they allow investigation of aortic distensibility in normal 
patients, in patients at risk for vascular disease, and after repair 
of aneurysms or dissection. These types of methods have docu-
mented decreases in elastic aortic properties after aortic surgery, 
which predispose patients to redissection.139 Two-dimensional 
echocardiographic assessments of aortic distensibility have 
been shown to estimate changes in aortic mechanical properties 
resulting from increasing age140; Doppler estimates of pulse 
wave velocity are also being investigated as measures of aortic 
compliance.141 Animal models for validation of these parame-
ters include chronic models of accelerated atherogenesis, as well 
as acute aortic ischemia and decreased distensibility generated 
by removal of the vasa vasorum.142 Multidimensional TEE 
images continue to inform regarding diagnosis and surgical 
planning (Fig. 36-16).

High-frequency ultrasonic integrated backscatter methods 
are also being applied to the aortic wall. Recchia and associ-
ates143 detected sixfold decreases in backscatter and 15-fold 
decreases in anisotropy, suggesting marked disorganization of 
the three-dimensional (3D) aortic architecture in Marfan syn-
drome patients’ aortas compared to those of normal patients. 
Tissue strain analysis based on speckle tracking and tissue 
Doppler are also being actively investigated alongside tonom-
etry and peripheral vascular evaluations for the detection of 
aortic pathology. These types of functional and structural inves-
tigations may improve our recognition of aortic disease of 
many stages and refine our prediction of risk of dissection.

Conclusions
The grim prognosis of patients with acute aortic dissection or 
traumatic aortic injury demands a rapid, highly sensitive, and 
efficient diagnostic approach. The use of imaging in the earliest 
minutes of patient evaluation continues to shift toward CT 
scanning. Echocardiography remains a mainstay in the emer-
gent diagnosis, treatment, and follow-up of patients with acute 
aortic syndromes.

Figure 36-16  3D reconstructed views of the aorta in short-axis (left) and long-axis (right) orientations demonstrate intimal flap separating 
true and false lumens. 

KEY POINTS

 The immediate management and prognosis of acute 
aortic syndromes including dissection and intramural 
hematoma hinge on whether the ascending aorta is 
involved.

 Any dissection involving the ascending aorta is type A, 
irrespective of the site of the entry tear or direction of 
propagation.

 Mortality of type A aortic dissection is 1% per hour for 
the first 48 hours.

 TEE, MRI, and CT have similar clinical performance in 
assessing aortic dissection:
• To rule out aortic dissection in a patient with low 

pretest probability, CT may be best but requires con-
trast and radiation exposure.

• To confirm aortic dissection in a patient with high 
pretest probability, MRI may be best but is often inap-
propriate for unstable patients.

• TEE can rapidly diagnose dissection and identify 
high-risk features, including pericardial effusion, 
aortic regurgitation, and wall motion abnormalities.

 Aortic intramural hematoma has the same prognosis 
and urgency as aortic dissection.

 Aortic dissection can occur without significant root 
enlargement in a patient with Marfan syndrome.

 Patients with bicuspid aortic valve remain at risk for 
progressive aortic dilation and dissection even after 
aortic valve replacement.

 After surgery for dissection, the intimal flap and false 
lumen usually persist distal to the graft, and multiple 
entry and exit tears may be seen.

 Aortic injury from severe blunt trauma or deceleration 
is usually rupture confined only by adventitia.
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Mixed Connective Tissue Disease
Background
Associated Cardiovascular Involvement

Rheumatologic diseases are chronic inflammatory states 
caused by autoimmunity. These diseases are more common in 
women than in men (with the exception of ankylosing spondy-
litis), usually manifest from the second through the fifth decade, 
and cause significant morbidity and mortality.

Although the heart is not the principal target organ of rheu-
matologic diseases, cardiovascular involvement is common and 
has serious consequences. The heart valves, myocardium, peri-
cardium, coronary arteries, great vessels, and conduction system 
may be involved. Estimates of the prevalence of cardiac involve-
ment vary widely because of differences in study design, study 
populations, and methods of cardiac evaluation.

Echocardiography plays a major role in the better under-
standing of the prevalence, incidence, characteristics, severity, 
evolution, and response to therapy of the cardiovascular dis-
eases associated with rheumatologic diseases. The increasing 
application of real-time three-dimensional (3D) transthoracic 
echocardiography (TTE) and transesophageal echocardiogra-
phy (TEE); tissue Doppler imaging, including myocardial 
strain; and contrast echocardiography will result in upward 
revision of prevalence and incidence rates, characterization, 
prognosis, and therapy of heart disease in patients with rheu-
matologic diseases. Also, echocardiography will play a major 
role in guiding and assessing the results of future pharmaco-
therapeutic trials and of percutaneous or surgical valve repair 
in these high-risk surgical candidates.

Systemic Lupus Erythematosus
BACKGROUND

Systemic lupus erythematosus (SLE) is a rheumatologic disease 
that affects predominantly the musculoskeletal and mucocuta-
neous systems. However, cardiovascular disease is the third 
most common cause of death in these patients, after infections 
and renal disease.

The most important forms of cardiac involvement in SLE are 
Libman-Sacks endocarditis, intracardiac thrombosis and throm-
boembolism, premature atherosclerosis, pericarditis, myocar-
dial disease, and pulmonary hypertension.1

ASSOCIATED CARDIOVASCULAR 
INVOLVEMENT

Valve Disease
Valve disease in SLE is subdivided into Libman-Sacks (inflam-
matory and thrombotic) or thrombotic vegetations, leaflet 
thickening with or without fibrosis, and valve regurgitation.2,3 
Mitral valve prolapse is more prevalent (up to 22%) in patients 
with lupus than in age-matched and gender-matched controls 
(5%).4 About one third to half of patients with SLE may 
have valve vegetations or thickening, but the degree of associ-
ated valve regurgitation is usually mild to moderate and there-
fore clinically silent.2,3 However, subclinical valve disease is 
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a variable degree of leaflet fibrosis, but fibrosis is more preva-
lent than Libman-Sacks vegetations among unselected patients 
with SLE.

Echocardiographic studies have shown that Libman-Sacks 
vegetations are commonly less than 1 cm in diameter, vary in 
shape, have irregular borders, and have heterogeneous echoden-
sity. The broad-based growths rarely move independently of the 
underlying valve structure. Lesions are more common on the 
mitral valve, are more commonly attached at the leaflet or cusp 
coaptation point, and typically are seen on the atrial side of the 
mitral valve and on either side of the aortic cusps (Figs. 37-1 to 
37-4).2,3,5,12 Rarely, vegetations are seen on the right-sided heart 
valves, atrial or ventricular endocardium, mitral or tricuspid 
subvalvular apparatus, or aortic root (see Question 37-1, Fig. 1, 
at ExpertConsult.com).13 Echocardiographic studies estimate 
the prevalence rate of Libman-Sacks vegetations as less than 
11% with TTE and 35% to 45% with TEE.2,3,5,12,14 With TEE as 
the standard, TTE has a very low sensitivity and a low negative 
predictive value for detection of vegetations (11% and 57%, 
respectively).15,16 The low detection of vegetations with TTE 
precludes assessment of its specificity and positive predictive 
value. Although real-time 3D TTE and TEE may improve the 
detection and characterization of Libman-Sacks vegetations, 
limited data are currently available.17,18

commonly complicated by either subclinical or clinical cardio-
embolism and uncommonly by significant regurgitation from 
recurrent immune-mediated valvulitis or superimposed infec-
tive endocarditis.3,5,6

The pathogenesis of valve disease in SLE includes an 
immune-complex–mediated inflammation exacerbated by a 
commonly associated increased systemic and local thrombo-
genesis mediated by antiphospholipid antibodies, which 
include immunoglobulin G or immunoglobulin M anticardio-
lipin antibodies, lupus anticoagulant, and antibodies to plasma 
phospholipid-binding B2-glycoprotein I.7,8 However, the tem-
poral association of valve disease with activity and severity of 
SLE and the presence and levels of antiphospholipid antibod-
ies is variable.2,3,8,9 Libman-Sacks vegetations were originally 
described as cauliflower-like fibrous masses 2 to 4 mm in 
diameter that are located on any of the four cardiac valves. 
Active vegetations have central fibrinoid necrosis with fibro-
blastic proliferation and fibrosis surrounded by mononuclear 
and polymorphonuclear cellular infiltration, small hemor-
rhages, and platelet and fibrin thrombus.10,11 Healed masses 
have central fibrosis, minimal or no inflammatory cell deposi-
tion, and no or hyalinized and endothelialized thrombus. 
Active, healed, and mixed masses can be seen in the same 
valve. Almost all patients with Libman-Sacks vegetations have 

Figure 37-1  Libman-Sacks vegetations of the mitral and aortic valves in a 27-year-old man with systemic lupus erythematosus. A, This 2D 
TEE shows small,  irregular-shaped, sessile, and soft  tissue echoreflectant vegetations on the atrial side and coaptation point of  the anterior and 
posterior mitral leaflets (arrows). Associated mild thickening of the leaflet tip is noted. Only mild mitral regurgitation was detected. B, This real-time 
3D TEE of the mitral valve viewed from the atria and during diastole  illustrates the tubular-shaped and sessile vegetation of the posterior mitral 
leaflet extending from P2 to P1 scallops (arrows). Similar characteristics of the anterior leaflet vegetation were best noted during systole. C, This 2D 
TEE shows a small, tubular-shaped, and homogeneously echo reflectant vegetation located at the tip on either the aortic or ventricular side of the 
left coronary cusp (arrow). D, This real-time 3D TEE of the aortic valve viewed from the aorta and during diastole shows the oval-shaped and soft 
tissue echoreflectant vegetation located on the tip and aortic side of the left coronary cusp (arrow). The aortic cusps are otherwise normal. No aortic 
regurgitation was shown. 
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failure, and septic death. Similarly, a flare of SLE can mimic 
endocarditis (pseudoinfective endocarditis). The leaflet fibrosis 
(increased thickness and echoreflectance) that accompanies 
Libman-Sacks vegetations may cause reduced leaflet mobility, 
but valve stenosis is rare (less than 3%). In a TEE study, 48% of 
unselected patients with lupus younger than 60 years of age had 
abnormal leaflet thickness, defined as more than 3 mm.2,3,12,16 
With TEE as the standard, TTE has low sensitivity (53%), low 
specificity (50%), low negative predictive value (31%), and 
moderate positive predictive value (71%) for detection of valve 
thickening.15,16 This limited diagnostic accuracy may explain the 
highly variable rates of valve thickening reported in studies with 
TTE. Shadowing caused by leaflet scarring is observed in 12% 
of patients. Annular, subvalvular, and right-sided heart involve-
ment is rare.

The natural history of SLE-associated valve disease parallels 
that of the primary disease. With serial TEE, valve disease, espe-
cially valve vegetations, may appear de novo, resolve, change 
appearance, or progress (see Fig. 37-5).3,12 Chronic inflamma-
tion may accelerate the progression of valve sclerosis into ste-
nosis.29 Also, patients with valve vegetations or with moderate 
to severe valve dysfunction have a threefold to fourfold higher 
combined incidence rate of stroke, peripheral embolism, need 
for valve surgery or repair, and death in a 2-year to 8-year 
follow-up period as compared with those without valve disease 

Libman-Sacks vegetations and leaflet fibrosis are frequently 
accompanied by only mild to moderate valve regurgitation and 
therefore are usually clinically silent. However, significant com-
plications, such as subclinical and clinical cardioembolism, 
commonly occur. Valve vegetations or thickening are more 
common in patients with asymptomatic or symptomatic focal 
ischemic brain injury on magnetic resonance imaging, in those 
with stroke or transient ischemic attack, and in those with non-
focal neurologic manifestations of cognitive dysfunction, acute 
confusional state, or seizures (Figs. 37-2 to 37-5).3,5,19,20,21 Left-
sided vegetations rarely embolize to the coronary arteries, and 
right-sided valve vegetations rarely embolize to the lungs or 
paradoxically embolize.22,23 Also, transcranial Doppler imaging 
studies show higher rates of microembolic events in patients 
with valve disease and neurologic events.24,25 In addition, in a 
series that correlated brain magnetic resonance imaging with 
pathology, a high association of valve vegetations or thickening 
with thromboembolic cerebrovascular injury was found.26 Fur-
thermore, Libman-Sacks endocarditis can be complicated with 
severe regurgitation that results from recurrent or acute valvu-
litis; noninfective valvulitic perforations, including biopros-
thetic leaflets; noninfective mitral valve chordal rupture; or 
infective endocarditis in at least 20% of patients.3,6,27,28 Infective 
endocarditis can mimic, accompany, or trigger a flare of SLE 
and can lead to severe valve dysfunction, congestive heart 

Figure 37-2  Mitral valve Libman-Sacks vegetations in a 31-year-old woman with systemic lupus erythematosus and recurrent transient 
ischemic attacks. A, This TEE shows a large vegetation on the atrial side and basal portion of the posterior mitral leaflet (pml; arrow) and a small 
vegetation on the atrial side of the anterior mitral leaflet (aml; arrowhead ). Both leaflets had diffuse moderate thickening. Only mild mitral regurgita-
tion  was  detected.  The  patient  underwent  mitral  valve  replacement  as  a  result  of  recurrent  transient  ischemic  attacks  despite  anticoagulation.  
B, Large vegetation (arrow) from the posterior leaflet and small vegetations (arrowheads) from the anterior leaflet. Histology of the leaflet revealed 
inflammation with mononuclear cells and fibrosis. Vegetations of predominant fibrinous material well adhered to the leaflet were shown (arrowhead). 
C,  This  fluid-attenuated  inversion  recovery  magnetic  resonance  image  shows  a  recent  cerebral  infarct  in  the  right  occipitoparietal  white  matter 
(arrow on left). Left occipital and frontal lobe small cerebral infarcts (arrows on right) are also shown. D, This diffusion-weighted image shows a large 
area of hyperintensity (focally restricted diffusion) and confirms a recent infarct in the right occipitoparietal white matter (arrow). The cerebral infarcts 
in the left occipital and frontal hyperintense lesions are not visible by diffusion-weighted image, indicating they are old infarcts. 
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or with mild valve disease.3,5,6,28,30 The effect on valve vegetations 
of immunosuppressive therapy or long-term anticoagulation 
therapy is likely favorable but have not been tested in large 
controlled longitudinal series.

Rheumatic and SLE valve disease may have similar clinical, 
serologic, and echocardiographic findings.31 In their chronic 
states, the echocardiographic characteristics of these two condi-
tions may overlap. In patients greater than 60 years of age, the 
pattern of valve scarring characteristic of SLE may be obscured 
by changes that result from aging or atherosclerosis.29 The echo-
cardiographic appearances of Libman-Sacks, thrombotic, and 
infective vegetations also overlap (see Case 37-1 at Expert 
Consult.com).3,11,32,33

Intracardiac Thrombosis and Thromboembolism
Patients with SLE are subject to intracardiac thrombosis and 
cerebral, peripheral arterial, and coronary artery thromboem-
bolism. Pulmonary thromboembolism or rarely paradoxical 
embolism may occur in those with right heart lesions. These 
events occur independently of or are exacerbated by antiphos-
pholipid antibody–induced thrombogenesis.2,3,5,8,19,22,23,34 The 
most common substrates of high embolic potential are Libman-
Sacks or thrombotic vegetations and less often intracardiac 
thrombi. Mitral valve vegetations are two to four times more 
common and are strong independent predictors of focal isch-
emic brain injury on magnetic resonance imaging, stroke or 
transient ischemic attack, and nonfocal neuropsychiatric mani-
festations.5,19,20 Also, microembolism with transcranial Doppler 
ultrasound scan has been shown in patients with cerebral isch-
emic events.24,25 In addition, postmortem series of patients with 
lupus frequently identify Libman-Sacks vegetations and throm-
boembolic ischemic brain injury.26 Other uncommon embolic 
substrates in these patients are acute anterior myocardial infarc-
tion, more commonly resulting from coronary embolism or in 
situ thrombosis than from atherosclerotic disease; reduced left 
ventricular (LV) ejection fraction (less than 35%); and atrial 
fibrillation. Although paradoxical embolism has been reported, 
the prevalence and impact of patent foramen ovale have not 
been prospectively studied.23 If substrates of high embolic 
potential are not identified on TTE, TEE should be 
performed.

Atherosclerotic Disease
Controlled studies have shown that after controlling for tradi-
tional atherosclerotic risk factors, the prevalence rates of sub-
clinical atherosclerosis in patients with lupus are two to four 
times higher than in matched controls.1,35-37 Functional athero-
sclerosis in these patients is manifested as decreased coronary 
flow reserve with dipyridamole or adenosine echocardiography, 

Figure 37-3  Mitral valve Libman-Sacks vegetation in a 47-year-old 
woman with systemic lupus erythematosus and recurrent fatal 
stroke. A, This TEE shows thickening of the mid and tip portions of the 
anterior (aml ) and posterior (pml ) mitral leaflets with a large vegetation 
on the midportion and atrial side of the posterior leaflet (arrow). B, This 
T2-weighted magnetic resonance imaging in the patient shows general-
ized cortical atrophy, multiple areas of old cerebral  infarcts character-
ized by loss of both gray and white matter (large areas of hyperintensity; 
arrows) in a cortical or subcortical pattern, and multiple areas of deep 
white matter abnormality consistent with widespread ischemic cerebro-
vascular disease. C, Histopathology of the brain shows cerebral vessel 
occlusion by fibrin thrombi (a); intimal hyperplasia, vessel wall thicken-
ing, and platelet thrombi (b); and an occasional patent blood vessel (c). 
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Clinically evident atherosclerosis is found in at least 10% of 
patients. Autopsy studies show a 25% prevalence rate of signifi-
cant epicardial coronary atherosclerosis in patients with SLE. 
The proposed pathogenesis of atherosclerosis includes:
1. Activation of cellular and humoral immunity that causes 

cytotoxicity to the endothelium and vascular wall and results 
in increased vasoconstriction, thrombosis, neointimal and 
smooth muscle cell proliferation, medial hypertrophy, and 
ultimately plaque formation.

decreased peripheral arterial vasodilation, or increased carotid 
arteries and aortic stiffness. Premature subclinical atherosclero-
sis is also manifested as increased prevalence of coronary artery 
calcifications on computed tomography (31%) and increased 
carotid and aortic intima media thickening and plaques on 
carotid ultrasound scan (37%) and TEE (43%), respectively 
(Fig. 37-6).35-40 Atherosclerotic aortic aneurysms have also been 
described.41 Also, aortic and mitral valve sclerosis or calcifica-
tion may be a manifestation of premature atherosclerosis.29 

Figure 37-4  Mitral valve Libman-Sacks vegetations in a 28-year-old woman with systemic lupus erythematosus and acute confusional state 
and cognitive dysfunction. A, This TEE view shows small vegetations (arrows) on the atrial side and tip portions of the anterior (aml ) and posterior 
(pml ) mitral leaflets with associated leaflet thickening and decreased mobility. Patient underwent valve replacement because of associated symp-
tomatic severe mitral regurgitation. B, Diffuse thickening with a Libman-Sacks vegetation on the atrial side and tip portion of the anterior leaflet is 
noted (arrowhead ). C, Vegetation attached to the leaflets (arrows) shows amorphous eosinophilic fibrinous to granular deposits admixed with his-
tiocytes, inflammatory cells, and superficial microthrombi (arrowheads). The mitral  leaflet shows focal areas of myxoid degeneration and fibrinoid 
necrosis but no  inflammation. D, This fluid-attenuated inversion recovery  image shows multifocal hyperintensities  in the subcortical white matter 
typical of small infarcts (arrowheads). 
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Figure 37-5  Resolution and reappearance of mitral valve Libman-Sacks vegetations in a 37-year-old woman with systemic lupus erythe-
matosus and a stroke. A, This  initial TEE shows two mitral valve vegetations: one on the atrial side of the tip of the anterior mitral  leaflet  (aml; 
arrowhead) and another on the midportion of the posterior leaflet (pml; arrow). Diffuse thickening of both mitral leaflets is also visible. Moderate 
mitral regurgitation is detected. B, Follow-up TEE obtained 2 months later shows resolution of both mitral valve vegetations and improvement in 
leaflet thickening. Mitral regurgitation was only mild. C, This TEE obtained 20 months later, when the patient had inactive systemic lupus erythe-
matosus, shows reappearance of three mitral valve vegetations: one on the anterior mitral leaflet (arrowhead) and two on the posterior mitral leaflet 
(arrows). The thickening of both mitral leaflets has also worsened. 
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coronary flow reserve by dipyridamole or adenosine Doppler 
TTE.35 A highly prevalent (25% to 35%) arterial hypertension 
is the second most common cause.35-40 In addition, premature 
peripheral arterial stiffness independent of hypertension may 
cause increased left ventricular (LV) afterload, LV mass, and 
diastolic dysfunction.37,40,43,44 Small vessel vasculitis, coronary 
arteritis, and primary myocarditis are uncommon causes.45 
Rarely, acute lupus myocarditis manifested as clinical congestive 
heart failure with global or segmental LV dysfunction may be 
the initial manifestation of active SLE.45 Finally, a chloroquine 
sulfate-induced dilated or restrictive cardiomyopathy has been 
recently reported.46,47 Many controlled Doppler echocardiogra-
phy series in asymptomatic patients without systemic or pul-
monary hypertension and normal LV systolic function have 
shown a high prevalence rate (15% to 35%) of variable degrees 
of LV and right ventricular (RV) diastolic dysfunction.48-50 
Tissue-Doppler parameters and myocardial strain and strain 
rate are more sensitive than mitral inflow Doppler parameters 
in detection of early stages of ventricular diastolic and systolic 
dysfunction.48-53 Subclinical LV diastolic and systolic dysfunc-
tion occur more frequently in patients with longer disease dura-
tion and in those with higher disease activity and severity.49,53 
Indicative of microvascular coronary artery disease, LV diastolic 
dysfunction has been associated with reversible, fixed, and 
mixed myocardial perfusion defects in young patients with 
active SLE and normal coronary arteries. In contrast to ven-
tricular diastolic dysfunction, the prevalence rate of systolic 
dysfunction is less than 20% in unselected patients.2,3,48,51-54 In 
summary, Doppler echocardiography is important in the detec-
tion of subclinical LV and RV diastolic and systolic dysfunction 
in patients with lupus. However, the clinical and prognostic 
implications of these findings need to be determined in longi-
tudinal studies.

2. Increased production of inflammatory cytokines and che-
mokines, which recruit inflammatory cells and promote vas-
cular smooth cell proliferation, oxidative stress, endothelial 
apoptosis, and upregulation of adhesion molecules and 
chemokines.

3. Exacerbation of dyslipidemia, homocysteinemia, and insulin 
resistance by the disease itself and steroid therapy.
In patients with active SLE and vasculitis that affect other 

organs, angina and myocardial infarction may also rarely result 
from coronary arteritis.22 In these patients, standard therapy for 
acute coronary syndrome, including percutaneous coronary 
interventions, and aggressive antiinflammatory therapy are 
beneficial.42 Coronary embolism from a valve vegetation or in 
situ thrombosis warrants consideration when acute coronary 
syndrome occurs in a young patient with a cardioembolic sub-
strate or antiphospholipid antibodies.

In patients with chest pain syndrome and regional wall 
motion abnormalities on echocardiography, coronary angiog-
raphy most commonly reveals normal coronaries or nonob-
structive coronary artery disease. In these patients frequently 
unable to exercise, stress echocardiography yields a low rate of 
abnormal results. Also, the clinical, electrocardiographic, sero-
logic, and echocardiographic features of lupus myopericarditis 
or myocarditis mimic acute coronary syndrome. Therefore, 
coronary angiography may be warranted in patients with SLE 
with a suspected acute coronary syndrome.

Myocardial Disease
Myocardial disease, manifested predominantly in the form of 
subclinical ventricular diastolic dysfunction, is common in 
patients with lupus and has multifactorial pathogenesis. One 
predominant cause is endothelial dysfunction–mediated micro-
vascular coronary artery disease as determined by a decrease in 

Figure 37-6  Aortic atherosclerosis with TEE in patients with systemic lupus erythematosus. Two-dimensional guided M-mode short-axis (A) 
and long-axis (B) TEE views of the anterior wall at the mid level (30 cm) of the descending thoracic aorta show normal intima media thickness (IMT) 
of less than 8 mm (arrows) in a 50-year-old woman with systemic lupus erythematosus. C and D, Two-dimensional guided M-mode short-axis TEE 
views of a 48-year-old woman with systemic lupus erythematosus show an aortic plaque of 3.3 mm at the proximal (25 cm; C; arrow) and abnormal 
intima media thickness of 1.2 mm at the distal (35 cm; D; arrow) descending thoracic aorta. (Adapted from Roldan CA, Joson J, Sharrar J, Qualls 
CR, Sibbitt WL Jr: Premature aortic atherosclerosis in systemic lupus erythematosus: a controlled transesophageal echocardiographic study.  
J Rheumatol 37:71-78, 2010.)
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and extrinsic coagulation pathways, and decreased fibrinoly-
sis.8,64 Cardiovascular disease occurs in 50% to 75% of patients 
with PAPS and is manifest as valve disease, intracardiac throm-
bosis and thromboembolism, pulmonary hypertension, nonob-
structive coronary disease, and myocardial disease.64-66

ASSOCIATED CARDIOVASCULAR 
INVOLVEMENT

Valve Disease
Valve disease is the most common cardiac manifestation of 
PAPS. The prevalence, distribution, characteristics, and clinical 
implications of valve disease in PAPS mimic those of SLE.11,64-69 
Valve disease manifests as valve vegetations, valve thickening, 
and less commonly, valve regurgitation. In controlled series 
with TTE, the prevalence rate of left-sided valve disease ranges 
from 30% to 40%, as compared with less than 5% in controls. 
With TEE, an even higher prevalence rate of valve disease (60% 
to 80%) is seen.70,71 Echocardiographically, and probably histo-
pathologically, vegetations associated with PAPS are indistin-
guishable from those associated with SLE (Fig. 37-7).2,3,5,15,16,69-72 
As in patients with SLE, valve lesions frequently persist 
unchanged (50% to 60%), appear de novo (20% to 30%), 
resolve (20%), uncommonly progress (less than 20%), or need 
valve replacement (less than 10%) during a 1- to 5-year 
follow-up period.71,72 Left-sided valve lesions are associated with 
thromboembolism to the brain (50%), peripheral and coronary 
arteries (20% to 25%), and intraabdominal visceras.70-72 The 
effect of anticoagulation therapy on valve lesions is generally 
beneficial, but the effect of antiinflammatory therapy is unde-
fined. However, large controlled longitudinal therapeutic series 
are not available.72,73

Intracardiac Thrombosis and Thromboembolism
Patients with PAPS have a high prevalence rate (~60%) of  
left-sided and right-sided thrombotic valve vegetations and 
intracavitary thrombi.64-72 Intracardiac thrombi include: 
1. Thrombotic valve vegetations that consist of platelet or 

fibrin thrombi formed on structurally abnormal or rarely 
normal valves64-73;

2. Left atrial (LA) appendage thrombi74;
3. Atrial or ventricular wall or free-floating intracavitary 

thrombi75,76;
4. Obstructive thrombi that create a functional tricuspid or 

mitral stenosis77,78; and
5. Thrombi associated with cardiac catheters, wires, or valve 

prosthesis.78

Right-sided heart thrombi are associated with deep venous 
thrombosis or pulmonary embolism and with right heart cath-
eters or wires. Intracardiac thrombosis in patients with PAPS is 
predominantly associated with cerebral and peripheral arterial 
embolism, including the coronary arteries, and is uncommonly 
associated with pulmonary thromboembolism and rarely with 
paradoxical embolism. Valve vegetations and intracardiac 
thrombi are best detected with TEE. Expectedly, real-time 3D 
TEE may provide superior detection and characterization of 
valve vegetations and intracardiac thrombi in these patients, but 
limited data are currently available (see Fig. 37-7).

Pulmonary Hypertension
The prevalence rate of pulmonary hypertension on prospective 
echocardiographic series of patients with PAPS is at least 20% 
to 25% and results predominantly from chronic and recurrent 

Pericarditis
As many as 50% of patients with SLE have at least one episode 
of symptomatic pericarditis.55 Most episodes are acute and fre-
quently associated with active SLE. Cardiac tamponade and 
constrictive pericarditis are uncommon (less than 2%).55-57 
Rarely, acute pericarditis and cardiac tamponade can be the 
initial manifestation of SLE.58 Because an effusion is not always 
present, the diagnosis of pericarditis rests on clinical manifesta-
tions, not the echocardiogram. However, echocardiography is 
of diagnostic value in these patients because pericardial chest 
pain can be mistaken as musculoskeletal or pleural pain.

An effusion without accompanying signs and symptoms of 
pericarditis in a patient with lupus results from mild pericarditis, 
hypoalbuminemia, or pulmonary hypertension with or without 
cor pulmonale.59 Asymptomatic effusions are common inciden-
tal finding (~20%) in hospitalized patients with active SLE.

Echocardiography is the standard method for the evaluation 
of suspected SLE pericarditis to assess the size of an effusion and 
look for signs of tamponade. Tamponade is uncommon in SLE 
pericarditis, but the high morbidity rate of this complication 
and the potential for an atypical clinical presentation mandate 
careful evaluation. Echocardiographic indicators of tamponade 
should prompt intensive antiinflammatory and immunosup-
pressive therapy and pericardiocentesis. Echocardiographically 
guided diagnostic or therapeutic pericardiocentesis has been 
successfully performed in series of patients with lupus.

Rarely, constrictive or infectious pericarditis may complicate 
SLE pericarditis. Echocardiography is an effective screening 
method when constriction is under consideration. However, 
echocardiography is insensitive for the detection of mild  
or moderate pericardial thickening. Cardiac magnetic reso-
nance imaging or computed tomography (CT) are preferred 
methods for assessment of pericardial thickness and are impor-
tant confirmatory tests when the echocardiogram suggests 
constriction.

Pulmonary Hypertension
Pulmonary hypertension occurs in at least 15% of patients with 
SLE. The most common causes include interstitial lung disease, 
vasculitis, and thromboembolism.60,61 The association of pul-
monary hypertension with Raynaud phenomenon also suggests 
a vasospastic etiology.62 In fact, endothelin-1 receptor antago-
nists improve pulmonary arterial hypertension.63 Resting and, 
in selected cases, exercise Doppler echocardiography is com-
monly used in the diagnosis and assessment of severity, causes, 
response to therapy, and follow-up of SLE-associated pulmo-
nary hypertension.60-62

Primary Antiphospholipid Syndrome
BACKGROUND

Primary antiphospholipid syndrome (PAPS) is defined by: 
1. Presence of antiphospholipid antibodies;
2. Venous or arterial thrombosis or complicated pregnancy 

(fetal loss, preeclampsia, and eclampsia); and
3. Lack of diagnostic criteria for other rheumatologic disease.

The diagnosis is established with one or more clinical criteria 
and one type of antiphospholipid antibodies on two or more 
occasions at least 6 weeks apart.8 The pathogenesis of cardio-
vascular disease associated with PAPS may result from antiphos-
pholipid antibody–induced functional and structural endothelial 
dysfunction, increased platelet aggregation, increased intrinsic 
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Rheumatoid Arthritis
BACKGROUND

Rheumatoid arthritis is characterized by symmetric arthritis 
that involves any synovial joint but usually affects the metacar-
pophalangeal and proximal interphalangeal joints and wrists. 
Other manifestations of rheumatoid arthritis include rheuma-
toid nodules, systemic vasculitis, glomerulonephritis, pulmo-
nary fibrosis, and cardiovascular disease.85 Clinically apparent 
heart disease occurs in 25% to 40% of patients with rheumatoid 
arthritis. Heart disease is the third leading cause of death in 
patients with rheumatoid arthritis and accounts for nearly 40% 
of deaths.86

ASSOCIATED CARDIOVASCULAR 
INVOLVEMENT

Coronary Artery Disease
After controlling for traditional atherogenic risk factors, the 
prevalence of coronary artery disease in patients with rheuma-
toid arthritis is two to three times higher than in matched con-
trols.87 Coronary arteritis is rare, whereas typical atherosclerotic 
epicardial coronary artery disease is common, often symptom-
atic, and associated with increased morbidity and mortality.88 
Estimates are that by age 65 to 70 years, 75% to 80% of patients 
with rheumatoid arthritis have angiographic evidence of coro-
nary artery disease (30% with three vessels of coronary artery 
disease) and a high incidence of myocardial infarction (4.8 to 
5.9 events per 1000 person-years). In addition, microvascular 
disease is common and correlates with levels of asymmetric 
dimethylarginine (an endogenous inhibitor of nitric oxide  
synthase).89-91 Coronary artery disease accounts for at least 
40% of the mortality of patients with rheumatoid arthritis.88 

pulmonary embolism and uncommonly from an abnormal 
vasospastic or in situ thrombotic vasculopathy.72,75,78 Doppler 
echocardiography has an important role in the diagnosis, 
assessment of severity, response to therapy, and follow-up of 
PAPS-associated pulmonary hypertension.

Coronary Artery Disease
Hemostatic abnormalities, possibly inflammation, and increased 
intake of oxidized low-density lipoprotein by activated macro-
phages in the coronary vessel wall cause endothelial damage and 
dysfunction, vasoconstriction, thrombosis, and atherosclero-
sis.8,79,80 High prevalence rates of increased intima media thick-
ness but no plaques of the carotid arteries are reported in these 
patients.80,81 A high prevalence rate (20% to 35%) of myocardial 
infarction has been reported in patients with PAPS and results 
from microvascular disease, in situ coronary thrombosis, or 
coronary thromboembolism.70,72,82,83 No series are found that 
systematically use resting or stress echocardiography for detec-
tion of epicardial coronary artery disease in patients with PAPS, 
but the sensitivity of these techniques is likely low given the low 
prevalence of epicardial atherosclerosis.

Myocardial Disease
In small controlled cross-sectional studies of asymptomatic 
patients with PAPS, a high prevalence of LV diastolic dysfunc-
tion, predominantly impaired relaxation, is reported.84 The 
mechanisms of diastolic dysfunction include microvascular 
coronary artery disease, thrombotic microangiopathy, and 
rarely, primary myocardial disease. Rarely, catastrophic PAPS 
may manifest as dilated cardiomyopathy with LV thrombus.  
RV diastolic dysfunction, predominantly impaired relaxation,  
is also common in patients with PAPS with pulmonary 
hypertension.49

Figure 37-7  Mitral valve thrombotic vegetation in a 43-year-old man with primary antiphospholipid antibody syndrome and a stroke. 
A, This 2D TEE shows a small, oval-shaped, sessile, heterogeneous echoreflectant vegetation with well-defined borders that is located on the mid 
to distal portions of the posterior mitral leaflet (arrow). Diffuse thickening of the posterior leaflet and thickening of the distal portion of the anterior 
leaflet is also noted. B, This real-time 3D TEE of the mitral valve viewed from the atria confirmed the characteristics of the vegetation as seen with 
2D images and defined better the exact  location of the vegetation at the tip and middle scallop of the posterior  leaflet (arrow). The mitral valve 
vegetation resolved completely after several months of warfarin therapy. 
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indicates autoimmune injury. The pericardial effusion is exuda-
tive and bloody with a low glucose level, and it may contain 
rheumatoid factor. As in SLE pericarditis, tamponade and con-
striction are rarely reported. Also, asymptomatic pericardial 
effusions are seen in about 25% of patients and are associated 
with renal disease, hypoalbuminemia, and pulmonary hyper-
tension.103 The role of echocardiography in the diagnosis, man-
agement, and follow-up of rheumatoid effusions parallels its 
role in SLE pericarditis.104

Valve Disease
Estimates of the clinical prevalence of valve disease in rheuma-
toid arthritis are undefined. The reported prevalence rate of 
valve abnormalities in unselected patients less than 60 years old 
is as low as 30% with TTE and nearly 60% with TEE.85,105 Valve 
disease occur in five forms: 
1. Valve nodules;
2. Healed valvulitis with residual leaflet fibrosis and regurgita-

tion and rarely stenosis;
3. Acute chronic valvulitis;
4. Rarely acute valvulitis with Libman-Sacks–like vegetations; 

and
5. superimposed infective endocarditis.85,105-107 

Acute and chronic valvulitis with resulting leaflet thickening 
or fibrosis is indistinguishable from that seen in SLE. Chronic 
inflammation may also promote accelerated leaflet fibrosis, cal-
cification, and valve stenosis.108 In contrast, valve nodules 
appear to be unique to rheumatoid arthritis. These nodules can 
also be seen on valve rings, papillary muscle tips, and atrial or 
ventricular endocardium.109 Histologically, the valve nodules 
resemble subcutaneous nodules and may result from a process 
of focal vasculitis.

On TEE, rheumatoid valve nodules are detected in one third 
of patients; they usually appear as small (less than 0.5 cm2) 
spheroid masses with homogeneous reflectance, typically 
appearing singly and on any portion of the leaflet.105 The adja-
cent leaflet appears normal or shows mild sclerosis. This picture 
is unlike that of Libman-Sacks vegetations (compare Fig. 37-1 
with Fig. 37-5 with Fig. 37-8). Acute valvulitis with superim-
posed Libman-Sacks–like vegetations can occur (Fig. 37-9). 
Valve thickening is detected in half of patients and is equally 
diffuse or localized (when localized affects any leaflet portion), 
is usually mild, involves equally the mitral and aortic valves, and 
involves rarely the annulus and subvalvular apparatus. Mild or 
worse valve regurgitation is seen in 20% to 25% of patients, but 
stenosis is rare (Fig. 37-10). However, in severe single or mul-
tiple acute valvulitis, diffuse leaflets thickening and moderate to 
severe valve regurgitation can occur (see Question 37-3 at 
ExpertConsult.com).

Rheumatoid valve disease is generally mild and asymptom-
atic, and it is less likely than SLE valve disease to result in clini-
cally significant valve dysfunction. However, several uncommon 
severe manifestations of the disease have been described: 
1. Valve thrombus overimposed on a valve nodule, Libman-

Sacks–like vegetations, or superimposed valve strands com-
plicated with systemic embolism (see Fig. 37-9)105,110;

2. Acute or recurrent valvulitis that results in severe valve 
regurgitation and rarely stenosis (see Fig. 37-10)109;

3. Acute severe valve regurgitation from rupture of a single or 
coalescent nodule or a large nodule that affects leaflet 
coapation111;

4. Aortitis with aortic root dilation and aortic regurgitation; and
5. Superimposed infective endocarditis.107

The pathogenesis of coronary artery disease in patients with 
rheumatoid arthritis is similar to that described for patients with 
SLE.85,87,89-93 The rheumatoid arthritis–related clinical predictors 
of epicardial, microvascular, and inflammatory coronary artery 
disease include older age at onset of rheumatoid arthritis, longer 
duration of corticosteroid therapy, and long-standing disease 
(more than 10 years); active extraarticular, erosive polyarticular, 
and nodular disease; vasculitis; high titers of rheumatoid factor; 
high levels of haptoglobin, Von Willebrand factor, and plasmino-
gen activator inhibitor; high levels of interleukins 1 and 6; and 
an erythrocyte sedimentation rate of more than 55 mm Hg. 
Compared with matched controls, a twofold increased risk is 
found for myocardial infarction, congestive heart failure, stroke, 
and cardiovascular mortality in patients with rheumatoid arthri-
tis with elevated markers of inflammation and in those with 
reduced small and large arteries elasticity.94-96 Patients with rheu-
matoid arthritis with an acute coronary syndrome have a higher 
recurrence rate of events and mortality than matched controls 
(58% versus 30% and 40% versus 15%, respectively).97 Also, 
coronary artery bypass grafting surgical morbidity and mortality 
rates of patients with rheumatoid arthritis are two to four times 
higher than those of matched controls. In addition, a high preva-
lence rate (up to 61%) of subclinical coronary artery disease as 
determined with coronary artery calcification on computed 
tomography is seen in patients with established disease as com-
pared with those with recent onset of the disease (43%) and 
matched controls (38%).98 Furthermore, cyclooxygenase-2 
selective inhibitors (which inhibit prostaglandin I-2, a vasodila-
tor and inhibitor of platelet aggregation) and nonsteroidal anti-
inflammatory drugs increase the risk of acute coronary 
syndromes in patients with rheumatoid arthritis.99 Amelioration 
of inflammation with corticosteroids, cytotoxics, and disease-
modifying antirheumatic drugs such as tumor necrosis factor–α 
blockers, inhibitors of interleukin 6, and statins decreases vas-
cular inflammation and dysfunction and consequently the risk 
of adverse cardiovascular outcomes.91,100,101

Although rare, coronary vasculitis can affect small or medium-
sized intramyocardial arteries. In patients with rheumatoid 
arthritis with an acute coronary syndrome from coronary arte-
ritis, aggressive antiinflammatory and immunosuppressive 
therapy in conjunction with standard therapy, including coro-
nary stents and surgical revascularization, has been successful 
(see Case 37-2 at ExpertConsult.com).

As in the general population, resting and stress echocardiog-
raphy are useful in the detection of wall motion abnormalities 
in those with obstructive coronary artery disease but have 
decreased sensitivity for microvascular disease. Symptomatic 
patients with rheumatoid arthritis often have evidence of isch-
emia on resting and exercise echocardiography, and the pres-
ence of ischemia on exercise echocardiography portends a three 
times higher mortality rate than in matched controls with nega-
tive resting or exercise studies.102 Also, dipyridamole or adenos-
ine TTE can be used to assess coronary flow reserve in those 
with microvascular disease.

Pericarditis
Echocardiographic studies have shown pericardial effusions in 
as many as 50% of patients with rheumatoid arthritis, but 
symptomatic pericarditis is less common. Pericarditis occurs in 
patients with active disease with similar clinical and serologic 
characteristics of those with coronary artery disease. Immuno-
fluorescent staining of the pericardium reveals deposits of 
immunoglobulin G, immunoglobulin M, C3, and C1q, which 

http://www.ExpertConsult.com
http://www.ExpertConsult.com
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compared with matched controls (30% to 76% versus less than 
20%, respectively) in multiple Doppler echocardiography 
series.112-116 The pathogenetic factors for ventricular diastolic 
dysfunction are similar to those described in SLE.90,91,113 Lower 
E′ and A′ velocities and increased E/E′ ratio with tissue Doppler 
imaging, lower color flow propagation velocity, decreased lon-
gitudinal myocardial strain and strain rate, and increased myo-
cardial performance index are more sensitive than mitral or 
tricuspid inflow Doppler parameters. The clinical predictors of 
myocardial disease are similar to those described for coronary 
artery disease and valve disease. Also, large longitudinal series 
have shown a high incidence rate (35% to 40%) of clinical 
diastolic congestive heart failure independent of traditional risk 
factors for diastolic dysfunction. In these patients, diastolic con-
gestive heart failure doubles the mortality risk as compared with 
matched controls with diastolic congestive heart failure but no 

The short-term and long-term mortality rates of patients 
with rheumatoid arthritis with valve disease are significantly 
higher than those of matched controls. In small case series, the 
30-day and 1-year morbidity and mortality rates of patients 
with rheumatoid arthritis undergoing valve replacement or 
rarely valve repair are two to three times higher than those of 
patients without rheumatoid arthritis.109 Early diagnosis and 
aggressive antiinflammatory or immunosuppressive therapy 
may decrease the progression of the disease and improve patient 
survival. Therefore, TTE and TEE continue to play an impor-
tant role in the diagnosis, characterization, management, and 
follow-up of rheumatoid valve disease.

Myocardial Disease
Patients with rheumatoid arthritis have a high prevalence rate 
of subclinical and clinical LV and RV diastolic dysfunction as 

Figure 37-8  Rheumatoid aortic valve nodules in young asymptomatic patients. A, This TEE view longitudinal to the outflow tract in a 48-year-
old woman with rheumatoid arthritis shows an oval-shaped nodule with well-defined borders and homogeneous soft tissue echoreflectance within 
the midportion of the aortic noncoronary cusp (ncc; arrowhead ). The appearance of the right coronary cusps is normal. Aortic valve regurgitation 
was  not  shown. B,  This  TEE  short-axis  view  of  the  aortic  valve  in  a  43-year-old  man  with  rheumatoid  arthritis  shows  a  well-defined  nodule  with 
homogeneously increased echoreflectance within the tip and midportion of the left coronary cusp (arrowhead ). Note the normal appearance of the 
uninvolved portions of the cusp and that of the noncoronary cusp and right coronary cusp (rcc). Mild aortic valve regurgitation was detected.
aml, Anterior mitral leaflet. 
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Figure 37-9  Severe mitral valvulitis with Libman-Sacks–like vegetations in a 52-year-old woman with severe rheumatoid arthritis and recur-
rent transient ischemic attacks. A, This close-up four-chamber TEE view when patient presented with a transient  ischemic attack shows severe 
and irregular thickening with soft tissue echoreflectance of the anterior and posterior mitral leaflets. Two large, multilobed masses, with irregular 
borders and with soft tissue echoreflectant, are noted on the atrial side of the anterior (aml ) and posterior mitral leaflets (arrows). B, Close-up four-
chamber  TEE  view  after  3  months  of  warfarin,  steroids,  and  tumor  necrosis  factor–α  receptor  inhibitors  shows  remarkable  improvement  of  the 
thickening of  the mitral  leaflets, complete  resolution of  the anterior mitral  leaflet vegetation, and reduction  in size of  the posterior mitral  leaflet 
(arrow). C, Close-up four-chamber TEE view after 6 months of therapy shows further improvement in the thickening of the mitral leaflets and a very 
small residual vegetation on the atrial side and tip of the posterior mitral leaflet (arrow). Also, mitral regurgitation improved from moderate to trivial. 
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obliterative bronchiolitis is more common than left heart disease. 
In controlled series of asymptomatic patients, the prevalence 
rate of pulmonary hypertension by echocardiography is five 
times higher in patients with rheumatoid arthritis than in con-
trols (21% versus 4%) and is even higher in those with symptoms 
or evidence of pulmonary disease.121 The mortality rate is high 
within 1 year of diagnosis. Prompt diagnosis is vital because 
these conditions are responsive to immunosuppressive therapy.

Therefore, if pulmonary hypertension is identified, LA hyper-
tension should be excluded and then the search for a treatable 
pulmonary cause should be pursued. When pulmonary hyper-
tension is diagnosed in asymptomatic or symptomatic patients, 
echocardiography is useful not only for assessment of its sever-
ity and associated RV diastolic or systolic dysfunction and tri-
cuspid regurgitation but also for assessment of the short-term 
and long-term response to therapy.

Ankylosing Spondylitis
BACKGROUND

Ankylosing spondylitis and other human leukocyte antigen-
B27–related arthropathies are characterized by inflammation of 
the vertebral and sacroiliac joints. Arthritis of other joints, 
uveitis, and proximal aortitis and aortic valvulitis are common. 
Although arthritis may be disabling, the overall prognosis is 
good.

ASSOCIATED CARDIOVASCULAR 
INVOLVEMENT

Aortitis and Valve Disease
Aortic root and valve disease in patients with ankylosing spon-
dylitis is categorized as: 
1. Proximal aortitis that leads to aortic root thickening, stiff-

ness, dilation, and rarely aneurysm formation, all of which 
contribute to aortic regurgitation;

2. Aortic valvulitis that results in cusp thickening and retrac-
tion and also leads to aortic regurgitation;

3. Thickening of the aortomitral junction or “subaortic bump” 
that causes anterior mitral leaflet retraction with decreased 
mobility and asymmetric or incomplete mitral leaflet coap-
tation that leads to mitral regurgitation; and

4. Extension of the subaortic fibrotic process into the basal 
septum, atrioventricular node, proximal bundle of His, and 
bundle branches or fascicles that causes conduction 
disturbances.122

The reason for selective injury of the proximal aorta by this 
human leukocyte antigen-B27–mediated mononuclear cellular 
inflammatory process is unknown.

The prevalence of clinically manifested ascending aorta and 
aortic and mitral valve disease varies widely but is probably 
about 20%. Aortic or mitral regurgitation is generally mild to 
moderate. However, acute or healed aortitis, acute or healed 
aortic valvulitis, and superimposed infective endocarditis can 
lead to severe aortic regurgitation.122-124

In several echocardiographic studies, including TEE series, 
aortic root thickening or sclerosis (predominantly of the poste-
rior wall), increased stiffness, and dilation range from 20% to 
60%, 60%, and 25% to 50% of patients, respectively.122,125,126 
Aortic valve thickening seen in 40% of patients is manifested 
mainly as nodularities of the aortic cusps. Mitral valve thicken-
ing seen in one third of patients is manifested as basal thicken-
ing of the anterior mitral leaflet, forming the characteristic 

Figure 37-10  Aortic and mitral stenosis in a patient with severe 
rheumatoid arthritis. A, The short-axis and longitudinal TEE views of 
the  aortic  valve  show  diffuse  soft  tissue  thickening  and  decreased 
mobility of  the aortic cusps. An associated peak aortic valve gradient 
of 19 mm Hg consistent with mild aortic stenosis and mild aortic regur-
gitation was  shown with continuous wave Doppler  imaging. B, These 
close-up four-chamber TEE views of the mitral valve show severe soft-
tissue  thickening  predominantly  of  the  base  and  midportion  of  the 
mitral  leaflets  with  significantly  decreased  mobility.  Note  the  large 
acceleration zone with color Doppler imaging (arrow) of the mitral inflow 
that suggests mitral valve stenosis. Continuous wave Doppler imaging 
confirmed  the presence of moderate mitral  stenosis. Associated mild 
mitral  regurgitation  was  also  seen.  This  TEE  was  performed  several 
months after patient had a flare of her disease associated with pancar-
ditis. aml, Anterior mitral  leaflet;  lcc,  left coronary cusp; ncc, noncoro-
nary cusp; rcc, right coronary cusp. 
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rheumatoid arthritis.117,118 The incidence rate of congestive 
heart failure decreases with tumor necrosis factor–α blocker 
therapy.118 Pulmonary hypertension is the most common cause 
of RV diastolic dysfunction in patients with rheumatoid arthri-
tis, but microvascular coronary artery disease and autoimmune 
mediated myocardial disease also play a role. Some patients 
with rheumatoid arthritis have myocarditis, myocardial nodules, 
or cardiac amyloidosis. Evidence of present or past myocarditis 
is revealed at autopsy in as many as 30% of patients, but 
decreased LV ejection fraction with echocardiography is less 
common. Myocarditis, associated with SS-A/SS-B autoantibod-
ies can mimic non-ST and ST elevation myocardial infarction 
clinically, electrocardiographically, serologically, and echocar-
diographically.119 Recently, a dilated or restrictive cardiomyopa-
thy from chloroquine therapy has been reported.120 Finally, 
rarely rheumatoid arthritis–associated myocardial amyloidosis 
can occur.

Pulmonary Hypertension
Pulmonary hypertension with normal pulmonary venous pres-
sure resulting from interstitial fibrosis, pulmonary vasculitis, or 
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reported. The prevalence rates of diastolic dysfunction are 
higher (up to 50%) with tissue-Doppler echocardiogra-
phy.129,132 In these studies, diastolic dysfunction was temporally 
unrelated to age, disease duration, or disease activity. Rarely, 
cardiac amyloidosis with diastolic congestive heart failure has 
been reported.

The prevalence of pericardial disease in patients with anky-
losing spondylitis is rare, and the rate is probably similar to 
that of the general population (less than 2%). Echocardio-
graphic studies report incidentally detected small pericardial 
effusions.

Scleroderma
BACKGROUND

In scleroderma, excessive connective tissue overproduction and 
accumulation, structural and functional microvascular disease, 
and immune-complex deposition affect the blood vessels, skin, 
joints, skeletal muscle, and multiple organs, including all struc-
tures of the heart. Thickening of the skin and Raynaud phe-
nomenon affect more than 90% of patients. In the diffuse type, 
symmetric fibrosis of the skin of the face, trunk, and extremities 
is seen, with frequent involvement of internal organs. In the 
limited cutaneous type, the skin changes are limited to the 
extremities and face; internal organs are generally spared. This 
latter type is associated with the calcinosis, Raynaud phenom-
enon, esophageal hypomotility, sclerodactyly, and telangiectasia 
syndrome.

Cardiovascular disease occurs in as many as 50% of patients 
with scleroderma.133 The predominant findings are functional 
and structural microvascular coronary artery disease, myocar-
ditis, pulmonary and systemic hypertension-related heart 
disease, and pericarditis.133-136 Atrial and ventricular arrhyth-
mias and conduction abnormalities are less common but clini-
cally relevant. Overall, pulmonary fibrosis and pulmonary 
arterial hypertension with or without cor pulmonale, congestive 
heart failure, and arrhythmias are the leading causes of death 
in patients with scleroderma.137

subaortic bump. Valve regurgitation seen in almost half of 
patients was moderate in one third of them. Aortic root disease 
and valve disease are related to duration of the disease but are 
not temporally related to its activity, severity, or therapy (Figs. 
37-11 and 37-12).122,127 Mitral valve prolapse or myxomatous 
mitral leaflets with mild or moderate regurgitation is reported 
in 10% to 15% of patients.

The effect of corticosteroids or disease-modifying antirheu-
matic drug therapy on aortic root, valve disease, and conduc-
tion disturbances is uncertain. Because of the absence of 
multiorgan disease and infrequent use of corticosteroids or 
cytotoxics in patients with ankylosing spondylitis, the mortality 
rate during valve replacement is probably similar to that of the 
general population.

Conduction Abnormalities
Atrioventricular and intraventricular conduction blocks occur 
in 20% or more of patients with ankylosing spondylitis.128 
Echocardiographic studies have shown an association of con-
duction abnormalities with aortic root thickening and subaor-
tic bump, suggesting a role for extension of aortic root fibrosis 
into the proximal septum and atrioventricular node.122,125,128 In 
a controlled tissue-Doppler echocardiography series, an increase 
in interatrial and intraatrial electromechanical coupling inter-
vals has been demonstrated.129 However, the clinical significance 
of these findings is uncertain.

Myocardial and Pericardial Disease
Although the frequency of myocardial disease in patients with 
ankylosing spondylitis is higher than in the general popula-
tion, it is generally subclinical and therefore more commonly 
incidentally detected. Patients with ankylosing spondylitis also 
have microvascular disease, which is associated with subclini-
cal diastolic dysfunction.130 In addition, the associated aortic 
stiffness may lead to increased LV afterload, LV mass, and dia-
stolic dysfunction.131 Few controlled Doppler echocardiogra-
phy series in patients less than 50 years old with no clinical 
heart disease have uncommonly reported LV systolic dysfunc-
tion. In contrast, a 20% to 30% prevalence rate of diastolic 
dysfunction, predominantly impaired relaxation, has been 

Figure 37-11  Aortic root and aortic and mitral valves disease in patients with ankylosing spondylitis. A, This TEE view longitudinal to the 
outflow  tract  in a 31-year-old man with progressive dyspnea of exertion and a diastolic murmur  shows marked  thickening of  the posteromedial 
aortic root (arrowheads) extending to the basal portion of the noncoronary cusp (ncc) and into the base and midportions of the anterior mitral leaflet 
(subaortic bump; arrow). Mild thickening of the right coronary cusp (rcc) tip and mild aortic root dilation are also noted. Moderate to severe aortic 
regurgitation was shown. Therefore, the patient underwent an uncomplicated aortic valve replacement. B, This TEE view longitudinal to the outflow 
tract in a 43-year-old man shows severe sclerosis of the aortic root predominantly of the posteromedial wall (arrowheads) extending to the base of 
the anterior mitral leaflet (aml) to form the subaortic bump (arrow). Moderate aortic root dilation is present. The noncoronary (ncc) and right coronary 
cusp (rcc) show mild localized thickening of the middle and tip portions. Moderate aortic regurgitation was shown. 
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Figure 37-12  Aortic valvulitis in a 37-year-old man with ankylosing spondylitis. A, Two-dimensional TEE long-axis view during systole shows 
cusps  thickening,  retraction, and decreased doming mobility predominantly of  the  right coronary cusp. Also note aortic  root  sclerosis and mild 
thickening extending to the base of the anterior mitral leaflet (subaortic bump; arrow). B, Two-dimensional TEE long-axis view during diastole shows 
thickening predominantly of the tip portions and retraction of the aortic cusps  leading to an incomplete coaptation (arrow). C, Two-dimensional 
TEE long-axis view with color Doppler  imaging shows moderate aortic regurgitation based on a flow convergence zone of 3 mm (arrow), a vena 
contracta of 4 mm, and a jet height to LV outflow tract height ratio of 40%. D, Real-time 3D TEE of the aortic valve viewed from the aortic root and 
during systole defines better the moderate and diffuse thickening of the cusp tips and decreased mobility of all three cusps. Also a well-defined 
oval nodularity at the tip and ventricular side of the right coronary cusp is noted (arrow). E, During diastole, note the cusps retraction that leads to 
an incomplete central coaptation (arrow). F, With real-time 3D TEE of the aortic valve viewed from the aorta, the effective regurgitant orifice area 
and vena contracta area were 0.18 cm2 and 0.19 cm2 (arrows), respectively, confirming the severity of aortic regurgitation as moderate. 
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ASSOCIATED CARDIOVASCULAR 
INVOLVEMENT

Coronary Artery Disease
In scleroderma, the intramyocardial coronary arteries and arte-
rioles are predominantly affected by two main mechanisms. 
The first is abnormally increased vasoconstriction that results 
from an immune-mediated inflammatory endothelial dysfunc-
tion. In these patients, high levels of asymmetric dimethylargi-
nine, an endogenous inhibitor of nitric oxide synthase, have 
been reported, and intramyocardial coronary arterial spasm  
is highly associated with peripheral Raynaud phenome-
non.134,135,138 The second mechanism is obstructive microvascu-
lar disease that results from endothelial proliferation, intimal 
hypertrophy, intimal smooth muscle cell migration, fibrinoid 
necrosis, fibrosis, and ultimately, vessel narrowing. Conse-
quently, focal or diffuse contraction band necrosis (from isch-
emia and reperfusion) and myocardial fibrosis occur. The 
prevalence of epicardial atherosclerotic disease is of less clinical 
relevance than microvascular disease. In fact, coronary angiog-
raphy in asymptomatic patients with diffuse scleroderma shows 
normal or ectatic coronary arteries with slow flow indicative of 
increased intramyocardial coronary resistance; in those with 
typical or atypical angina, epicardial coronary artery disease is 
seen in more than 50% of patients, and in patients with myo-
cardial infarction, normal epicardial arteries are seen in more 

than 30% of patients. Therefore, typical acute coronary syn-
drome, including myocardial infarction, is uncommon in these 
patients (less than 2%). Ischemic heart disease is most com-
monly manifested as subacute or chronic diastolic and uncom-
monly systolic congestive heart failure. However, acute ischemic 
congestive heart failure and sudden death rarely occur.

Because of predominant microvascular disease, echocardio-
graphic findings typical of transmural ischemia or myocardial 
infarction are uncommon. In several prospective controlled 
series with Doppler TTE in asymptomatic young patients, 
reduction in coronary flow reserve (less than 2.5) during dipyr-
idamole or adenosine infusion was detected in up to 50% of 
patients as compared with less than 5% of matched con-
trols.134,135 Reduction in coronary flow reserve is more common 
in the diffuse form of scleroderma and is related to the severity 
and duration of peripheral Raynaud phenomenon and dura-
tion and severity of the disease. As a result of microvascular 
disease, LV and RV diastolic and uncommonly systolic dysfunc-
tion can occur.133,136,138 In contrast to typical atherosclerotic 
disease, areas of ischemic necrosis and fibrosis do not corre-
spond to the regional distribution of a coronary artery and 
myocardial fibrosis is predominantly subendocardial and at the 
base and mid portions of both the LV and the RV. Occasionally, 
a transmural myocardial infarction from epicardial coronary 
vasospasm can occur, and its echocardiographic diagnosis relies 
on the same findings as those of atherosclerotic disease. The 
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hypertension is also high during a 3-year follow-up period of 
these patients.149 Pulmonary arterial hypertension from inflam-
matory vasculopathy or pulmonary vasospasm is less common 
and is more often associated with the limited cutaneous type, 
Raynaud phenomenon, parameters of endothelial dysfunction, 
and anticentromere antibodies.148,150,151 Abnormal pulmonary 
function tests, abnormal lung uptake of gallium and 
technetium-99 m sestamibi, and radiographic abnormalities 
often precede cor pulmonale on echocardiography. Patients 
with pulmonary hypertension have a decreased survival rate of 
81%, 63%, and 56% at 1, 2, and 3 years, respectively, from the 
diagnosis and independent of the etiology of pulmonary hyper-
tension.137,152 Resting or exercise Doppler echocardiography are 
of important value in the detection and assessment of severity, 
pathogenesis, and response to therapy of pulmonary hyperten-
sion (see Question 37-4 at ExpertConsult.com).146-148 A signifi-
cant increase (20 mm Hg or more) from resting to peak exercise 
echocardiography is seen in up to 40% of patients with sclero-
derma with dyspnea of exertion or abnormal pulmonary  
function tests.147,153 However, the sensitivity of Doppler echo-
cardiography for detection of pulmonary hypertension as com-
pared with right heart catheterization is moderate (about 60%) 
but highly specific (98%). Therefore, in patients with suspected 
symptomatic pulmonary hypertension, the ultimate diagnosis 
and therapeutic decisions may be best determined with right 
heart catheterization.

Pericarditis
Clinically evident or symptomatic pericardial disease occurs in 
4% to 17% of patients with scleroderma and manifests as acute 
pericarditis and rarely as cardiac tamponade or pericardial con-
striction.154 This low clinical prevalence contrasts with that of 
postmortem and echocardiographic series, especially of asymp-
tomatic pericardial effusions (30% to 50%). Asymptomatic 
pericardial effusions on echocardiography or computed tomog-
raphy are common (up to 50%) in patients with pulmonary 
hypertension and hypoalbuminemia.154 Symptomatic pericar-
dial disease is two to four times more common in patients with 
the diffuse form than with the limited cutaneous form of the 
disease. Pericardial disease is rarely the initial manifestation of 
scleroderma.

Valve Disease
Published data suggest that scleroderma rarely cause primary 
valve disease. Reports have described small masses similar to 
Libman-Sacks vegetations, aortitis, and aortic regurgitation 
and an unexplained increased frequency of mitral valve pro-
lapse.146,155,156 Because of the high prevalence of pulmonary 
hypertension and cor pulmonale, functional tricuspid regurgi-
tation is common and predominantly of mild to moderate 
degree.

Polymyositis and Dermatomyositis
BACKGROUND

Polymyositis and dermatomyositis are clinically similar diseases 
characterized by autoimmune-mediated skeletal muscle inflam-
mation that leads to symmetric proximal muscle weakness. 
Unlike polymyositis, dermatomyositis is accompanied by a rash 
on the face, neck, chest, and extensor surfaces of the extremities. 
Overlap syndromes frequently occur, in which features of 

cold pressor test with myocardial perfusion scanning and echo-
cardiography shows transient wall motion abnormalities that 
correspond to reversible, fixed, or mixed perfusion abnormali-
ties in patients with angiographically unremarkable epicardial 
coronary arteries. Symptoms and myocardial perfusion abnor-
malities improve with coronary vasodilator therapy.139

Myocardial Disease
Myocardial disease is more common in patients with diffuse 
cutaneous involvement, anti-Scl70 and anticentromere anti-
bodies, peripheral myopathy, and Raynaud phenomenon and 
in those with microvascular coronary artery disease.133-137 
Patchy myocyte contraction band necrosis (typical of isch-
emia and reperfusion) with myocardial fibrosis is characteris-
tic of the disease and is reported in up to 80% in postmortem 
series. These data suggest that microvascular coronary artery 
disease is a common cause of scleroderma-associated myocar-
dial disease. Also, patients with scleroderma commonly have 
septal infarction pattern, ventricular arrhythmias, or conduc-
tion abnormalities on electrocardiography, which are associ-
ated with fixed septal or anteroseptal perfusion abnormalities 
and correspond to areas of myocardial fibrosis on gadolinium-
enhanced myocardial magnetic resonance imaging. Therefore, 
myocardial dysfunction in patients with scleroderma is also 
related to increased interstitial collagen deposition and fibro-
sis. Autoimmune-mediated myocarditis is uncommon. Inde-
pendently of the pathogenesis, systolic congestive heart failure 
is associated with a high mortality rate (up to 80% at  
1 year).137

In multiple controlled cross-sectional and longitudinal 
series with Doppler echocardiography, a high prevalence rate 
(30% to 50%) of LV and RV diastolic dysfunction is seen in 
unselected middle-aged patients with either diffuse or limited 
cutaneous disease as compared with less than 10% in con-
trols.135,136,138-144 Tissue-Doppler and myocardial strain and 
strain rate are more sensitive than mitral and tricuspid inflow 
patterns (60% versus 30%, respectively). Ventricular diastolic 
dysfunction correlates with higher levels of inflammatory 
markers and with the duration and severity of Raynaud phe-
nomenon.134,135,138,145 Right ventricular diastolic dysfunction is 
more common in those with pulmonary hypertension but also 
occurs in those without pulmonary or LA hypertension. A RV 
tissue-Doppler E velocity of less than 11 cm/s is found in 
select patients with pulmonary artery pressure greater than 
35 mm Hg. Also, controlled Doppler echocardiographic series 
in middle-aged patients with normal LV ejection fraction, RV 
ejection fraction, and pulmonary artery pressure have shown 
significantly decreased tissue-Doppler systolic velocities of the 
mitral and tricuspid annulus in 15% to 20% of patients.142-144 
These findings also suggest subclinical LV and RV systolic dys-
function in these patients. Of clinical relevance, LV and RV 
diastolic dysfunction improve with vasodilators, including 
endothelin antagonists.139 Finally, the short-term and long-
term implications of subclinical diastolic and systolic dysfunc-
tion are still undefined.

Pulmonary Hypertension and Cor Pulmonale
Interstitial lung disease and pulmonary arterial hypertension 
are major features and causes of mortality in scleroderma.137 
Pulmonary fibrosis can occur in as many as 80% and pulmo-
nary hypertension in as many as 35% to 50% of patients in 
series with resting and exercise Doppler echocardiography and 
right heart catheterization.146-148 The incidence of pulmonary 
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dermatomyositis or polymyositis are combined with those of 
SLE, rheumatoid arthritis, and scleroderma. Rarely, polymyosi-
tis or dermatomyositis can be associated with antiphospholipid 
antibody syndrome.

Myocarditis, pericarditis, and functional or structural micro-
vascular coronary artery disease are the most common cardiac 
manifestations of polymyositis and dermatomyositis.157 Epicar-
dial atherosclerotic coronary artery disease, conduction disor-
ders, valve dysfunction, and pulmonary hypertension are 
uncommon. As a result of the lack of controlled cross-sectional 
and longitudinal studies, reported prevalence rates of cardio-
vascular disease are highly variable. Although clinically mani-
fested heart disease may occur in less than 25% of patients, it 
accounts for at least 10% of mortality.

ASSOCIATED CARDIOVASCULAR 
INVOLVEMENT

Myocardial Disease
Myocardial disease is the result of a direct autoimmune myo-
cardial inflammatory process and less likely of a functional 
microvascular coronary artery disease.158 In postmortem 
series, as many as 50% of patients with polymyositis or der-
matomyositis show histologic evidence of active or healed 
myocarditis. Although the clinical prevalence of myocarditis is 
unknown, approximately 10% to 20% of those who have 
myocarditis may have cardiomyopathy develop. Patients with 
myocarditis frequently have active skeletal myositis; as many 
as 50% of those with peripheral myositis, as indicated by 
uptake of technetium-99m pyrophosphate, also have myocar-
dial uptake.159 Rarely, a fulminant myocarditis with severe LV 
systolic dysfunction may be the initial manifestation of the 
disease. Also, acute myocarditis can mimic an acute coronary 
syndrome based on symptoms, non-ST and ST elevation, ele-
vation of CPK-MB and troponin T from regenerating chroni-
cally inflamed muscles, and echocardiographic wall motion 
abnormalities.160 Limited prospective echocardiographic 
studies suggest that few patients with polymyositis or derma-
tomyositis manifest wall motion abnormalities or a decreased 
LV ejection fraction during the course of their disease. In 
noncontrolled small series and a recent controlled Doppler 
echocardiography series, subclinical LV diastolic dysfunction 
as impaired relaxation was reported in 12% to 40% of 
patients.158

Pericarditis
The prevalence rate of clinically apparent pericardial disease in 
patients with polymyositis and dermatomyositis is low (~10%). 
Pericarditis is more frequent in patients with the overlap syn-
drome and in children. Pericarditis and cardiac tamponade can 
rarely be the initial manifestation of the disease.161 Echocardio-
graphic series have shown an up to a 25% prevalence rate of 
small and asymptomatic pericardial effusions. Cardiac tampon-
ade and constriction are rare.

Coronary Artery Disease, Valve Disease,  
and Pulmonary Hypertension
Epicardial coronary artery disease with angina has been reported 
in 20% to 25% of patients. Microvascular disease may be as 
prevalent, but coronary arteritis is rare.157

Noninfective valve vegetations similar to those seen in SLE 
have been rarely reported.162

Pulmonary hypertension is uncommon, and its clinical and 
echocardiographic manifestations, treatment, and prognosis 
are similar to that of other rheumatologic diseases.

Mixed Connective Tissue Disease
BACKGROUND

Mixed connective tissue disease is an overlap syndrome with 
features of SLE, rheumatoid arthritis, scleroderma, and poly-
myositis. This disease is characterized by high titers of antibod-
ies to nuclear ribonucleoprotein; patients also have speckled 
antinuclear antibodies and rheumatoid factor. Typical clinical 
features of this disease include Raynaud phenomenon, hand 
edema, polyarthritis, sclerodactyly, interstitial pulmonary fibro-
sis, myositis, and esophageal hypomotility. The true prevalence 
rate of heart disease in this disease is unknown, but it is highly 
variable (10% to 80%), with the highest rates of asymptomatic 
disease reported in echocardiographic series.157 As for other 
rheumatologic diseases, the temporal correlation of heart 
disease with the severity and activity of the disease is variable.

ASSOCIATED CARDIOVASCULAR 
INVOLVEMENT

Pulmonary Hypertension
Pulmonary hypertension is a common complication of mixed 
connective tissue disease and most frequently affects patients 
with features of scleroderma.163 Proliferative vasculitis of the 
small and medium-sized pulmonary arteries and pulmonary 
fibrosis are the most common causes. Pulmonary arterial vaso-
spasm and thromboembolism are uncommon. In those with a 
vasospastic etiology, a favorable short and long response to 
endothelin antagonists has been reported.163 Echocardiography 
is essential in the diagnosis, stratification, and follow-up of 
these patients.

Pericarditis
Pericardial disease is common, but most patients have asymp-
tomatic, small pericardial effusions on echocardiography. Clini-
cal pericarditis has been reported in 25% to 30% of patients 
and rarely can be the initial manifestation of the disease.164 
Large pericardial effusion with tamponade rarely occurs and 
responds favorably to steroid or other immunosuppressive 
therapy (see Question 37-5 at ExpertConsult.com).164,165

Valve Disease and Myocardial Disease
No data associating specific forms of valve disease with mixed 
connective tissue disease have been reported. However, mitral 
valve prolapse has been reported in 20% to 25% of patients.157 
Myocarditis is uncommon and, when detected early, can be 
reversible with steroids and pulse cyclophosphamide therapy. 
On echocardiography, the spectrum of the disease ranges from 
diastolic dysfunction to global or regional LV systolic dysfunc-
tion and congestive heart failure.166

Coronary Artery Disease
As in other rheumatologic diseases, coronary artery disease in 
patients with mixed connective tissue disease is predominantly 
related to microvascular disease. Acute coronary syndromes 
may result from microvascular disease, coronary vasospasm, in 
situ thrombosis, coronary embolism from a valve vegetation, 
and rarely, arteritis.167 Finally, acute myocarditis may mimic an 
acute coronary syndrome (Table 37-1).
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Cardiovascular Involvement in Rheumatologic Diseases

Disease Type of Involvement
Frequency 

(%)* Key Characteristics
Systemic lupus 

erythematosus (SLE)
Libman-Sacks vegetations 10-35 Characteristic, but not exclusive of systemic lupus erythematosus. Can be 

inflammatory, thrombotic, or mixed vegetations. Vegetations frequently change 
in appearance, resolve, appear de novo, or reappear.

Leaflet fibrosis 30-50 Frequently diffuse. Associated calcification is uncommon.
Valve regurgitation (mild or worse) 30-50 Can be severe with acute valvulitis or with overimposed infection. Valve stenosis 

is rare (<3%).
Intracardiac thrombosis and 

cardioembolism
15-20 More commonly to the brain (50%-80%).

Pericarditis 10-50 Antinuclear antibodies in pericardial fluid are diagnostic but not always present. 
Tamponade or constriction is rare.

Asymptomatic effusion 2-20 Primary myocarditis is associated with cellular antigen Ro (SS-A) and La (SS-B) 
antibody.

Myocarditis/cardiomyopathy 1-20 Most commonly nonobstructive.
Coronary disease

Atherosclerotic 10-30 Abnormal coronary vasodilation or microvascular disease. Microvascular 
thrombosis uncommon.

Functional 25-30 Involves small and medium-sized vessels.
Arteritis Rare A result of epicardial atherosclerosis, vasospasm, in situ thrombosis, or embolism. 

Arteritis is rare.
Myocardial infarction <10 Predominantly impaired LV relaxation.
Diastolic dysfunction† 15-35 Caused by interstitial lung disease, vasculitis, and thromboembolism.
Pulmonary hypertension 5-15

Primary antiphospholipid 
syndrome (PAPS)

Valve vegetations 10-30 All valve abnormalities, especially valve vegetations, have similar characteristics 
and evolution as to those of systemic lupus erythematosus. They are 
predominantly thrombotic but can be inflammatory or mixed. These 
vegetations also change in appearance over time, resolve, or reappear over time.

Valve thickening 40-60
Valve regurgitation 30-40
Intracardiac thrombosis and 

cardioembolism
15-20 Includes thrombotic vegetations, adhered or free-floating intracavitary thrombi, 

atrioventricular valve thrombi with inflow obstruction mimicking stenosis, and 
echocardiographic pseudocontrast.

Pulmonary hypertension 20-25 More commonly the result of pulmonary emboli, but pulmonary vasoconstriction 
or obstructive vasculopathy can occur.

Coronary artery disease 20-30 Predominantly functional microvascular disease.
Myocardial disease 15-30 Rarely primary inflammatory. Most commonly diastolic dysfunction from 

microvascular coronary artery disease.
Rheumatoid arthritis Coronary artery disease 40-60

Atherosclerotic >40 Predominantly subclinical as detected with electron-beam computed tomography.
Functional >25 Two to four times higher than the general population; severe obstructive disease 

uncommon.
Arteritis Uncommon Abnormal coronary vasodilation or microvascular disease.

Myocardial infarction 10-15 Difficult to diagnose clinically.
Pericarditis ≤10 Most commonly the result of epicardial atherosclerosis. Rarely, coronary 

vasospasm, in situ thrombosis, or embolism.
Asymptomatic effusion 30-50 Occurs in patients with active disease, high rheumatoid factor level, and nodular 

disease; pericardial fluid can have rheumatoid factor.
Leaflet fibrosis >30 —
Valve nodules ~10 Leaflet fibrosis is indistinguishable from that of systemic lupus.
Valve regurgitation, mild or more >30 Characteristic of rheumatoid arthritis.
Myocarditis/cardiomyopathy <10 Amyloid deposition is a rare cause.
Diastolic dysfunction 30-40 Predominantly impaired LV relaxation.
Pulmonary hypertension ~20 —

Ankylosing spondylitis Proximal aortitis/valvulitis 20-60 Root sclerosis extending to base of anterior mitral leaflet and root dilation are 
characteristic of the disease.

Aortic regurgitation, mild or more 10-40 Decreases anterior mitral leaflet mobility and causes regurgitation.
Subaortic bump 10-40 —
Conduction system disease >20 Extension of aortic root/annulus sclerosis into the proximal septum and 

atrioventricular node.
Diastolic dysfunction 20-30 Predominantly impaired LV relaxation.
Pericarditis <5 Primary immune mediated is uncommon.
Asymptomatic effusion <5 —
Myocarditis/cardiomyopathy <5 Primary immune-mediated myocarditis is rare.

Scleroderma Coronary disease
Atherosclerotic <20 —
Functional ~50 Predominantly vasospastic or coronary Raynaud phenomenon.

Myocarditis/cardiomyopathy 10-50 Most commonly related to recurrent intramyocardial ischemia/necrosis/fibrosis. 
Inflammatory uncommon.

Diastolic dysfunction 30-50 Affects the LV and RV, and predominates as impaired relaxation.
Pulmonary hypertension 35-50 Caused by pulmonary fibrosis, less commonly by vasculitis, vasospasm, or left 

heart disease.
Pericarditis 5-20 —
Asymptomatic effusion 30-40 —
Valve disease <10 Nonspecific. Mitral valve prolapse is common.

Polymyositis/
dermatomyositis

Myocarditis/cardiomyopathy >25 Primary myocarditis more common in patients with myositis. Diastolic 
dysfunction occurs in 10% to 40% of patients.

Pericarditis ~10 More frequent in children and in overlap syndrome.
Asymptomatic effusion 5-25 Commonly nonobstructive atherosclerotic.
Coronary artery disease ~20 Microvascular disease also common. Arteritis is rare.
Valve disease Unknown Is nonspecific. Libman-Sacks–like vegetations are rare.

Mixed connective tissue 
disease (MCTD)

Pulmonary hypertension ≤80 More often resulting from proliferative vasculitis and pulmonary fibrosis.

Pericarditis 5-30 —
Asymptomatic effusion Unknown —
Valve disease Unknown Nonspecific. High prevalence rate of mitral valve prolapse (20%-25%).
Myocarditis/cardiomyopathy <5 —
Coronary artery disease Unknown Predominantly microvascular disease.

*Variability of rates is related to differences in patient population characteristics, study design, and diagnostic methods.
†Defined by Doppler echocardiographic criteria.

TABLE 
37-1 
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Key Echocardiographic Features of Valve Lesions in Selected Conditions

Disease Affected Structures Key Characteristics Functional Sequelae

Systemic lupus 
erythematosus

Mitral valve more than aortic valve leaflets; rarely 
chordae, tricuspid valve, and pulmonary valve; 
spares annuli.

Libman-Sacks vegetations: masses usually 
<1 cm in diameter, with heterogeneous 
echocardiographic reflectance (but not 
calcified) and with irregular borders; 
usually rounded shape. Attached to leaflet 
with a broad base. Usually no independent 
motion. Lesions are located at any portion 
of leaflets, on atrial side of mitral valve and 
aortic vessel or ventricular side of aortic 
valve. Diffuse leaflet thickening or sclerosis 
common; calcification uncommon and 
mild.

Mild to moderate mitral regurgitation 
or aortic regurgitation is common, 
but stenosis is rare. High potential 
embolic source.

Primary 
antiphospholipid 
syndrome

Mitral valve more than aortic valve leaflets; rarely 
chordae, tricuspid valve, and pulmonary valve; 
spares annuli.

Libman-Sacks–like vegetations with similar 
characteristic to those described for 
systemic lupus erythematosus.

Mild to moderate mitral regurgitation 
or aortic regurgitation are common. 
High potential embolic source.

Rheumatoid arthritis Mitral valve, aortic valve leaflets; rarely annuli and 
chordae; spares tricuspid valve and pulmonary 
valve.

Rheumatoid nodules: masses usually <1 cm in 
diameter, with homogeneous soft-tissue 
echocardiographic reflectance and irregular 
border; usually rounded shape. Any 
location within the leaflet; leaflet 
thickening/sclerosis generally mild or 
absent.

Libman-Sacks–like vegetations.

More than mild mitral regurgitation or 
aortic regurgitation is rare. Rupture 
of a nodule may lead to severe valve 
regurgitation. Rarely associated with 
cardioembolism.

Associated with acute or recurrent 
valvulitis. Similar characteristics to 
those associated with systemic lupus 
erythematosus. High embolic 
potential. Postvalvulitis stenosis is 
rare.

Ankylosing 
spondylitis

Proximal aorta, annulus and aortic valve, base of 
anterior mitral leaflet; posterior mitral valve leaflet, 
mitral annulus, and chordae spared.

Sclerosis, stiffness, and dilation of aortic root 
extend to the annulus. Aortic valve leaflet 
sclerosis is generally mild. Subaortic bump: 
a localized thickening of base of anterior 
mitral leaflet resulting from downward 
extension of aortic root and annular 
sclerosis.

Mild to moderate aortic regurgitation 
or mitral regurgitation are common. 
Stenosis not reported.

Rheumatic heart 
disease

90% involvement of mitral valve or aortic valve; 10% 
tricuspid valve or pulmonary valve; annuli of valves 
and aortic root spared.

Mitral valve leaflet edges and chordae are 
most affected, and commissural fusion is 
common; with severe disease, sclerosis 
extends toward base of leaflet and may 
involve papillary muscles. Extensive 
calcification may occur. When localized, 
sclerosis may appear masslike, but very 
high echocardiographic reflectance is unlike 
other lesions, except degenerative. Aortic 
valve cusp edges are affected in a similar 
pattern.

Leaflet edge fusion and chordal 
shortening produce a tethered mitral 
leaflet motion; analogous doming 
motion of the aortic cusps may be 
seen. If fusion predominates, stenosis 
results; if leaflet retraction 
predominates, regurgitation results.

Degenerative 
disorders

Mitral valve and aortic valve annuli and leaflets; 
uncommonly involves chordae and tip of papillary 
muscles.

Sclerosis is concentrated at base of leaflets and 
annulus, with progressive extension toward 
leaflet mid portion; tip uncommonly 
involved. When localized, sclerosis may 
appear masslike or as nodules. Aortic valve 
nodules more commonly located at the 
base and commissural portions.

Annular calcification predominates for 
mitral valve, with leaflet sclerosis less 
common and usually limited to 
posterior leaflet. Mitral regurgitation 
rarely more than mild, and stenosis 
is rare and subclinical or mild. 
Aortic valve leaflet sclerosis and 
fusion lead to stenosis, and leaflet 
distortion leads to aortic 
regurgitation, generally mild.

Infective 
endocarditis

Acute: mass with homogeneous soft tissue reflectance 
and irregular borders; size and shape are highly 
variable, usually with narrow base, often 
pedunculated. Lesions almost always exhibit motion 
independent of underlying structure and almost 
always oscillatory. Mitral valve and tricuspid valve 
lesions prolapse into atria in systole; aortic valve 
and pulmonary valve lesions prolapse into outflow 
tracts in diastole. Lesions usually attached to distal 
third of leaflet. With aortic valve disease, additional 
vegetations may occur on anterior mitral leaflet and 
chordae.

Chronic: localized thickening or increased reflectance 
of leaflet or chordae. Lesion is not necessarily distal 
on leaflet. Fibrous tissue reflectance and calcification 
are common.

Valve regurgitation is common and 
frequently severe; stenosis involving 
native valves is rare. Leaflet 
perforation or abscess formation 
occurs. Cardioembolism is common.

Valve or Lambl 
excrescences168

Detected with TEE, rarely with TTE. Similarly high 
frequency rate (35% to 40%) in healthy subjects, in 
patients with connective tissue diseases, and in 
patients with suspected cardioembolism. They are 
thin (0.6 to 2 mm in width), elongated (4 to 16 mm), 
hypermobile structures seen at or near the leaflets 
coaptation point, on the atrial side during systole for 
mitral and tricuspid valves and ventricular side 
during diastole for the aortic valve. Multivalvular 
involvement seen in 20% to 25% of subjects.

Valve excrescences are not associated or 
cause valvular dysfunction, persist 
unchanged over time, and are not 
associated with antiphospholipid 
antibodies or with an increased risk 
of cardioembolism.

TABLE 
37-2 
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Endocrinopathies
Diabetic Heart Disease
Metabolic Syndrome
Hypothyroidism
Hyperthyroidism
Acromegalic Heart Disease
Primary Hyperparathyroidism
Adrenal Diseases and Heart Disease

Chronic Kidney Disease
Uremic Cardiomyopathy, Systolic Dysfunction, and LV 

Hypertrophy
Diastolic Dysfunction

Structural and Valvular Heart Disease
Clinical Utility

Obesity
Systolic Function
Diastolic Function
Structural Abnormalities
Anorexigen Use, Valvulopathy, and Pulmonary 

Hypertension
Clinical Utility

Nutritional Deficiencies and Heart Disease
Vitamin and Trace Element Deficiencies
Protein and Calorie Malnutrition

Endocrinopathies, renal diseases, nutritional deficiencies, and 
obesity have an adverse impact on cardiac function and struc-
ture and affect cardiovascular morbidity and mortality. These 
disorders may impair systolic and diastolic function, cause val-
vular regurgitation or stenosis, and lead to ventricular hyper-
trophy and dilation. Although the cardiac manifestations of 
these disorders are nonspecific, their detection has clinical rel-
evance and significantly affects patient management. The emer-
gence of strain imaging and tissue-Doppler echocardiography 
has allowed for early detection of myocardial disease. Conven-
tional echocardiography and newer modalities play an impor-
tant role in the timely detection of cardiac abnormalities from 
these diverse disease entities, particularly in asymptomatic 
patients.

Endocrinopathies
DIABETIC HEART DISEASE

Diabetes mellitus may cause a diabetic cardiomyopathy by 
impairing diastolic and systolic myocardial function via incom-
pletely understood mechanisms independent of coronary artery 
disease or hypertension.1 The mechanisms that cause diabetic 
cardiomyopathy are likely multifactorial and may relate to 
hyperglycemia, insulin resistance, diabetic microangiopathy of 
the coronary circulation, reduction in myocardial glucose 
supply and oxidation, impaired myocardial free fatty acid 
metabolism, abnormal regulation of intracellular calcium 

homeostasis, duration of diabetes, and type of diabetes. Diabe-
tes is a major contributor to heart failure and occurs in 15% to 
35% of heart failure patients.2 In diabetic subjects, the risk of 
heart failure is higher in women than men. Cardiovascular 
prognosis is worse in heart failure patients with diabetes. Meta-
analyses show that the relative risk for mortality is 28% higher 
in diabetic subjects with heart failure and systolic dysfunction 
as compared to their nondiabetic counterparts.3 The impact of 
diabetes on outcome in patients with heart failure from dia-
stolic dysfunction is less clear. In diabetic patients with diastolic 
dysfunction compared to those without, the cumulative prob-
ability of death at 5 years has been reported to be 30.8% versus 
12.1%.4 Diabetic cardiomyopathy begins in a preclinical phase 
as regional myocardial systolic and diastolic dysfunction that 
leads to global diastolic dysfunction, and progresses to left ven-
tricular hypertrophy (LVH), fibrosis, dilatation, and global sys-
tolic dysfunction or reduced left ventricular (LV) ejection 
fraction. Detection of myocardial disease potentially on the 
basis of diabetes in its early stages, before structural changes 
such as hypertrophy or fibrosis occur, may affect intensity of 
treatment and disease progression.

LV Systolic Dysfunction
Regional impairment of LV myocardial systolic function is an 
early manifestation of diabetic heart disease assessed by strain, 
strain rate, and peak myocardial tissue-Doppler velocity 
imaging. It occurs before the onset of symptoms.5-10 Regional 
contractility reserve is decreased in patients with diabetes as 
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decrease in systolic strain.5 The myocardial performance index 
derived from conventional Doppler echocardiography may be 
abnormal during the early course of type 2 diabetes. Echocar-
diographic-based measurement of LV systolic torsion and con-
tractile dyssynchrony offer promise in detection of diabetic 
myocardium in its early stages, but future studies validating 
their role are needed.14

In diabetic patients with long-term, complicated disease, sys-
tolic time intervals are frequently abnormal and include pro-
longation of LV preejection period and shortening of ejection 
time. Shortening fraction derived by M-mode echocardiogra-
phy may be decreased in diabetic patients with long-standing 
disease. In young asymptomatic diabetic patients, abnormalities 
of LV shortening fraction and velocity of circumferential fiber 
shortening (Vcf) measured by M-mode echocardiography may 
become evident immediately after exercise. Divergent results 
have been reported in diabetic subjects on the response of peak 
systolic myocardial tissue velocity to dobutamine, with findings 
of a blunted increase13 versus normal increase.15

Diabetes is a cause of LVH and concentric remodeling, which 
can be assessed for by M-mode and two-dimensional (2D) 
echocardiography.16 Abnormal myocardial acoustic properties 
characterized by a reduction in the cyclic variation of ultrasound-
integrated back-scatter and abnormal acoustic densitometry 

assessed by strain and peak strain rate imaging during dobuta-
mine stress echocardiography.11 Exercise may unmask potential 
abnormalities of systolic function unrelated to coronary artery 
disease that were not apparent at rest in diabetes.12 Regional 
myocardial systolic dysfunction progresses to global impair-
ment in systolic function as manifested by a reduced LV ejection 
fraction and associated remodeling.

LV longitudinal systolic strain and peak systolic tissue- 
Doppler velocity may be reduced in patients with diabetes, rep-
resenting an early stage of systolic dysfunction that precedes 
abnormalities of more conventional echocardiographic indexes 
of systolic function (e.g., LV ejection fraction, ratio of preejec-
tion period to LV ejection time, or shortening fraction.5-10,13 
Nakai and co-workers6 reported LV longitudinal systolic strain 
obtained as the average of 18 myocardial segments from apical 
four-, two-, and three-chamber views (Fig. 38-1) to be reduced 
in asymptomatic diabetic patients compared to controls (−17.6 
± 2.6% versus −20.8 ± 1.8%, p <0.001). Ng and associates7 noted 
similar findings, and that longitudinal systolic strain rate was 
lower in asymptomatic diabetic patients versus healthy subjects 
(−0.99 ± 0.17 s−1 versus −1.07 ± 0.3 s−1, p = 0.009). The influence 
of diabetes on radial systolic strain of the mid left ventricle (LV) 
is less consistent: Some investigators note normal systolic 
strain6,7 and/or strain rates,7 whereas other researchers report a 

Figure 38-1  Measurements of strain and post-systolic index in a diabetic patient. Upper three panels show longitudinal regional strain curve 
of six segments from the apical four-chamber, two-chamber, and long-axis views. The vertical line denotes end-systole (ES ). In addition to longitu-
dinal strain values at end-systole  (LSes), post-systolic peak  longitudinal strain  (LSpss) was measured,  if  the regional strain curve reached  its peak 
after the aortic valve closure. Lower panels show parametric image of end-systolic strain and post-systolic index. Note that post-systolic index was 
observed  in the basal part of  the myocardium.  (Modified from Nakai H, Takeuchi M, Nishikage T, et al: Subclinical left ventricular dysfunction in 
asymptomatic diabetic patients assessed by two-dimensional speckle tracking echocardiography—correlation with diabetic duration. Eur J Echo-
cardiogr 10:926-932, 2009.)
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diabetic patients.23 Aortic stiffness is increased and distensibility 
decreased as measured at the proximal ascending aorta using 
M-mode echocardiography.23 Impaired aortic elastic function 
is associated with diastolic dysfunction in asymptomatic dia-
betic patients.23

Diastolic Dysfunction
Conventional echocardiographic parameters of diastolic func-
tion (e.g., peak early filling velocity, peak early to atrial velocity 
ratio, deceleration time, inflow propagation rate, pulmonic vein 
systolic to diastolic peak velocity ratio, or isovolumetric relax-
ation time) largely reflect the impact of diabetes on diastolic 
function of the LV and/or RV chambers and as such are “global 
indexes” of diastolic function (Table 38-1). In well-controlled 
type 2 diabetic patients, 60% showed global diastolic dysfunc-
tion, with a pattern of impaired LV relaxation (grade 1) in 32% 
and pseudonormal (grade 2) in 28%.24 Boyer et al.25 reported 
grade 1 diastolic dysfunction in 46% of well-controlled type 2 
diabetic patients. Pseudonormal diastolic function can be 
unmasked in diabetic patients with normal diastolic filling at 
rest by performance of Valsalva maneuver or isometric hand-
grip exercise Doppler echocardiography.15 Restrictive diastolic 
filling in the absence of reduced LV ejection fraction (i.e., 
dilated cardiomyopathy) has not been convincingly shown  
as a feature of diabetic myocardial disease. However, before 
global diastolic function is impacted, a cumulative amount of 
regional myocardial diastolic dysfunction and/or dyssynchrony 
must occur.

can be detected in asymptomatic diabetic patients and reflect 
subclinical cardiomyopathic changes potentially attributable to 
collagen deposition or myocardial fibrosis in the heart.10,17

Right Ventricular Dysfunction
Although data regarding the effect of diabetes on LV function 
and structure are robust, information is scant in regard to the 
right ventricle (RV). Studies show that diabetic patients have 
impaired regional and global relaxation (grade 1) of the RV, as 
evidenced by tricuspid valve peak early to atrial inflow velocity 
ratio less than 1.0, lateral tricuspid annular tissue-Doppler peak 
early to atrial velocity ratio less than 1.0,18 and reduced peak 
early diastolic strain rate of base and apical RV free wall.19 The 
potential influence of diabetes on RV systolic function is less 
well studied. Some studies support diabetes as a cause of 
impairment of RV systolic function,19,20 whereas others do 
not.18

Valvular Function and Aortic Elastic Properties
Type 2 diabetes accelerates the rate of progression in patients 
with moderate (i.e., valve area 1.0 to 1.5 cm2) aortic stenosis.21 
Diabetic patients as compared to nondiabetic subjects showed 
a more rapid decrease in aortic valve area of 0.25 ± 0.20 versus 
0.14 ± 0.13 cm2/year (p = 0.0016).21 In patients with severe 
aortic stenosis, the presence of diabetes leads to more adverse 
remodeling of the LV as characterized by greater LV mass and 
end-diastolic dimension than explained by afterload.22 Elastic 
properties of the aorta are impaired in asymptomatic type 2 

Echocardiographic Findings in Diabetic Cardiomyopathy

Myocardial 
Disease Stage Diastolic Function Systolic Function Structure

Early Strain/tissue-Doppler imaging:
↓Peak global early LV diastolic SR (<1.0 s−1)
↓MV annular E′ (<8 cm/s)
↓MV annular E′/A′ ratio (<1.0)
↓Diastolic reserve (i.e., blunted rise in annular E′ 

with supine bicycle exercise)
Conventional Doppler indexes:

Normal (E, E/A, IVRT, %AC, Vp)

Strain/tissue-Doppler imaging:
↓Global LV longitudinal strain (<−18%)
↓Peak global LV longitudinal systolic SR 

(<0.90 s−1)
↓Systolic reserve (i.e., Blunted rise in 

annular S′ with supine bicycle exercise)
Possible ↓MV annular S′
Conventional 2D/3D echocardiography
Normal (rest LVEF, SF, Vcf)

Conventional Doppler indexes:
Normal (PEP/LVET)

M-mode/2D echocardiography:
Normal (LVM index, LV volume, 

LV wall thickness)

Middle All strain and tissue-Doppler abnormalities of 
early stage

Conventional Doppler/color M-mode Doppler:
Grade 1 diastolic dysfunction:
↓E (<0.6 m/s)
↓E/A ratio (<1.0)
↓Vp (<45 cm/s) via color M-mode
↑%AC, ↑IVRT (>90 ms), ↑DT (>250 ms)
Possible grade 2 diastolic dysfunction:
↑E/E′ (>15)
Normal (E, E/A, IVRT, %AC, Vp)

All strain and tissue-Doppler 
abnormalities of early stage

Conventional 2D/3D echocardiography:
Blunted rise in LVEF with exercise
Normal (rest LVEF, SF, Vcf)
Conventional Doppler indexes
PEP/LVET may be prolonged
↑Global LV Tei index (>0.50)

Ultrasonic integrated back-scatter:
↓Septal and posterior wall cyclic variation 

index

M-mode/2D echocardiography:
Possible ↑LVM index
Possible ↑LV wall thickness 

(concentric remodeling)
Possible ↑LA volume index 

(>28 mL/m2 body surface area)
Ultrasonic integrated back-scatter:

↑Myocardial acoustic reflectivity

Late All strain and tissue-Doppler abnormalities of 
early stage

Grade 2 diastolic dysfunction:
↑E/E′ (>15)
Normal (E, E/A, IVRT, %AC)

Conventional Doppler:
Grade 3 diastolic dysfunction if coexistent 

impaired LVEF:
↑E (<0.6 m/s)
↑E/A ratio (<1.0)
↓%AC, ↓IVRT (<60 ms)
↓DT (<150 ms)
↓Vp (<45 cm/s) via color M-mode

All strain and tissue-Doppler 
abnormalities of early stage

All ultrasonic integrated back-scatter 
abnormalities of middle stage

Conventional Doppler indexes:
↑PEP/LVET (>0.50)

Conventional 2D/3D echocardiography:
LVEF, SF, Vcf may be abnormal

M-mode/2D echocardiography:
Concentric remodeling
Concentric LVH
Eccentric LVH
LV enlargement
↑LVM index
↑LA volume index (>28 mL/m2 

body surface area)
Ultrasonic integrated back-scatter:

↑Myocardial acoustic reflectivity

DT, Transmitral early diastolic deceleration time; E, peak transmitral early diastolic filling velocity; E/A, E/peak transmitral late diastolic filling velocity ratio; E′, peak early diastolic tissue-
Doppler velocity; E′/A′, E′ to peak late diastolic tissue-Doppler velocity; E/E′, E to E′ ratio; IVRT, isovolumic relaxation time; LVEF, LV ejection fraction; LVM, LV mass; MV, mitral 
valve; PEP/LVET, LV preejection to LV ejection time ratio; SF, LV shortening fraction; SR, strain rate; S′, peak LV systolic tissue-Doppler velocity; Vcf, LV velocity of circumferential fiber 
shortening; Vp, LV inflow propagation rate; %AC, percent atrial contribution to LV filling.

TABLE 
38-1 
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Subclinical regional myocardial impairment of LV diastolic 
function is an early manifestation of diabetic cardiomyopathy 
independent of associated diseases, such as hypertension or 
coronary artery disease.4 Studies using myocardial tissue-
Doppler imaging have shown regional impairment of LV dia-
stolic function at early stages in diabetes with a prevalence as 
high as 75%.8,9,13,15,25,26 Importantly, progression to impaired 
global LV diastolic function as determined by Doppler echocar-
diography may occur after only a few years of diabetes. Although 
global LV diastolic function is more likely to be abnormal in 
diabetic patients with advanced disease manifestations, such as 
overt nephropathy, autonomic neuropathy, or retinopathy, it 
does occur in these patients with uncomplicated disease. 
Impairment of regional RV diastolic function is an early mani-
festation of diabetic heart disease and can be subclinical.20

Augmentation of regional myocardial relaxation (i.e., dia-
stolic functional reserve) during dobutamine infusion11 or exer-
cise27,28 as assessed by tissue-Doppler velocities, strain, and/or 
strain rate imaging is blunted in subjects with diabetes and 
occurs before the development of abnormalities in diastolic 
function at rest. Global or regional LV diastolic dysfunction 
determined by pulsed Doppler echocardiography or tissue-
Doppler myocardial imaging, respectively, in type 2 diabetic 
subjects adversely reduces maximal exercise capacity and 
tolerance.29-31

Tissue-Doppler and strain imaging allow for a more direct 
appraisal of diastolic function at the regional myocardial level. 
As a result, these approaches are more sensitive for detection of 
diastolic dysfunction from diabetes and allow for its detection 
at a preclinical stage that precedes the earliest stage of global 
diastolic dysfunction (grade 1), that is, a “preglobal” (or pre–
grade 1) diastolic dysfunction (Fig. 38-2). Supporting this 
concept is the study of Di Bonito and colleagues,26 who showed 
that 50% of type 2 diabetics with uncomplicated and short-
term (4 years or less) disease had a reduced (i.e., less than 1.0) 

ratio of peak early to atrial mitral annular tissue-Doppler 
(E′/A′), in the face of normal global indexes of diastolic func-
tion (see Chapter 11). The detection of diastolic dysfunction is 
enhanced by the addition of tissue-Doppler imaging parame-
ters to that of conventional Doppler indexes (see Chapter 10). 
Individual diabetic patients may show an isolated abnormality 
in conventional or tissue-Doppler imaging indexes, which 
emphasizes the need for a comprehensive echocardiographic 
evaluation in the assessment of diastolic function. Tissue- 
Doppler echocardiography of peak septal mitral annular early 
diastolic velocity (E′) shows a blunted increase with supine 
bicycle exercise and may allow for early detection of diabetic 
myocardial disease.27 Similarly, diabetes patients have a blunted 
decrease from rest to exercise in the time to onset of regional 
LV relaxation derived by strain imaging, a promising method 
to detect early diabetic myocardial disease.28

2D speckle tracking has made echocardiographic strain 
imaging practical by eliminating many of the inherent limita-
tions of color Doppler–based strain, such as dependency on 
angle of insonation, inability to correct for cardiac translational 
motion, and inability to measure radial or circumferential 
strain. Strain imaging is an important modality in the evalua-
tion of diabetic patients with normal conventional indexes and 
tissue-Doppler parameters of diastolic function for early detec-
tion of diabetic myocardial disease.7 Longitudinal early diastolic 
LV strain rate is decreased in asymptomatic patients with type 
2 diabetes7 (Fig. 38-3).

Interaction of Diabetes with Hypertension, Renal 
Insufficiency, Obesity, Aging, and Gender
Diabetes and systemic hypertension are both independently 
associated with concentric LVH and concentric remodeling. 
The prevalence of concentric LVH and magnitude of relative 
wall thicknesses is greater in patients when these two diseases 
coexist as compared to when either exists in isolation.32 Impor-
tantly, type 2 diabetes attenuates regression of LVH in patients 
treated for hypertension (Fig. 38-4).33 LV diastolic function is 
more impaired in patients with coexisting diabetes and hyper-
tension as compared to those subjects with only one of these 
diseases.8 A novel application of strain rate imaging is assess-
ment of left atrial (LA) function. In diabetic patients, hyperten-
sion augments impairment of LA conduit and booster function 
as assessed by peak early and late diastolic atrial strain rates, 
respectively.33 LV diastolic dysfunction, independent of LVH, 
may markedly progress in patients with chronic kidney disease 
and diabetes.34 LV diastolic dysfunction is significantly more 
prevalent in obese patients with as compared to those without 
diabetes.35 Diabetes in the presence of obesity augments the 
increase in LV mass corrected for height.36 The interaction of 
diabetes and obesity on increasing LV mass is further amplified 
by aging in women, but not in men.36 Aging is an independent 
contributor to diastolic dysfunction in the normotensive type 
2 diabetic patient.37 There are gender differences in LV diastolic 
stiffness in diabetic patients.2 Diabetes in women compared to 
men is associated with increased LV stiffness during supine 
bicycle exercise at 50 watts using a novel noninvasive echocar-
diographically derived index of elastance calculated as the ratio 
of peak mitral inflow to annular velocities divided by LV stroke 
volume.

Clinical Utility
Echocardiography has emerged as an important, practical, and 
reliable modality for the early detection of diabetic myocardial 

Figure 38-2  LV longitudinal systolic strain values in diabetic 
patients (purple boxes) and control subjects (blue boxes) from 
basal, middle, and apical segments, and all segments averaged. 
Systolic  strain  was  reduced  at  each  segment  in  diabetic  patients. 
Numerical  values  are  mean  ±  SD.  In each box, line in middle  equals 
median value, and top and bottom of box represent the 75th and 25th 
percentiles, respectively. Upper and lower bars of each box plot show 
the  90th  and  10th  percentiles,  respectively.  (Modified from Nakai H, 
Takeuchi M, Nishikage T, et al: Subclinical left ventricular dysfunction in 
asymptomatic diabetic patients assessed by two-dimensional speckle 
tracking echocardiography—correlation with diabetic duration.  Eur  J 
Echocardiogr 10:926-932, 2009.)
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Figure 38-3  Echocardiographic findings of diastolic function in five different patients with diabetes mellitus, designated as A, B, C, D, and 
E. In order from top, rows represent resting pulsed Doppler mitral inflow, mitral inflow during the Valsalva maneuver, early diastolic tissue-Doppler 
velocity, and color M-mode inflow propagation rate, respectively. Patient A shows no diastolic dysfunction abnormalities. In patients B through E, 
only one of the diastolic parameters (arrow) was abnormal when the remaining measurements were normal. (From Boyer JK, Thanigaraj S, Schecht-
man KB, Perez JE: Prevalence of ventricular diastolic dysfunction in asymptomatic, normotensive patients with diabetes mellitus.  Am  J  Cardiol 
93:870-875, 2004.)

A B C D E

disease, particularly when using tissue-Doppler and strain 
imaging,5-9,13,15,25,26 and, when necessary, dobutamine or stress 
echocardiography.11,27,28 Echocardiographic characterization of 
diastolic function yields insight into the status of myocardial 
pathology. It is proposed that in diabetic cardiomyopathy 
impaired relaxation (grade 1), pseudonormal (grade 2), or 
restrictive (grade 3) forms of diastolic dysfunction represent 
predominantly deranged myocardial metabolism with only 
mild fibrosis, a moderate degree of fibrosis, or severe fibrosis, 
respectively.38 Preglobal diastolic dysfunction characterized by 
diastolic and/or systolic impairment of myocardium detectable 

by strain or tissue-Doppler imaging that precedes abnormalities 
of early diastolic filling (grade 1), or other global indexes such 
as isovolumic relaxation time or LV inflow propagation rate 
(Vp), may represent altered myocardial metabolism without 
fibrosis.39 Diastolic dysfunction assessed by peak early mitral 
inflow velocity to early annular tissue-Doppler velocity (E/E′) 
ratio correlates with worsening glycemic control (Fig. 38-5).40 
Importantly, echocardiography is useful in demonstrating that 
therapeutic approaches may prevent or delay the progression of 
early diabetic myocardial disease. Diastolic and systolic dys-
function in diabetes improves with glycemic control as assessed 
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in diabetes on myocardial diastolic function, but studied only 
39 patients.48 Once diabetic myocardial disease is advanced or 
systolic heart failure ensues, the effectiveness of treatment for 
reversing the cardiomyopathic state is unproven.49,50 In type 2 
diabetes patients with hypertension, echocardiography deter-
mination of LV mass index greater than 142 g/m2 in women, or 
greater than 164 g/m2 in men, or a relative wall thickness greater 
than 0.50 is a predictor of cardiovascular events (Fig. 38-6).51 
The Framingham Heart Study estimates that in type 2 diabetes 
and no clinical coronary artery disease, each 50-g increase in LV 
mass index increases risk of cardiovascular disease in women 
by 57% and in men by 49%. Treatment may regress LVH in 
diabetes patients.52 Fang and colleagues53 reported that in 
unselected asymptomatic patients (n = 101) with diabetes, 22% 
had LVH, and in a subgroup (n = 66) without coronary artery 
disease or hypertrophy, 56% had myocardial diastolic or systolic 
dysfunction, or both as determined by tissue-Doppler velocities 
or strain. Brain natriuretic peptide was insensitive for detection 
of diabetic myocardial disease.53 Echocardiographic screening 
of asymptomatic diabetic subjects for abnormalities in regional 
and global systolic and diastolic function, or LVH is advisable, 
particularly if there is the coexistence of diseases that potentiate 
the adverse effects of diabetes on cardiac structure and function, 
such as hypertension, chronic kidney disease, or obesity. Serial 
echocardiography would appear useful to gauge potential 
benefit of treatment.

METABOLIC SYNDROME

The metabolic syndrome is a combination of three or more 
disorders that include fasting glucose level of 110 mg/dL or 
greater, central obesity, triglyceride level greater than 150 mg/

Figure 38-5  Relation of hemoglobin A1c (HgbA1c) to LV peak early 
mitral inflow velocity to early annular tissue-Doppler velocity ratio 
(E/E’) in type 1 diabetic patients. Improved glycemic control is associ-
ated  with  better  diastolic  function.  SEE,  Standard  error  of  estimate. 
(Modified from Shishehbor MH, Hoogwerf BJ, Schoenhagen P, et al: 
Relation of hemoglobin A1c to left ventricular relaxation in patients with 
type 1 diabetes mellitus and without overt heart disease. Am J Cardiol 
91:1514-1517, 2003.)
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Figure 38-6  Event-free survival curves without a cardiovascular 
event by relative wall thickness (RWT ) >0.50 (4th quartile) or ≤0.50 
(1st to 3rd quartiles) in nonobese type 2 diabetic patients. Relative 
wall  thickness  greater  than  0.50  was  associated  with  greater  events  
(p  =  0.18).  (Modified from Eguchi K, Ishikawa J, Hoshide S, et al: Dif-
ferential impact of left ventricular mass and relative wall thickness on 
cardiovascular prognosis in diabetic and nondiabetic hypertensive sub-
jects. Am Heart J 154:79.e9-79.e15, 2007.)
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Figure 38-4  LV geometry at time of final echocardiography in 
diabetic (DM, blue bars) and nondiabetic (Non-DM, purple bars) 
hypertensive patients in the LIFE study. LV hypertrophy persisted at 
more  than  3.5  years  of  follow-up  more  commonly  in  diabetic  versus 
nondiabetic  patients  (47%  versus  39%,  p  <0.05)  because  of  greater 
prevalence of  concentric  and eccentric  LV hypertrophy.  Conc remod, 
Concentric  LV  remodeling;  Ecc LVH,  eccentric  LV  hypertrophy;  Conc 
LVH, concentric LV hypertrophy. (From Gerdts E, Okin PM, Wachtell K, 
et al: Impact of diabetes on treatment-induced changes in left ventricu-
lar structure and function in hypertensive patients with left ventricular 
hypertrophy. Nutr Metab Cardiovasc Dis 19:306-312, 2009.)

0

Non-DM
DM

70

60

50

40

30

20

10

P
re

va
le

nc
e 

on
 fi

na
l e

ch
oc

ar
di

og
ra

m
 (

%
)

Normal Conc remod Ecc LVH Conc LVH

by early annular E′ and longitudinal systolic strain rate, respec-
tively.41,42 The potential benefits for cardiac function of 
individual treatments to achieve glycemic control in diabetes 
patients are not uniform. Metformin and rosiglitazone appear 
beneficial,43,44 but pioglitazone does not.45 Although vigorous 
training aiding in glycemic control may improve myocardial 
disease in diabetes patients as assessed by tissue-Doppler and 
strain,46 conventional exercise training does not.47 A random-
ized trial failed to demonstrate the benefit of glycemic control 
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HYPOTHYROIDISM

Hypothyroidism occurs in 4.6% of adults in the United States 
and is subclinical in the vast majority of these individuals, 
whereby circulating free thyroid hormone concentrations are 
normal but thyroid stimulating hormone level is elevated. The 
Framingham Heart Study has shown hypothyroidism in 10.3% 
of individuals over age 60 years, and that it is over 2 times more 
common in women.65 Thyroid dysfunction adversely affects LV 
function and structure and the pericardium (Table 38-2), with 
effects ranging from a subclinical level to frank heart failure.66 
RV systolic function may also be impaired in patients with overt 
hypothyroidism.67 However, restoring normal thyroid homeo-
stasis will often reverse adverse affects of thyroid disease, 
emphasizing the importance of detecting thyroid-induced heart 
disease.68

Systolic Dysfunction
LV systolic dysfunction is a well-recognized feature of overt 
chronic hypothyroidism using conventional echocardiography 
measures, with signs including prolongation of the LV preejec-
tion period and a reduced ejection fraction, Vcf, and systolic 
ejection. More recently, Tiryakioglu and colleagues69 reported 
that untreated patients with overt hypothyroidism compared  
to control subjects have reduced longitudinal systolic strain 
(16.4 ± 1.4% versus 20.6 ± 1.5%, p <0.001) and peak strain rate 
(1.0 ± 0.1 s−1 versus 1.4 ± 0.1 s−1, p <0.001) as determined from 
the average of all myocardial segments. Kaplan and co-workers70 
have used color Doppler–based tissue imaging to show that LV 
systolic dyssynchrony occurs more commonly in overt hypo-
thyroidism compared to controls (84% versus 27%, p <0.001) 
as defined when the standard deviation of time to peak myo-
cardial velocity of the six basal and six midventricular segments 
exceeds 40 ms.

With subclinical hypothyroidism, LV systolic dysfunction, as 
evidenced by a reduced peak myocardial systolic velocity, is seen 
during exercise.71-75 More sensitive measures of strain also show 
myocardial systolic dysfunction at rest in patients with sub-
clinical hypothyroidism.76 Aghini-Lombardi and associates77 
reported reduced systolic longitudinal strain of midseptal wall 
(−19.2 ± 4.2% versus −23.3 ± 5.4%, p = 0.05) and midlateral 
wall (−18.4 ± 3,7% versus −23.1 ± 5.6%, p = 0.02), as well as 
decreased peak strain rate of midseptal wall (−0.7 ± 0.2 s−1 
versus −1.2 ± 0.4 s−1, p = 0.05) and midlateral wall (−1.05 ± 
0.2 s−1 versus −1.25 ± 0.2 s−1, p = 0.05), in patients with subclini-
cal hypothyroidism versus controls. The cyclic variation index, 
a measure of intrinsic contractility derived by integrated back-
scatter, is reduced in subclinical hypothyroidism.78,77 The cyclic 
variation index of regional myocardial segments (e.g., septum 
or posterior wall) is the percent difference in integrated back-
scatter from end-diastole to end-systole. The cyclic variation 
index of the septum of less than 31% correctly discriminates 
subjects with subclinical hypothyroidism from controls in  
86%, significantly better than conventional echocardiographic 
indexes.77 Peak systolic tissue-Doppler velocity of the lateral or 
septal annulus at rest appears insensitive for myocardial dys-
function in subclinical hypothyroidism, as it may be normal 
despite abnormalities in global indexes of LV systolic (i.e., pre-
ejection period or increased preejection to LV ejection time 
ratio)74,77 or diastolic (i.e., peak) function.74,75,77,79

The adverse effect of subclinical hypothyroidism on left and 
RV myocardial contractile function can be reversed or improved 
with thyroid replacement therapy.79-81

dL, high-density lipoprotein cholesterol level <40 mg/dL, and 
blood pressure at or above 130/80 mm Hg. It has an estimated 
prevalence of 75 million adults in the United States. It is not 
surprising that the metabolic syndrome is a risk factor for 
adverse cardiovascular complications, such as heart failure. 
Akin to diabetes, over the past 5 years substantial data has 
emerged confirming that abnormalities of LV diastolic and sys-
tolic function and structure occur with the metabolic 
syndrome.54-61 It has not been completely determined whether 
these abnormalities are due to the metabolic syndrome per se, 
or due to specific individual components of the syndrome. 
Female compared to male gender in patients with metabolic 
syndrome is a greater risk factor for concentric remodeling or 
hypertrophy.57,59 Dyssynchronous systolic contraction and 
impaired diastolic relaxation occur in the metabolic syndrome, 
and hypertension is not the most prominent determinant.62 
Briand and co-workers63 have shown that metabolic syndrome 
doubles the rate of progression of aortic stenosis (−0.14 ± 
0.13 cm2/year versus −0.08 ± 0.08 cm2/year, p = 0.008) and is 
associated with a substantially lower 3-year event-free survival 
(44 ± 8% versus 69 ± 6%, p = 0.002). In a separate study, these 
investigators have reported that metabolic syndrome is associ-
ated with a significantly faster rate of deterioration of biopros-
thetic aortic valves.64

Abnormal echocardiography parameters of early LV myocar-
dial disease that occur in subjects with metabolic syndrome 
include a reduced myocardial E′ or annular E′, decreased 
regional and global systolic and early diastolic strain rates, and 
regional systolic strain.55,56 Grade 1 LV diastolic dysfunction 
characterized by a reduced transmitral E/A ratio may occur in 
29% of subjects with metabolic syndrome.54,55 The myocardial 
performance index or Tei index is adversely affected by meta-
bolic syndrome and progressively worsens with more compo-
nents of the disease (Fig. 38-7).54,60

Figure 38-7  The Tei index (mean ± SD) in men and women without 
(orange bars) metabolic syndrome, and with three (dark blue bars), 
four (purple bars), or five (royal blue bars) components of the meta-
bolic syndrome.  Myocardial  performance  progressively  worsens  with 
increasing components of the metabolic syndrome.  (From Voulgari C, 
Moyssakis I, Papazafiropoulou A, et al: The impact of metabolic syn-
drome on left ventricular myocardial performance. Diabetes Metab Rev 
26:121-127, 2010.)
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screening for myocardial dysfunction in these patients likely 
requires sophisticated echocardiographic techniques, such as 
strain, strain rate imaging, and tissue-Doppler imaging. This is 
particularly the case when conventional but less sensitive echo-
cardiography methods for LV dysfunction are unremarkable. 
Otherwise, occult and reversible myocardial disease may go 
unrecognized.

Overt hypothyroidism causes diastolic and systolic heart 
failure, which is partially reversible.82,83 However, making an 
accurate diagnosis of heart failure in the setting of overt hypo-
thyroidism may be difficult because symptoms of heart failure 
are easily misdiagnosed as being attributable to hypothyroid-
ism. Conventional echocardiographic findings of cardiac dys-
function support the diagnosis of heart failure and potentially 
affect the specific selection of medical therapy. Tissue-Doppler 
velocities and strain and strain rate imaging complement con-
ventional echocardiography for these purposes, particularly for 
abnormalities in regional ventricular diastolic and systolic 
function.

Pericardial tamponade in overt hypothyroidism can easily be 
misdiagnosed as heart failure.88 Both may present with dyspnea, 
jugular venous distention, enlarged cardiac silhouette, and 
peripheral edema. The diagnosis of cardiac tamponade is facili-
tated by the use of echocardiography.

HYPERTHYROIDISM

Systolic Function
Echocardiographic findings of systolic function in overt hyper-
thyroidism typically show increased LV ejection fraction  
or Vcf

89,90; however, these findings are not uniform91,92 (Table 
38-3). Explanation for this difference in findings is unclear. 
Patients in these studies were untreated, newly diagnosed,  
and predominantly of female gender. However, etiologies of  
hyperthyroidism did differ (i.e., Graves disease, autonomous  
goiter, multinodular goiter, thyroid carcinoma). In addition, 
ejection fraction and Vcf are load-dependent indexes. The 
increase in preload and decrease in afterload associated with 

Diastolic Dysfunction
Overt hypothyroidism is typically associated with grade 1 dia-
stolic dysfunction,82-84 but grade 2 or pseudonormal diastolic 
dysfunction also may be seen.69 Overt hypothyroidism impairs 
early and late regional and global diastolic peak longitudinal LV 
strain rates.69,76, In addition, tissue Doppler–derived E′ and the 
E′/A′ ratio are reduced,84 and the myocardial performance index 
may be prolonged.85

In subclinical hypothyroidism, regional LV diastolic dysfunc-
tion has been consistently shown, as evidenced by a decrease in 
E′, or E′/A′ ratio as derived from pulsed-wave (PW) tissue-
Doppler of the septal or lateral annulus.73-75,77,79,81 Grade 1 global 
diastolic dysfunction may occur as shown by a decreased trans-
mitral E and E/A ratio, or prolongation of isovolumic relaxation 
time derived from Doppler echocardiography.73-75,77-79

Importantly, impaired relaxation in subclinical and overt 
hypothyroidism may be reversed by thyroid hormone 
replacement.72,78,80,83

Pericardial and Structural Disease
Echocardiographic78 or ultrasonic tissue back-scatter77,78,86,87 
indexes of myocardial texture in adults with hypothyroidism are 
abnormal, consistent with histologic studies showing interstitial 
edema and fibrosis, and myofibril swelling. 77,78,86,87 These abnor-
malities of myocardial texture and septal hypertrophy may 
reverse with thyroid hormone treatment (Fig. 38-8).86

The incidence of pericardial effusion in hypothyroidism 
varies with severity of disease and occurs in 30% to 80% of 
patients with advanced disease and in 3% to 6% of patients with 
mild disease. However, cardiac tamponade due to pericardial 
effusion from hypothyroidism is rare.88

Clinical Utility
Cardiac abnormalities of function and structure caused by  
subclinical hypothyroidism portend development of overt 
cardiac disease but are reversible with thyroid hormone replace-
ment treatment.80,79,81 Thus, early diagnosis is important and 
supports the need for thyroid hormone, although effective 

Echocardiographic Findings in Hypothyroidism

SUBCLINICAL HYPOTHYROIDISM
Systolic Dysfunction Diastolic Dysfunction Structural Abnormalities
Strain/tissue-Doppler imaging:

↓Global (<−18%), midseptal (<−17%), and midlateral 
(<−18%) wall LV longitudinal strain

↓Peak global (<0.90 s−1), midseptal (<1.0 s−1), and 
midlateral (<1.1 s−1) wall LV longitudinal systolic SR

↓Systolic reserve (i.e., blunted rise in annular S′ with 
supine bicycle exercise)

Ultrasonic integrated back-scatter
↓Septal (<31%) and posterior wall cyclic variation index

Conventional 2D/3D echocardiography:
Normal LVEF

Tissue-Doppler imaging:
↓MV annular E′ (<8 cm/s)
↓Septal MV annular E′/A′ ratio (<1.0)
Conventional Doppler
Grade 1 diastolic dysfunction:
↓E (<0.6 m/s)
↓E/A ratio (<1.0)
↑IVRT (>90 ms)

Ultrasonic integrated back-scatter:
↑Myocardial acoustic reflectivity

OVERT HYPOTHYROIDISM
Systolic Dysfunction Diastolic Dysfunction Structural Abnormalities
All strain, tissue-Doppler, and ultrasonic integrated 

back-scatter abnormalities of subclinical hypothyroidism 
plus

Conventional M-mode/2D/3D echocardiography:
↓LVEF (<55%), ↓SF (<25%)
↓Vcf (<1.0 circ/s)

Conventional Doppler indexes:
↑PEP/LVET (>0.50)

All strain, tissue-Doppler, and conventional 
Doppler abnormalities of subclinical 
hypothyroidism plus

↓Peak midseptal (<0.9 s−1) and midlateral 
wall early LV diastolic SR

↓Peak mid-septal (<0.6 s−1) and midlateral 
wall (<0.5 s−1) wall LV diastolic SR

All ultrasonic integrated back-scatter abnormalities 
of subclinical hypothyroidism plus

Conventional M-mode/2D echocardiography:
LV hypertrophy
↑LVM index
LV enlargement
Dilated cardiomyopathy
Pericardial effusion

E, Peak transmitral early diastolic filling velocity; E/A, E/peak transmitral late diastolic filling velocity ratio; E′, peak early diastolic tissue-Doppler velocity; E′/A′, E′ to peak late diastolic 
tissue-Doppler velocity; E/E′, E to E′ ratio; IVRT, isovolumic relaxation time; LVEF, LV ejection fraction; LVM, LV mass; MV, mitral valve; PEP/LVET, LV preejection to LV ejection time 
ratio; SF, LV shortening fraction; SR, strain rate; S′, peak LV systolic tissue-Doppler velocity; Vcf, LV velocity of circumferential fiber shortening.

TABLE 
38-2 
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Figure 38-8  Echocardiographic images from interventricular septum in representative patient with hypothyroidism obtained before (T0), 
60 (T60), and 120 (T120) days after levothyroxine treatment.  An  arbitrary  color  scale  enhancing  the  changes  in  echoreflectivity  was  used.  
Abnormal amount of yellow before treatment denotes increased echoreflectivity, which progressively decreases after 60 and 120 days of treatment. 
(From Ciulla MM, Paliotti R, Cortelazzi D, et al: Effects of thyroid hormones on cardiac structure: a tissue characterization study in patients with 
thyroid disorders before and after treatment. Thyroid 11:613-619, 2001.)
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by achieving a euthyroid state. Cardiomegaly, impaired global 
systolic function, and heart failure may ensue from overt hyper-
thyroidism, which can reverse after induction of a euthyroid 
state.93 However, dilated cardiomyopathy persists in one third 
of these patients.93 Takotsubo cardiomyopathy may occur from 
thyroid storm.94 Although overt hyperthyroidism may enhance 

hyperthyroidism varies between patients, potentially contribut-
ing to divergence in results of studies.

During exercise patients with hyperthyroidism may display a 
decline or blunted increase in LV ejection fraction, stroke 
volume, heart rate, and cardiac output. Overt hyperthyroidism 
impairs cardiopulmonary exercise capacity, which is reversible 

Echocardiographic Findings in Hyperthyroidism

Subclinical Hyperthyroidism
Systolic Function Diastolic Function Structural Abnormalities
Strain/tissue-Doppler imaging in endogenous 

subclinical hyperthyroidism:
↑Midseptal (>−30%) and midlateral (>27%) 

wall LV longitudinal strain
↑Peak midseptal (>1.5 s−1) and midlateral 

(>1.5 s−1) wall LV longitudinal systolic SR
Ultrasonic integrated back-scatter in endogenous 

subclinical hyperthyroidism:
↑Midseptal (>46%) and midlateral (>51%) wall 

cyclic variation index
Strain/tissue-Doppler imaging in exogenous 

subclinical hyperthyroidism:
↓Global LV longitudinal strain (<−17%)

Conventional M-mode/2D echocardiography:
↑ or normal LVEF
↑ or normal Vcf

Strain/tissue-Doppler imaging:
↓Peak mid-septal (<0.8 s−1) and mid-lateral 

(<0.5 s−1) wall LV diastolic SR
↓Myocardial E′ (<6 cm/s) of basal LV
↓Septal MV annular E′/A′ ratio (<1.0)

Conventional Doppler echocardiography:
Grade 1 diastolic dysfunction:
↓E (<0.6 m/s)
↓E/A ratio (<1.0)
↑IVRT (>90 ms)

Conventional M-mode/2D echocardiography:
↑LVM index
Concentric LV hypertrophy

Overt Hyperthyroidism
Systolic Function Diastolic Function Structural Abnormalities
Conventional M-mode/2D echocardiography:

↑ (>70-75%) or normal LVEF
↑ or normal Vcf

Blunted rise in LVEF, stroke volume, cardiac 
output with exercise

Conventional Doppler echocardiography:
↑E (>1.5 m/s)
↑E/A ratio (>2.0)
↓IVRT (<60 ms)
↓E/A (noted in some patients)

Strain/tissue-Doppler imaging (limited data):
↓Myocardial E′

Conventional M-mode/2D/Doppler 
echocardiography:
↑LVM index
Concentric LV hypertrophy
LV enlargement
Dilated cardiomyopathy
MVP (>16.5 to 25% with Graves disease)
MR (71% with Graves disease)
TR (63% with Graves disease)

E, Peak transmitral early diastolic filling velocity; E/A, E/peak transmitral late diastolic filling velocity ratio; E′, peak early diastolic tissue-Doppler velocity; E′/A′, E′ to peak late diastolic 
tissue-Doppler velocity; IVRT, isovolumic relaxation time; LVEF, LV ejection fraction; LVM, LV mass; MR, mitral regurgitation; MV, mitral valve; MVP, mitral valve prolapse; SR, strain 
rate; TR, tricuspid regurgitation; Vcf, LV velocity of circumferential fiber shortening.

TABLE 
38-3 
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(234 ± 34 ms versus 188 ± 33 ms, p <0.001) and isovolumic 
relaxation time (121 ± 15 ms versus 77 ± 10 ms, p <0.001). 
Diastolic dysfunction, when present in exogenous subclinical 
hyperthyroidism, is partially reversible with achievement of a 
euthyroid state after medication titration.102

Structural Disease
Increased LV mass and LVH, features of subclinical and overt 
hyperthyroidism, can be diagnosed by M-mode and 2D echo-
cardiography.89,98,102 Coexisting subclinical hyperthyroidism 
and hypertension are associated with substantially higher LV 
mass than when either disease is seen in isolation.103

Valvular heart disease, including mitral valve prolapse and 
hemodynamically significant mitral or tricuspid regurgitation, 
associated with overt hyperthyroidism can be assessed for clini-
cal significance and progression with echocardiography. A prev-
alence as high as 16.5% to 25% of mitral valve prolapse in 
patients with Graves disease has been reported. The basis for 
this association remains unclear; however, prior studies support 
a possible autoimmune-mediated mechanism or potential 
genetic linkage between Graves disease and mitral valve pro-
lapse. Mitral regurgitation occurs in 71% of patients with 
Graves disease, and tricuspid regurgitation may occur in 63% 
of such patients. Moderate or severe tricuspid regurgitation can 
be seen in 29% of these patients and is associated with conges-
tive heart failure. Echocardiography has been used to demon-
strate that pulmonary hypertension defined as peak pulmonary 
systolic pressure greater than 35 mm Hg may occur in as many 
as 41% of patients with overt hyperthyroidism.105

Clinical Utility
Adverse cardiac effects from overt or subclinical hyperthyroid-
ism are potentially reversible or improve with treatment.93,102 
Heart failure is the initial presentation of hyperthyroidism in 
approximately 6% of such patients.93 In patients with overt 
hyperthyroidism, attributing exercise limitations to primary 
cardiac disease may be challenging on the basis of resting global 
systolic or diastolic function echocardiography indexes, which 
are typically enhanced. However, exercise echocardiography 
may be useful in unmasking a blunted improvement in systolic 
function with exercise and aid in treatment. The potential clini-
cal usefulness of tissue-Doppler imaging in this setting is prom-
ising.101 Future studies investigating strain and strain rate 
imaging in overt hypothyroidism are needed and may further 
guide the utility of echocardiography. Subclinical hyperthyroid-
ism has a relevant clinical impact in that it adversely affects 
cardiac structure and function and impairs functional capacity. 
Subclinical hyperthyroidism patients with any of these mani-
festations should be treated by treating the primary thyroid 
disorder (e.g., thyroidectomy, radioiodine ablation, or antithy-
roid medications) if endogenous, by reducing thyroid hormone 
dose if exogenous, or by the use of beta-blockers. Screening for 
cardiac abnormalities with echocardiography, particularly using 
global indexes as well as sophisticated measures of regional 
diastolic function, is advisable. Last, overt hyperthyroidism 
should be included in the differential diagnosis of pulmonary 
hypertension.104

ACROMEGALIC HEART DISEASE

Acromegaly is a rare pituitary disorder with a prevalence of 40 
to 60 persons per million and incidence of 3 to 4 individuals 
per million caused by increased secretion of growth hormone. 

RV systolic function,68 in rare cases it may lead to RV volume 
overload and heart failure.95 LV dyssynchronous systolic con-
traction occurs in overt hyperthyroidism.96

Subclinical hyperthyroidism is defined as normal free thyroid 
hormone levels in the face of lower than normal thyroid stimu-
lating hormone concentration. It may be caused by endogenous 
thyroid disease or induced by thyroid hormone treatment (i.e., 
exogenous). Studies on the impact of subclinical hyperthyroid-
ism on LV global and regional systolic function have shown 
seemingly divergent results. Several studies have shown exog-
enous or endogenous subclinical hyperthyroidism to increase 
global LV systolic function, but other researchers have reported 
no effect.89,97,98 Similarly divergent results of regional systolic 
function have been reported.99,100 Di Bello and colleagues99 
found enhanced longitudinal strain and systolic strain rate of 
the midseptal and lateral wall in patients with recently diag-
nosed and untreated endogenous subclinical hypothyroidism. 
However, Abdulrahman and co-workers100 reported reduced 
longitudinal strain in patients with exogenous subclinical 
hyperthyroidism treated with suppressive therapy for at least 
10 years. It is possible that the discrepancies in global and 
regional LV systolic function reported in patients with subclini-
cal hyperthyroidism are partly explained by the duration of the 
illness, with early disease characterized by enhanced function 
that later normalizes and progresses to impaired systolic 
function.

Diastolic Function
Most studies have shown that overt hyperthyroidism is associ-
ated with an increased transmitral E and/or shortened isovolu-
mic relaxation time, findings that suggest enhanced global 
diastolic function.89,90,101 However, limited data exist on less 
load-dependent indexes of diastolic function (e.g., diastolic 
strain rate or E′) in patients with overt hyperthyroidism.101 It is 
unclear whether augmentation of myocardial diastolic function 
accounts for the enhanced early filling seen in these studies, 
because such changes could be on the basis of a decrease in 
systemic vascular resistance and/or increase in cardiac output, 
which also were reported to occur in these patients.90 Others 
have reported a decrease transmitral E/A ratio89 and reduced 
myocardial E′,101 which suggests that overt hyperthyroidism is 
a cause of LV diastolic dysfunction in some patients. Yue and 
associates101 noted a diagnosis of diastolic dysfunction in 31% 
(22 of 70) of patients with overt hyperthyroidism.

Exogenous100,102 and endogenous99 subclinical hyperthyroid-
ism causes LV regional myocardial diastolic dysfunction as 
assessed by diastolic strain rate and tissue-Doppler velocity 
imaging. In patients with subclinical hyperthyroidism com-
pared to controls, peak early diastolic strain rate derived by 
color Doppler tissue imaging is reduced of the midseptum  
(0.8 ± 0.4 s−1 versus 1.4 ± 0.6 s−1, p 0.001) and midlateral wall 
(0.91 ± 0.4 s−1 versus 1.17 ± 0.54 s−1 p 0.01).99 Similarly, myo-
cardial E′ obtained as the average of four basilar LV segments 
is reduced in subclinical hyperthyroidism (5.7 ± 1.3 cm/s versus 
9.0 ± 1.6 cm/s, p <0.001).99 Echocardiographic findings of 
global diastolic dysfunction in subclinical hyperthyroidism 
have been shown on the basis of conventional Doppler echo-
cardiographic indexes, namely prolongation of isovolumic 
relaxation time and deceleration time of early filling and/or 
reduced peak trans mitral E/A ratio.99,100,102 For example, Smit 
and colleagues102 reported in patients with subclinical hyperthy-
roidism compared to controls a decreased E/A ratio (0.87 ± 0.13 
versus 1.29 ± 0.18, p <0.001), and prolonged deceleration time 
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hypertension, premature coronary artery disease, and diabetes. 
Typically, there is a reduction of transmitral E and E/A ratio, an 
increase in peak atrial filling velocity, and a longer early diastolic 
deceleration time.109,112-116 Isovolumic relaxation time, assessed 
by Doppler echocardiography, is prolonged.112,113 Tissue-
Doppler imaging of LV myocardium confirms regional diastolic 
dysfunction in acromegaly patients as evidenced by a decrease 
in myocardial E′ and annular E′/A′ ratio.107-109,116,121,123 In these 
patients, early diastolic strain rate and peak annular velocity are 
reduced,107-109,121,122 and grade 1 diastolic dysfunction is 
present.109,112-116 Regional108 and global109 LV myocardial perfor-
mance assessed by Tei index is reduced in acromegaly. Impaired 
LV diastolic function in acromegaly often improves with treat-
ment.105,113,115,116,123 Similar to the LV, abnormal regional and 
global RV diastolic function107 is a feature of acromegaly.

Systolic Function
In patients with short-term acromegaly uncomplicated by 
hypertension, coronary artery disease, or diabetes, global LV 
systolic function, as assessed by shortening fraction, stroke 
volume, and cardiac output, typically is enhanced. Global LV 
systolic dysfunction in acromegalic patients appears uncom-
mon.108,120,121 However, regional LV systolic dysfunction may be 
evident.107,112,122,123 High-output heart failure with a modest 
reduction in LV ejection fraction occurs in 10% of newly diag-
nosed acromegaly.124 Di Bello et al.122 have shown untreated 
acromegaly patients have reduced longitudinal strain of septum 
(−19.8 ± 2.9% versus −27.9 ± 3.8%, p <0.001) and lateral wall 
(−17.7 ± 2.2% versus −25.3 ± 2.6%, p <0.001) and decreased 
peak strain rate of septum and lateral wall. Importantly, abnor-
malities of strain virtually normalized after 6 months of treat-
ment with somatostatin analogs.122 Reduced peak myocardial 
systolic velocity by PW tissue-Doppler imaging may be evident 
at rest with active acromegaly107,112 but has not been consistently 
reported.108 Exercise may show a blunted increase in LV ejection 
fraction, unmasking occult systolic dysfunction. Ultrasonic 
integrated back-scatter in patients with acromegaly shows 
reduced cyclic variation and increased derived collagen volume 
fraction, an index of myocardial fibrosis.111,115

Cardiovascular complications are a major cause of morbidity 
and mortality from acromegaly. Initially, patients show enhanced 
global systolic function, but progression to diastolic dysfunc-
tion and LV hypertrophy is typical, followed by systolic dysfunc-
tion and overt heart failure. In advanced, untreated acromegaly, 
a dilated cardiomyopathy may ensue with about 10% of patients 
presenting with heart failure. Before effective therapy, nearly 
80% of patients died before age 60 years from cardiovascular 
complications.

Ventricular Hypertrophy
Echocardiography is well suited to delineate the presence and 
severity of structural cardiac abnormalities due to acromegaly, 
which include increased LV mass,105-110 concentric LVH,108 
eccentric LVH,111 asymmetric septal hypertrophy, LV dilation, 
and RV hypertrophy (Table 38-4). LVH plays a significant role 
in the morbidity and mortality from this disease.112-116 LVH 
is partially related to hypertension, an associated condition  
in acromegaly,117 but it occurs in a substantial proportion 
of acromegalic patients in the absence of hypertension.112 LV 
mass increases with short-term growth hormone hypersecre-
tion118 and regresses after effective chronic pharmacologic 
therapy.105,113-116,119,120 In acromegaly, LVH is typically concentric, 
but eccentric hypertrophy whereby the increase in LV mass is 
predominantly on the basis of chamber dilatation does occur.111 
The reported prevalence of asymmetric septal hypertrophy in 
acromegaly is highly variable: Some studies report a rare asso-
ciation, whereas others describe a frequent association. LV 
chamber enlargement develops in acromegaly and may occur 
in the absence of associated conditions such as hypertension, 
coronary artery disease, or diabetes. The reported incidence of 
an increased LV mass in patients with acromegaly is 38% to 
81%.88,106 RV hypertrophy also occurs from acromegaly. Echo-
cardiography is useful in documenting regression of hypertro-
phy with therapy for acromegaly.105,113-115,119

Diastolic Dysfunction
LV diastolic dysfunction is present in over 50% of patients with 
acromegaly,109,112-116 even in the absence of associated LVH, 

Echocardiographic Findings in Acromegaly

Structural Abnormalities Systolic Function Diastolic Dysfunction

Conventional M-mode/2D echocardiography:
Concentric LV hypertrophy (more typical/>50% of 

patients)
Eccentric LV hypertrophy (less frequent)
Asymmetric septal hypertrophy (variable prevalence)
LV enlargement
↑LV mass (present in 38% to 81% of patients)
RV hypertrophy
Dilated cardiomyopathy (occurs in untreated and 

advanced disease)
Ultrasonic integrated back-scatter:

↑Derived collagen volume fraction
Conventional Doppler echocardiography:

Mitral regurgitation (progressive if disease 
uncontrolled/severe in 5%)

Aortic regurgitation (≥mild severity in 18% with 
inactive disease, but 31% if active disease)

Strain/tissue-Doppler imaging:
↓Septal (<−20%) and lateral (<−18%) wall LV 

longitudinal strain
↓Peak septal and lateral wall LV longitudinal systolic 

SR
↓Annular or myocardial S′ (inconsistently present)
↑Regional Tei index from lateral MV annulus (>0.50)

Conventional M-mode/2D echocardiography in 
short-term acromegaly:
↑LVEF
↑LV shortening fraction
↑Stroke volume
↑Cardiac output

Conventional M-mode/2D/Doppler echocardiography 
in long-term acromegaly:
↓ (<55%) or normal LVEF
↓LVEF—seen in 10% of high-output failure patients
↑Global LV Tei index (>0.60)

Conventional 2D echocardiography:
Blunted rise in LVEF with exercise
Ultrasonic integrated back-scatter
↓Cyclic variation index

Strain/tissue-Doppler imaging:
↓Peak septal and lateral wall LV diastolic SR
↓Peak myocardial or MV annular E′
↓Septal (<1.0) and lateral (<1.0) MV 

annular E′/A′ ratio
Conventional Doppler echocardiography:

Grade 1 diastolic dysfunction:
↓E (<0.6 m/s)
↓E/A ratio (<1.0)
↑IVRT (>90 ms)
↑DT (>250 ms)

DT, Transmitral early diastolic deceleration time; E, peak transmitral early diastolic filling velocity; E/A, E/peak transmitral late diastolic filling velocity ratio; E′, peak early diastolic tissue-
Doppler velocity; E′/A′, E′ to peak late diastolic tissue-Doppler velocity; IVRT, isovolumic relaxation time; LVEF, LV ejection fraction; MV, mitral valve; SR, strain rate; S′, peak LV 
systolic tissue-Doppler velocity.

TABLE 
38-4 
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Acromegaly is a cause of significant mitral and/or aortic 
regurgitation, which can be clinically silent. Occasionally, surgi-
cal intervention is needed. Conventional color flow and spectral 
Doppler echocardiography are essential for the serial evaluation 
of patients with acromegaly and evidence of structural valvular 
disease, particularly with long-standing disease.126

PRIMARY HYPERPARATHYROIDISM

Primary hyperparathyroidism is a recognized cause of increased 
cardiovascular morbidity and mortality from heart failure, 
stroke, and myocardial infarction in patients with moderate to 
severe or severe disease. The impact of milder forms of primary 
hyperparathyroidism on cardiovascular disease is controversial, 
with most studies finding no adverse effects.

Cardiac Calcification
Hypercalcemia due to primary hyperparathyroidism may 
induce calcification of coronary arteries, valves, and myocar-
dium. Aortic valve calcification occurs in 46% to 63% of 
primary hyperparathyroidism patients, and mitral valve or sub-
mitral annulus calcification has been reported in 33% to 49% 
of these patients. Aortic and mitral stenosis may result from 
primary hyperparathyroidism. Myocardial calcific deposits 
have been reported in 62% to 74% of patients with primary 
hyperparathyroidism. Myocardial calcification mainly involves 
the interventricular septum and may result in third-degree 
heart block. Successful parathyroidectomy appears to halt the 
progression of valvular calcification. Mild primary hyperpara-
thyroidism appears not to show a propensity for valvular 
calcification.131

Valvular Heart Disease
Acromegaly is a cause of potentially significant mitral and aortic 
regurgitation.125,126 Uncontrolled acromegaly is associated with 
progressive mitral regurgitation.110 Severe mitral regurgitation 
has been noted in 5% of acromegaly patients.126 Aortic regurgi-
tation of a mild or greater severity occurs in 18% of patients 
with inactive acromegaly and increases to 31% if acromegaly is 
active.125 Aortic root stiffness measured by transthoracic echo-
cardiography127 and aortic root sinotubular junction diameter128 
are increased in acromegaly and could contribute to the aortic 
regurgitation frequency and severity seen in this disease. The 
prevalence of significant aortic regurgitation increases with 
duration of disease, with significant aortic valve disease in only 
10% of patients with 6 to 10 years of disease but in over 35% of 
those with a disease duration over 15 years.126 Successful valvular 
surgery has been reported in acromegaly patients.126,129 The 
echocardiographic manifestations of structural valvular disease 
in acromegaly include aortic and mitral valve fibrosis and calci-
fication and mitral annular calcification.125 Valvular pathology 
also includes myxoid degeneration.129

Clinical Utility
Acromegalic heart disease begins subclinically but often por-
tends serious morbidity and mortality.123,124,130 Clinical studies 
show that suppression of growth hormone release by soma-
tostatin analogs (e.g., octreotide acetate) in acromegalic patients 
significantly reduces LVH and improves abnormalities of global 
and regional diastolic and systolic function of the LH and 
RH.105,113-116,119,120,122 A comprehensive echocardiographic evalu-
ation of cardiac size and function in patients with acromegaly 
is of value to assess ventricular hypertrophy and cardiac dys-
function. Echocardiographic indexes of regional myocardial 
function, particularly of diastolic function, derived from strain 
and tissue-Doppler imaging appear very sensitive and should 
be employed. For example, tissue Doppler–derived LV E′/A′ 
was able to determine a greater severity of myocardial disease 
in patients with active versus well-controlled acromegaly.109 
Strain and tissue-Doppler imaging are useful in the serial evalu-
ation of treated patients with acromegaly to detect cardiac 
involvement.109,112,116,122

Regional myocardial Tei index was found to be increased in 
patients with acromegaly (0.49 ± 13.4 versus 0.39 ± 5.2, p = 
0.005) and more sensitive for detection of diastolic dysfunction 
compared to conventional echocardiographic indexes (48% 
versus 36%).108 Similarly, global Tei index is sensitive for detec-
tion of ventricular dysfunction in acromegaly.109 However, E′/A′ 
(i.e., an index of regional function) compared to global Tei 
index is better for differentiating active from well-controlled 
acromegaly.108 Prolongation of isovolumic relaxation time is the 
most sensitive of the conventional echocardiographic indexes 
of cardiac involvement in acromegaly and is useful for evalua-
tion in the subclinical stage of the disease (Fig. 38-9). Regional 
and global Tei index should be used for detection of potential 
acromegalic heart disease when conventional echocardiogra-
phy, strain, and tissue-Doppler imaging fail to confirm potential 
cardiac involvement from acromegaly. Ventricular hypertrophy 
and/or myocardial dysfunction signal the need for aggressive 
treatment to control growth hormone levels to improve heart 
disease in patients with acromegaly.123,124,130 The use of more 
sophisticated but technically challenging echocardiographic 
techniques such as ultrasonic integrated back-scatter to assess 
for myocardial fibrosis and collagen volume await future inves-
tigations but are promising.111,115

Figure 38-9  Histogram demonstrating impact of acromegaly 
disease activity and treatment on LV regional diastolic function by 
tissue-Doppler echocardiography of peak early (E′  ) and peak early 
to atrial ratio (E′/A′  ) of septal annulus from four-chamber view. 
Cured  patients  show  normalized  diastolic  parameters,  whereas 
untreated  and  uncontrolled  subjects  show  impaired  myocardial  dia-
stolic function. (From van Thiel SW, Bax JJ, Biermasz NR, et al: Persis-
tent diastolic dysfunction despite successful long-term octreotide 
treatment in acromegaly. Eur J Endocrinol 153:231-238, 2005.)
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Echocardiography shows LVH and asymmetric septal hypertro-
phy in 75% of patients with Cushing syndrome. LVH may be 
partly attributable to associated hypertension. Other findings in 
Cushing syndrome include the following:
• Asymmetric septal hypertrophy is common and severe, with 

interventricular septal thickness ranging from 1.6 to 3.2 cm 
and the ratio of septal to posterior wall thickness as high as 
2.67.

• LV concentric remodeling occurs is independent of blood 
pressure.

• Regional and global LV diastolic dysfunction are seen.137-141

• Grade 1 global diastolic dysfunction is characterized by 
decreased transmitral E and E/A ratio, and prolonged decel-
eration time and isovolumic relaxation time.137-140

• Regional LV systolic dysfunction is present as demonstrated 
by strain measurements.140

LVH, regional and global diastolic dysfunction, and regional 
systolic dysfunction are reversible or improve with successful 
treatment of Cushing syndrome (Fig. 38-10).140 A reversible 
dilated cardiomyopathy attributable to Cushing syndrome has 
been reported in a minority of patients.142

Primary Hyperaldosteronism
Echocardiographic findings in patients with primary aldoste-
ronism include:
• Concentric LVH
• Regional myocardial diastolic dysfunction as assessed 

by E′143

• Grade 1 global diastolic dysfunction143

However, LV systolic function does not appear to be impaired 
as assessed by LV ejection fraction or regional indexes, such as 
myocardial strain and peak systolic strain rate.143 In primary 
hyperaldosteronism, myocardial ultrasonic integrated back-
scatter demonstrates decreased cyclic variation—findings con-
sistent with greater myocardial collagen content and fibrosis.144 
Experimental data support the concept that excessive aldoste-
rone, independent of its hypertensive effect, may induce ven-
tricular hypertrophy and fibrosis.145

The frequency of concentric remodeling and diastolic dys-
function increases with longer duration of Cushing syndrome. 
These abnormalities may contribute to the high cardiovascular 
morbidity seen in patients with Cushing syndrome and suggest 
a role for echocardiography. Regression of LVH in Cushing 
syndrome after surgical treatment frequently occurs and may 

LV Structure and Function
LVH is commonly associated with primary hyperparathyroid-
ism and may be caused by excessive serum concentration of 
parathyroid hormone or intracellular calcium concentration132 
(Table 38-5). LVH develops independent of hypertension, a 
condition also associated with primary hyperparathyroidism. 
Partial regression of LVH may occur 6 months to 1 year after 
parathyroidectomy in these patients. Mild primary hyperpara-
thyroidism appears unassociated with LVH.131 Impaired myo-
cardial relaxation and performance are associated with primary 
hyperparathyroidism as assessed by tissue-Doppler and Tei 
index, respectively. Grade 1 diastolic dysfunction characterized 
by reduced transmitral E, E/A, Vp, and prolonged isovolumic 
relaxation time are seen in primary hyperparathyroidism.132,133 
However, patients with mild primary hyperparathyroidism may 
display normal global and regional diastolic function.131,134 
Global LV systolic function is not impaired by primary hyper-
parathyroidism but may be slightly increased as assessed by LV 
ejection fraction or shortening fraction.131,133,134 Similarly, 
regional myocardial systolic function assessed by peak myocar-
dial systolic velocity is normal in patients with primary hyper-
parathyroidism.133,134 Primary hyperparathyroidism reportedly 
may cause structural and function findings of hypertrophic 
cardiomyopathy. Alternatively, a reversible dilated cardiomy-
opathy and heart failure from severe hypocalcemia secondary 
to hypoparathyroidism is a recognized entity.135

Clinical Utility
Echocardiography helps identify LVH, regional and global dia-
stolic dysfunction, and valvular stenosis in patients with primary 
hyperparathyroidism. Parathyroidectomy may promote regres-
sion of myocardial hypertrophy, cessation of valvular calcifica-
tion, and stabilization or improvement of diastolic dysfunction, 
all of which can be monitored by serial echocardiographic 
studies.136

ADRENAL DISEASES AND HEART DISEASE

Cushing Syndrome
Cushing syndrome is caused by excessive secretion of adreno-
cortical hormones, which causes hypertension, impaired glucose 
tolerance, diabetes, abdominal obesity, dyslipidemia, and hyper-
coagulability. These features of Cushing syndrome cause a four-
fold increase in mortality rate from cardiovascular complications. 

Echocardiographic Findings in Primary Hyperparathyroidism

Structural Abnormalities
Normal or Enhanced 

Systolic Function Diastolic Dysfunction

Conventional M-mode/2D/Doppler echocardiography:
LV hypertrophy
↑LV mass
Hypertrophic cardiomyopathy phenotype
No increased LV mass in mild primary hyperparathyroidism

Conventional M-mode/2D/Doppler echocardiography:
Aortic valve calcification (in 46% to 63%)
Mitral valve and submitral annular calcification (in 33% to 49%)
Aortic stenosis
Mitral stenosis
Myocardial calcification—primarily of ventricular septum (in 

62% to 74%)
No increased valvular or myocardial calcification in mild primary 

hyperparathyroidism

Conventional M-mode/2D 
echocardiography:
↑ or normal LVEF
↑ or normal LV 

Shortening fraction
Tissue-Doppler imaging:

Normal myocardial S′

Tissue-Doppler imaging:
↓Peak lateral MV annular E′
↓Lateral MV annular E′/A′ ratio (<1.0)
↑Regional Tei index from lateral MV 

annulus (>0.50)
Conventional Doppler echocardiography:

Grade 1 diastolic dysfunction:
↓E (<0.6 m/s)
↓E/A ratio (<1.0)
↑IVRT (>90 ms)
↓Vp (<45 cm/s) via color M-mode

E, Peak transmitral early diastolic filling velocity; E/A, E/peak transmitral late diastolic filling velocity ratio; E′, peak early diastolic tissue-Doppler velocity; E′/A′, E′ to peak late diastolic 
tissue-Doppler velocity; IVRT, isovolumic relaxation time; LVEF, LV ejection fraction; MV, mitral valve; S′, peak LV systolic tissue-Doppler velocity; Vp, LV inflow propagation rate.

TABLE 
38-5 
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high prevalence of traditional risk factors, uremia-related risk 
factors contribute to cardiovascular disease, partly mediated 
from development of LVH, myocardial fibrosis, diastolic and 
systolic dysfunction, and valvular disease. Structural or valvular 
abnormalities of the heart detectable by echocardiography 
occur in most patients with end-stage renal disease and may 
include atrial or ventricular chamber enlargement; concentric 
or eccentric LVH; asymmetric septal hypertrophy; mitral 
annular calcification; valvular calcification; myocardial calcifi-
cation; valvular regurgitation; aortic and mitral valve stenosis; 
and pericardial effusion (Table 38-6).146-150

be dramatic. Echocardiographic findings of severe LVH or 
hypertrophic cardiomyopathy without obvious cause should 
raise the clinical suspicion of glucocorticoid excess, possibly 
from Cushing syndrome. Regression of LVH may occur after 
surgical excision of an aldosterone-producing tumor in patients 
with primary hyperaldosteronism.

Chronic Kidney Disease
Cardiovascular disease is a major cause of morbidity and mor-
tality in patients with chronic kidney disease. In addition to a 

Figure 38-10  Histograms showing reversibility of impaired LV global radial, circumferential, and longitudinal strain and strain rate at 
isovolumetric relaxation time (SRIVRT) in 15 patients with Cushing syndrome after surgical treatment at short-term (median 1 month) and 
long-term (median 14 months) follow-up. (From Pereira AM, Delgado V, Romijn JA, et al: Cardiac dysfunction is reversed upon successful treat-
ment of Cushing’s syndrome. Eur J Endocrinol 162:331-340, 2010.)
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Echocardiographic Findings in Chronic Kidney Disease

Valvular Disease Structural Abnormalities Diastolic Dysfunction Systolic Dysfunction

Conventional M-mode/2D/Doppler 
echocardiography:
Aortic valve calcification (in 28% 

to 60% with ESRD)
Mitral annular calcification (in 

10% to 36% on hemodialysis)
Aortic regurgitation (in 13% with 

CKD)
Mitral regurgitation (in 38% with 

CKD)
Aortic and mitral stenosis
Tricuspid and pulmonic 

insufficiency (secondary to 
pulmonary hypertension as 
opposed to calcification)

Conventional M-mode/2D 
echocardiography:
Concentric LV hypertrophy
Eccentric LV hypertrophy
Asymmetric LV hypertrophy
LV hypertrophy (in 70% with ESRD/in 

34% to 78% with CKD)
LV hypertrophy—2.5 to 4× more 

common in women vs. men
LA enlargement
LV enlargement
Dilated cardiomyopathy (associated 

with secondary hyperparathyroidism)
Ultrasonic integrated back-scatter:

↑Myocardial acoustic reflectivity

Strain/tissue-Doppler imaging:
↓Global and mid (<1.2 s−1) LV peak 

early diastolic SR
↑Regional Tei index

Conventional Doppler echocardiography:
Grade 1 diastolic dysfunction:
↓E (<0.6 m/s)
↓E/A ratio (<1.0)
↑IVRT (>90 ms)
Grade 2 (pseudonormal) and grade 3 

(restrictive) diastolic dysfunction 
occur

Strain imaging:
↓Global (<−15%) and 

regional LV 
longitudinal strain

↓Peak global (<0.7 s−1) 
and regional LV SR

Conventional 2D 
echocardiography:
↓LVEF (in 33% of new 

dialysis patients)
Global or regional 

myocardial stunning 
with hemodialysis

CKD, Chronic kidney disease; E, peak transmitral early diastolic filling velocity; E/A, E/peak transmitral late diastolic filling velocity ratio; ESRD, end-stage renal disease; IVRT, isovolumic 
relaxation time; LVEF, LV ejection fraction; SR, strain rate.

TABLE 
38-6 
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systolic strain rate (0.88 ± 0.16 s−1 versus 1.06 ± 0.31 s−1, 
p <0.05), and regional strain and strain rates. Gulel and associ-
ates154 showed similar findings in patients with chronic kidney 
disease compared to controls as well as reduced mid- 
LV wall peak early diastolic strain rate (1.24 ± 0.58 s−1 versus 
2.02 ± 0.45 s−1, p <0.001).

Hemodialysis, a commonly used treatment in patients with 
end-stage renal disease, reduces intravascular volume and 
preload. The influence of preload reduction must be considered 
when diastolic function is being assessed in end-stage renal 
disease patients after dialysis. Conventional indexes (e.g., E and 
E/A) are sensitive to preload. E′ and myocardial Tei index appear 
less sensitive to preload reduction from hemodialysis, particu-
larly when body weight postdialysis decreases by less than 2 to 
3 kg.159-162 The acute influence of hemodialysis on systolic func-
tion is complex and likely influenced by dialysate composition 
and temperature and by dialysis-induced changes in serum 
electrolytes, as well as by alteration in loading conditions. Sys-
tolic function acutely after hemodialysis, as assessed by echo-
cardiographically derived shortening fraction, LV ejection 
fraction, Vcf, or ratio of fractional shortening to end-systolic 
stress, has shown divergent results. Systolic LV longitudinal 
strain decreases after hemodialysis.163 The effect on strain rate 
is unclear. Hemodialysis may result in “stunned” myocardial 
segments, which may progress over 12 months to fixed dysfunc-
tional segments.164 Regional and global RV systolic dysfunction 
are impaired in hemodialysis patients with end-stage renal 
disease as assessed by tissue-Doppler indexes and ejection frac-
tion, respectively.165

DIASTOLIC DYSFUNCTION

LV regional and global diastolic dysfunction is associated with 
chronic kidney disease and end-stage renal disease.154,155,166,167 In 
both these diseases, LVH is a common associated finding but is 
not a necessary feature to develop diastolic dysfunction. 
However, in end-stage renal disease, diastolic function worsens 
as LVF progresses.167 The primary etiology of chronic kidney 
disease independently contributes to diastolic dysfunction, such 
as systemic hypertension or diabetes mellitus. Conventional 
Doppler indexes in chronic kidney disease patients may show 
grade 1 LV diastolic dysfunction with reduced transmitral E, E/A 
ratio, and prolonged isovolumic relaxation time,167 as well as 
pseudonormal or restrictive patterns of diastolic dysfunction.

UREMIC CARDIOMYOPATHY, SYSTOLIC  
DYSFUNCTION, AND LV HYPERTROPHY

Chronic kidney disease contributes to and worsens structural 
and functional abnormalities of cardiac disease and may lead 
to heart failure. The multifactorial causes of heart failure from 
chronic kidney disease and uremia appear to include anemia, 
electrolyte and acid-base abnormalities, volume overload, 
hypertension, coronary artery disease, and uremic toxins. A 
specific uremic cardiomyopathy may ensue from these derange-
ments and is characterized by cardiac enlargement, impaired LV 
systolic function, and ventricular hypertrophy.151 A reduced LV 
ejection fraction is present in approximately one third of new 
dialysis patients. LVH is present in 70% of patients with end-
stage renal disease and ranges from 34% to 78% in nonuremic 
chronic kidney disease.146 Renal transplantation may reverse 
systolic dysfunction, decrease LV volume overload, and regress 
LVH, independent of blood pressure control.152

Global and regional LV myocardial systolic function is 
impaired in patients with early stages of chronic kidney 
disease,153 moderately advanced chronic kidney disease,154 and 
end-stage renal disease on hemodialysis155 as assessed by peak 
longitudinal strain and strain rate. LV systolic dyssynchrony 
occurs with greater frequency in chronic kidney disease or end-
stage renal disease patients.156 It improves with hemodialysis.147 
Secondary hyperparathyroidism due to uremia is a cause of LV 
systolic dysfunction.157 Dilated cardiomyopathy associated with 
advanced secondary hyperparathyroidism in patients on 
chronic dialysis improves 6 months after parathyroidectomy. LV 
myocardial systolic dysfunction occurs from mild secondary 
hyperparathyroidism.157 Gender influences development of 
LVH in chronic kidney disease. LVH occurs 2.5 to 4 times more 
often in women compared to men with end-stage renal disease 
on hemodialysis.158 In patients with hypertension, progression 
of chronic kidney disease from stage 2 to stage 5 is associated 
with increasing prevalences of concentric, eccentric, and 
“mixed” forms of LVH (Fig. 38-11).148

The systolic and diastolic dysfunction associated with chronic 
kidney disease and end-stage renal disease is detectable at a 
subclinical level using modern echocardiographic methods of 
strain, strain rate and tissue-Doppler velocity imaging. Edwards 
and colleagues153 showed that in patients with early chronic 
kidney disease compared to controls, a reduced global LV lon-
gitudinal strain (−15 ± 4% versus −17 ± 3%, p <0.01), peak 

Figure 38-11  Histograms showing prevalence of LV hypertrophy (LVH) in patients with essential hypertension (EH) and normal renal func-
tion and in patients with chronic kidney disease (CKD) of stages 2 to 5. Purple, concentric LVH; blue, eccentric LVH; orange, “mixed” LVH. 
(From Nardi E, Palermo A, Mulè G, et al: Left ventricular hypertrophy and geometry in hypertensive patients with chronic kidney disease. J Hyper-
tension 27:633-641, 2009.)
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echocardiography-derived systolic dysfunction and LVH or 
midwall fractional area change is associated with improved 
outcome over mean follow-up durations of 41 months169 and 
17 months,170 respectively. LVH is a strong predictor of progres-
sion to dialysis in chronic kidney disease and is a major risk 
factor for morbidity and mortality in end-stage renal disease 
patients. Its complete regression may occur with intense and 
multifaceted therapy, making serial echocardiography useful in 
monitoring success of treatment.

In patients with end-stage renal disease, transmitral E/E′ 
ratio (an index of LV filling pressure), even when added to clini-
cal parameters, LV mass index, and midwall fractional shorten-
ing, significantly improves prediction of overall mortality and 
cardiovascular death over 4 years (Fig. 38-12).171 In chronic 
kidney disease patients with heart failure and systolic dysfunc-
tion, the presence of restrictive filling (grade 3 or 4) further adds 
to predicting cardiac death or need for urgent renal transplant 
over a mean follow-up duration of 16.5 months with a reported 
hazard ratio of 2.77 (p = 0.019).172

LA enlargement due to remodeling as determined by anterior-
posterior diameter or volume is a practical and useful predictor 
of adverse outcome in chronic kidney disease and end-stage 
renal disease patients. Intuitively, it reflects the effects of mul-
tiple adverse cardiac abnormalities from chronic kidney disease, 
such as LVH, diastolic dysfunction, volume expansion, left-
sided valvular disease, systolic dysfunction, hypertension, myo-
cardial ischemia, and atrial fibrillation. However, even when all 
of these known factors are considered, LA enlargement remains 
an independent predictor of mortality. Chan and colleagues173 
reported in chronic kidney disease patients that an increased 
LA diameter indexed to body surface area independently adds 
to prediction of cardiovascular death. Similarly, LA volume 
indexed to body surface area greater than 32 mL/m2 is a predic-
tor of mortality.174 In addition, serial monitoring for an increase 
in LA volume index to height by 1 mL/m2 or more per year is 
associated with a 12% increase in relative risk for fatal and 
nonfatal cardiovascular events (p <0.001).175 Mitral annular cal-
cification diagnosed by M-mode and/or 2D echocardiography 
is a predictor of mortality and coronary artery disease in 
patients with end-stage renal disease.176

Systemic hypotension complicating hemodialysis occurs 
often and is occasionally life threatening. Echocardiography is 
useful in identifying those patients predisposed to hemodialysis-
induced hypotension. LA volume index greater than 35 mL/m2 
shows a 2.5-fold greater likelihood of hemodialysis-induced 
hypotension and was a better predictor of this occurrence as 
compared to LV systolic dysfunction.177 Patients with impaired 
and short duration of early LV filling and/or reduced Vp are at 
higher risk for hemodynamic instability during hemodialysis. 
Vp less than 55 cm/s had a sensitivity of 47% and specificity 
of 86% for hemodialysis-induced hypotension.178 During 
hemodialysis-induced hypotension refractory to conventional 
therapy, conventional and three-dimensional (3D) echo-
cardiography helps assess potential causes of hypotension, such 
as intravascular volume depletion, impaired systolic function, 
or a hyperdynamic state with secondary intraventricular 
obstruction.179

Moderate or severe aortic valve calcification, as compared to 
none or mild, in end-stage renal disease patients identifies sub-
jects prone to have a faster rate of progression in yearly aortic 
valve area diminution (0.17 ± 0.15 cm2/yr versus 0.04 ± 
0.07 cm2/yr, p <0.001).180 Serial echocardiography is useful to 
identify these high-risk patients and guide frequency of 

STRUCTURAL AND VALVULAR HEART DISEASE

Calcification of valves, cardiac skeleton, or myocardium is 
found in most patients with end-stage renal disease. It is caused 
by abnormalities in calcium and phosphorus metabolism.149 
Aortic valve calcification occurs in 28% to 60% of patients with 
end-stage renal disease.149,150 Mitral annular calcification occurs 
in 10% to 36% of patients on dialysis and is associated with 
systemic inflammation.168 Calcification from chronic kidney 
disease may occur in “atypical” areas, such as the base of  
both mitral leaflets and intervalvular fibrosa. Ultrasonic back-
scatter of myocardium in end-stage renal disease shows less 
homogeneity and greater reflectivity, reflecting myocardial 
calcification.

Aortic valve regurgitation occurs in 13% of chronic kidney 
disease patients, primarily due to calcification. Mitral regurgita-
tion may occur in 38% of these patients and may be caused by 
mitral annular calcification or LV dilation. Tricuspid and pul-
monic insufficiency occur with similar frequencies as that of 
mitral and aortic regurgitation, respectively, in patients with 
chronic kidney disease. However, tricuspid and pulmonic insuf-
ficiency occur secondary to increased pulmonary artery pres-
sures as a consequence of significant mitral regurgitation and 
not valvular calcification.

Calcific aortic and mitral stenoses occur as a result of chronic 
kidney disease. Occasionally, they rapidly progress in patients 
with chronic kidney disease, possibly because of associated sec-
ondary hyperparathyroidism.150 Chronic kidney disease may 
cause pericardial effusion, pericardial thickening, or cardiac 
tamponade.168

CLINICAL UTILITY

Echocardiography is a useful noninvasive method of evaluating 
patients with chronic kidney disease and end-stage renal disease 
who present with symptoms suggestive of heart failure. An 
accurate clinical diagnosis of heart failure in these patients is 
challenging, because heart failure in such patients is often mul-
tifactorial. It could be on the basis of dilated cardiomyopathy, 
diastolic failure, inadequate ventricular hypertrophy, mitral or 
aortic valvular regurgitation, or stenosis. Pericardial effusion 
with secondary cardiac tamponade could mimic congestive 
heart failure. Conventional M-mode, 2D, and Doppler echocar-
diography techniques are useful in the diagnosis of the many 
structural and valvular abnormalities that may cause heart 
failure in the chronic kidney disease patient. In addition, tissue-
Doppler imaging and strain rate imaging complement the con-
ventional echocardiographic approaches in the comprehensive 
assessment of patients with chronic kidney disease for confirm-
ing associated myocardial disease. Myocardial tissue character-
ization with ultrasonic integrated back-scatter aids in the 
diagnosis of myocardial disease in patients with chronic kidney 
disease, but it has not been employed widely.

Echocardiography-derived measurements, when abnormal, 
are better predictors of prognosis than clinical evaluation or 
electrocardiographic findings in end-stage renal disease patients. 
These measurements include reduced LV ejection fraction and 
fractional shortening, increased LV volume, LVH, abnormal 
diastolic filling, increased E/E′ ratio, increased LA volume or 
diameter, and mitral annular calcification. End-stage renal 
disease patients with reduced LV systolic function and LV dila-
tion have a poor prognosis, a mean survival of 7.8 months. 
Prospective studies in these patients show that improvement in 
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Figure 38-12  Kaplan-Meier graphs of overall survival (A) and cardiovascular death (B) of patients with end-stage renal disease on basis of 
ratio of transmitral peak early filling to early diastolic tissue-Doppler velocity (E/E′ ) stratified by tertiles. E/E′ defined as ≤14.43 for lower (red 
line), >14.43 to 21.73 for middle (blue line), and >21.73 for upper tertiles (purple line). Log-rank test showed significant differences between all tertiles 
for overall survival (A) and between upper versus middle or lower tertiles for cardiovascular death (B). (From Wang AYM, Wang M, Lam CWK, et al: 
Left ventricular filling pressure by Doppler echocardiography in patients with end-stage renal disease. Hypertension 52:107-114, 2008.)
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Echocardiographic Findings in Obesity

Systolic Dysfunction Diastolic Dysfunction Structural Abnormalities

LV strain/tissue-Doppler imaging:
↓Peak global LV longitudinal systolic SR (<0.90 s−1)
↓LV myocardial or annular S′

Conventional M-mode/2D/Doppler 
echocardiography:
↑ or normal LVEF (in early stages of obesity)
↑ or normal cardiac output and LV stroke volume 

(in early stages of obesity)
↓LVEF (in morbid obesity)
↓LV shortening fraction (in long-standing obesity)
↑PEP/LVET ratio
Blunted rise in LVEF with exercise (in morbid 

obesity)
RV strain/tissue-Doppler imaging:

↓RV tricuspid annular S′
↓RV longitudinal strain and peak systolic SR

Strain/tissue-Doppler imaging:
↓Peak LV early diastolic SR
↓MV annular E′ (<8.0 cm/s)

Conventional Doppler 
echocardiography:
Grade 1 diastolic dysfunction:
↓E (<0.6 m/s)
↓E/A ratio (<1.0)
↑IVRT (>90 ms)
≥Grade 2 (pseudonormal) 

diastolic dysfunction in 60%

Conventional M-mode/2D echocardiography:
Concentric LV hypertrophy (most common type of 

hypertrophy seen)
Concentric remodeling (more common in young 

females)
Eccentric LV hypertrophy
↑LV mass
↑Septal and posterior wall diastolic thickness
↑LV end-diastolic diameter
↑LA diameter, area and volume
↑Aortic root diameter
↑Epicardial fat layer thickness
RV enlargement

Ultrasonic integrated back-scatter:
↑LV septal and lateral myocardial acoustic reflectivity

E, Peak transmitral early diastolic filling velocity; E/A, E/peak transmitral late diastolic filling velocity ratio; E′, peak early diastolic tissue-Doppler velocity; IVRT, isovolumic relaxation 
time; LVEF, LV ejection fraction; MV, mitral valve; PEP/LVET, LV preejection to LV ejection time ratio; SR, strain rate; S′, peak LV systolic tissue-Doppler velocity.

TABLE 
38-7 

evaluation, as aortic valve replacement is an effective treatment 
for aortic stenosis despite the presence of end-stage renal 
disease.181

Dobutamine stress echocardiography is useful to identify 
coronary artery disease in patients with chronic kidney disease 
or end-stage renal disease, and to predict mortality. Karagiannis 
and co-workers182 reported in 2292 patients with chronic 
kidney disease followed for over 8 years. Dobutamine stress 
echocardiography–induced ischemia of more than four seg-
ments portended an 80% mortality over the course of the 
study.182 Normal dobutamine stress echocardiography por-
tended a risk of 10% for cardiac events at 15 months.182 Early 
identification and aggressive risk factor modification of coro-
nary artery disease are essential in the chronic kidney disease 
population.

The Kidney/Disease Outcome Quality Initiative guidelines 
recommends that patients undergoing hemodialysis echocar-
diography should be monitored for changes in cardiac structure 
and function at initiation of dialysis and every 3 years thereafter. 
This recommendation is supported by prospective studies.183

Obesity
Obesity increases circulatory blood volume and cardiac output 
as a compensatory mechanism from high metabolic demands 
of excessive adipose. Moderate to severe obesity may lead to LV 
enlargement, eccentric LVH, and diastolic dysfunction in the 
absence of other obesity-related diseases, such as hypertension, 
coronary artery disease, obstructive sleep apnea, hypoventila-
tion syndrome, and diabetes (Table 38-7). Systolic impairment 
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and heart failure may ensue, giving rise to an obesity cardiomy-
opathy.184 Heart failure is a frequent cause of death in morbidly 
overweight persons.

SYSTOLIC FUNCTION

Obesity causes increases in circulatory blood volume and 
cardiac output, which are proportional to excess body weight. 
The high-output state of morbid obesity occurs predominantly 
from increases in adipose tissue blood flow. Resting heart rate 
is only minimally affected, but stroke volume is increased. LV 
ejection fraction may be augmented or normal in the early 
stages of obesity.176,185 However, systolic function curves or 
indexes, such as the stroke work index to LV end-diastolic pres-
sure or preejection period to LV ejection time ratio, may be 
reduced in obese patients, consistent with depressed myocardial 
systolic function. In addition, even in the face of normal global 
LV systolic function, abnormalities in regional myocardial sys-
tolic function have been shown to exist in persons with 
obesity.186-190 Wong and colleagues186 demonstrated in over-
weight, mildly obese, or severely obese subjects with normal LV 
ejection fraction that regional myocardial systolic function is 
decreased as assessed by systolic strain or tissue-Doppler veloc-
ity. Others have confirmed these findings.187-191

Reduced LV ejection fraction and attenuation of the normal 
increase in LV ejection fraction with exercise may occur in 
morbidly obese persons. In such individuals, increased LV mass 
is associated with an attenuation of the normal increase in LV 
ejection fraction during exercise. RV regional and global systolic 
function may be impaired due to obesity.191-193 Weight reduction 
in subjects with obesity is associated with improvement in sys-
tolic function.192,193

Echocardiography is a sensitive method for detection of myo-
cardial systolic dysfunction from obesity when applying sophis-
ticated methods of LV strain and strain rate.186,188,189,191 Orhan 
and associates191 reported in obese persons compared to con-
trols decreased LV global longitudinal (−1.07 ± 0.14 s−1 versus 
−1.38 ± 0.12 s−1, p <0.001) and regional strain (Fig. 38-13).191 
RV systolic dysfunction also is present in obese persons as dem-
onstrated by tissue Doppler–derived RV peak systolic velocity 
(6.5 ± 2.4 cm/s versus 10.2 ± 1.5 cm/s, p <0.001), longitudinal 
strain (−21.0 ± 4.5% versus −28.8 ± 4.2%, p <0.001), and peak 
systolic strain rate (1.4 ± 0.4 s−1 versus 2.0 ± 0.5 s−1, p = 0.001).192

DIASTOLIC FUNCTION

Global LV diastolic dysfunction occurs in otherwise healthy 
obese persons as demonstrated by abnormalities of LV 
filling185,194 and prolongation of isovolumic relaxation time.185 
LV diastolic dysfunction of at least a pseudonormal severity has 
been reported in 23% of obese persons without diabetes.195 
Regional myocardial diastolic function also is impaired in  
obese persons.186,187,190 Findings include reduced E′ from tissue-
Doppler (10.1 ± 1.7 cm/s versus 8.0 ± 2.2 cm/s, p <0.01)191 and 
peak early LV diastolic strain rate. Impaired LV relaxation, com-
pliance, or both occur in obese patients because of associated 
LVH. RV regional and global diastolic dysfunction occurs in 
obese persons, but the independent influence of coexisting dia-
betes and/or sleep apnea is difficult to quantify.192,196,197 Weight 
reduction is associated with improvement in LV and RV dia-
stolic dysfunction.198

LA enlargement ideally assessed by volume derived from 2D 
or 3D echocardiography can be on the basis of obesity, 

Figure 38-13  Regional peak systolic longitudinal strain rates were 
lower in obese (blue bars) compared to controls (purple bars) mea-
sured from LV lateral, septal, anterior, and inferior basal walls. (From 
Orhan AL, Uslu N, Dayi SU, et al: Effects of isolated obesity on left and 
right ventricular function—a tissue-Doppler and strain rate imaging 
study. Echocardiography 27:236-243, 2010.)
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particularly in older subjects.199 When LA enlargement is present 
despite normal conventional measures of global LV diastolic 
function (e.g., E/A ratio, isovolumic relaxation time, or Vp), 
pseudonormal diastolic dysfunction and elevated LA pressure 
should be suspected. This can be confirmed by an elevated E/E′ 
ratio, typically greater than 13 to 15.

RV systolic dysfunction is present in obese persons as dem-
onstrated by tissue Doppler–derived RV peak early diastolic 
velocity (6.8 ± 2.4 cm/s versus 10.3 ± 2.5 cm/s, p <0.001).192

STRUCTURAL ABNORMALITIES

Compared with normal-weight controls with similar blood 
pressure, obese patients show an increase in LA diameter, area, 
and volume, aortic root diameter, LV end-diastolic diameter, 
septal and posterior wall thickness, and LV mass186-188,200-202 
(see Table 38-7). Obesity causes predominantly concentric 
LVH but is also associated with concentric remodeling and 
eccentric LVH (Fig. 38-14).201 Eccentric LVH in obesity is 
accounted for by chronic increased intravascular volume and 
partially explains the association between increasing LV mass 
and severity of obesity. Inadequate hypertrophy of the LV wall 
to normalize wall stress in the face of a dilated cavity occurs in 
some obese persons and may account for impaired myocardial 
systolic function. RV enlargement occurs in obesity and is par-
tially explained by associated sleep apnea and pulmonary 
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Figure 38-14  Patterns of LV geometry in nonobese (n = 59; purple 
bars) and severely obese (n = 455; blue bars) subjects. Concentric 
LV hypertrophy (LVH) is most frequent in obese subjects, but eccentric 
LVH  represents  a  significant  proportion.  (From Avelar E, Cloward TV, 
Walker JM, et al: Left ventricular hypertrophy in severe obesity—
interactions among blood pressure, nocturnal hypoxemia, and body 
mass. Hypertension 49:34-39, 2007.)
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Figure 38-15  Ultrasonic integrated back-scatter showing greater echoreflectivity of the myocardium in a representative obese patient 
versus healthy control person.  EDF,  End-diastolic  frames;  ESF,  end-systolic  frames.  (From Di Bello V, Santini F, Cori AD, et al: Obesity 
cardiomyopathy—is it reality? An ultrasonic tissue characterization study. J Am Soc Echocardiogr 19:1063-1071, 2006.)
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ANOREXIGEN USE, VALVULOPATHY, AND 
PULMONARY HYPERTENSION

Obesity is associated with serious cardiovascular health risks, 
such as heart failure, stroke, and systemic hypertension. 
Appetite-suppressant medications or anorexigens with diverse 
mechanisms of action are used in the treatment of obese sub-
jects to promote weight reduction. Studies with matched control 
subjects and blinding of echocardiographic interpretations 
show a prevalence from 6.3% to 11.3% (unadjusted for back-
ground rates) of aortic valvular regurgitation in association 
with the use of anorexigens when the U.S. Food and Drug 
Administration (FDA) criteria (i.e., mild or greater aortic regur-
gitation) were met.207 Studies have shown no association 
between anorexigen use and valvular heart disease when dura-
tion of treatment was less than 3 months.208,209 Meta-analysis of 
four studies showed a statistically significant increase of moder-
ate or greater mitral regurgitation in patients treated for greater 
than 90 days with fenfluramine or dexfenfluramine as com-
pared to controls (i.e., 3.5% versus 1.8%). Structural abnor-
malities seen on echocardiography have been reported to 
include aortic or mitral leaflet thickening, diastolic doming of 
the anterior mitral leaflet and immobility of the posterior mitral 
leaflet, shortening and thickening of chordae tendineae, and 
retraction of aortic valve leaflets. Histopathologic and gross 
pathologic findings available in these subjects included fibrotic 
endocardial changes of valve leaflets and chordae tendineae 
with a “stuck on plaque” appearance and white glistening valves, 
which were indistinguishable from the features of carcinoid or 
ergotamine valvulopathy.

Aortic or mitral valvular regurgitation that meets the FDA 
criteria in severity, when present, appears far more likely to 

hypertension. Weight loss induces significant reductions in LV 
end-diastolic diameter, end-systolic wall stress, LV mass, and RV 
size.198,202,203 Ultrasonic integrated back-scatter of LV septum 
and posterior walls is increased in obese compared to controls, 
potentially on the basis of increased collagen content or myo-
cardial fibrosis (Fig. 38-15).204 Epicardial fat on the free wall of 
the RV is visceral fat that correlates with obesity-related insulin 
resistance and more commonly seen in obese persons.205 Aerobic 
exercise and weight reduction decreases epicardial fat layer 
thickness.206
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mild elevation of pulmonary artery systolic pressure as  
estimated by echocardiography to anorexigen use in obese 
subjects.213

Nutritional Deficiencies and Heart 
Disease (Table 38-8)
VITAMIN AND TRACE ELEMENT DEFICIENCIES

Beriberi Heart Disease
Thiamine deficiency may occur in many as 33% of patients with 
heart failure.215 Diuretics increase urinary excretion of thiamine 
and is a cause of this deficiency. Body stores can be depleted in 
2 to 3 weeks. Severe thiamine deficiency that persist for 3 
months or longer may lead to beriberi. Heart disease in beriberi 
patients is characterized by biventricular failure and marked 
edema associated with a high cardiac output and arteriolar 
vasodilation. RV failure may predominate, but significant eleva-
tion of LV end-diastolic and pulmonary capillary wedge pres-
sures occur. The disease has been virtually eliminated in the 
United States, but it can be seen in alcoholic persons who 
become thiamine deficient. The hemodynamic abnormalities 
are reversible with thiamine therapy but may not respond to 
inotropic agents or diuretics. The possibility of thiamine defi-
ciency and beriberi heart disease should be considered in cases 
of refractory heart failure presumed to result from alcoholic 
cardiomyopathy.

Keshan Heart Disease
Keshan heart disease, first described in China, is a dilated car-
diomyopathy characterized by myocardial fibrosis and necrosis. 
Selenium and vitamin E deficiency may be important in its 
development. Suspected cases of selenium deficiency and car-
diomyopathy similar to this disease have been reported in the 
United States. Keshan disease is preventable by selenium sup-
plementation in the diet.

Other Vitamin Deficiencies
Vitamin D deficiency is estimated to occur in 25% to 57% of 
adults in the United States. It has been linked to presence of 
valvular calcifications, mitral annular calcification, LV dilation, 
and possibly LVH.216-218 Vitamin C deficiency may cause scurvy 
and heart abnormalities. The manifestations of cardiac involve-
ment in scurvy may include dyspnea, chest pain, sudden death, 
PR interval prolongation, and ST-segment abnormalities. The 
direct effects of vitamin A or niacin deficiency on heart muscle 
in humans have not been established.

remain stable and/or to regress than to progress in obese sub-
jects after cessation of the use of fenfluramine or dexfenflura-
mine.210 Ideally, quantitative measures should be employed to 
assess regurgitation severity. The need for valve surgery from 
anorexigen valvulopathy is rare, particularly many years later in 
those not initially meeting FDA criteria of valvulopathy in prox-
imity to fenfluramine or dexfenfluramine use.211 The use of 
appetite suppressants, including dexfenfluramine or fenflura-
mine, for longer than 3 months showed an odds ratio of 23 
(95% confidence index: 6.9 to 77) for primary pulmonary 
hypertension in obese individuals.212 Echocardiography has an 
important role in the noninvasive estimation of pulmonary 
artery pressure in obese subjects when pulmonary hypertension 
on the basis of anorexigen use is suspected. Peak pulmonary 
systolic pressure, estimated by echocardiography, is greater than 
35 mm Hg in nearly one third of otherwise normal obese indi-
viduals.213 The prevalence of elevated pulmonary pressures in 
morbidly obese individuals living at moderate altitude may be 
in excess of 96%. These data suggest caution when ascribing 
mild elevation of pulmonary artery systolic pressure to anorexi-
gen use in obese subjects.

CLINICAL UTILITY

Although the echocardiographic findings of obesity are nonspe-
cific, echocardiography is useful in the assessment of obese 
patients, particularly if there is long-standing heart failure or 
suspicion of the presence of heart failure. Appraisal of LV global 
and regional systolic function, diastolic function, chamber size, 
and hypertrophy, and RV function helps to guide medical 
therapy. Substantial weight reduction by the morbidly obese 
may improve LV and RV systolic and diastolic function, decrease 
LV chamber size, and reduce LV mass.197,198,202,203

Echocardiography is of benefit in obese subjects with sus-
pected aortic or mitral valvulopathy on the basis of anorexi-
gen use. The presence of aortic or mitral valvular thickening 
unexplained by other causes in combination with at least mild 
aortic regurgitation or at least greater than mild mitral regur-
gitation, respectively, should be present before a diagnosis of 
anorexigen-induced valvulopathy is entertained. Several quan-
titative measures should be employed to assess changes in 
severity of regurgitation over time, as reliance on qualitative 
assessments or any single method is unreliable and may lead 
to erroneous conclusions on the clinically relevant question of 
progression, stability, or regression in anorexigen-induced val-
vular heart disease.214 Obesity is a cause of pulmonary hyper-
tension and confirms a need for caution when attributing 

Echocardiographic Findings in Nutritional Deficiencies

Beriberi Heart Disease 
(Thiamine Deficiency) 
Systolic Dysfunction/
Structural Abnormalities

Keshan Heart Disease (Selenium 
Deficiency) Systolic 

Dysfunction/Structural 
Abnormalities

Kwashiorkor (Protein-Calorie 
Malnutrition) Systolic 
Dysfunction/Structural 

Abnormalities
Vitamin D Deficiency Structural 

Abnormalities

M-mode/2D/Doppler 
echocardiography:
↓LVEF
LV enlargement
RV enlargement
↑Cardiac output

M-mode/2D echocardiography:
↓LVEF
LV enlargement
Dilated cardiomyopathy

M-mode/2D echocardiography:
↓LV mass
Cardiac atrophy
↓LV shortening fraction
↓Mean Vcf

↓Cardiac output

Vitamin D deficiency occurs in 25% to 
57% of adults in the United States

M-mode/2D echocardiography:
Associated with:

Valvular calcification
Mitral annular calcification
LV enlargement
Possible LV hypertrophy

LVEF, LV ejection fraction; Vcf, LV velocity of circumferential fiber shortening.

TABLE 
38-8 
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KEY POINTS

 Diabetes is associated with a cardiomyopathy character-
ized by impaired diastolic and systolic dysfunction, inde-
pendent of coronary disease or hypertension.
• Regional LV systolic dysfunction is an early manifesta-

tion of diabetic heart disease as measured by strain, 
strain rate, and tissue-Doppler velocity imaging.

• Subclinical diastolic dysfunction also is evident by con-
ventional Doppler and strain imaging.

• An increased LV mass index is a predictor of adverse 
cardiovascular events in diabetic patients.

• Aortic stenosis progression may be more rapid in dia-
betic subjects.
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or may be the first indication of thyroid dysfunction.

 Hyperthyroidism is associated with an increased LV ejec-
tion fraction at rest but a reduced increase in ejection 
fraction and stroke volume with exercise.

 Cardiovascular complications are common in patients 
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failure, often in associated with an increased LV mass 
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 In about 50% of patients with hyperparathyroidism, 
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phic cardiomyopathy without obvious cause should raise 
the clinical suspicion of glucocorticoid excess, possibly 
from Cushing syndrome.

 Chronic kidney disease results in impaired LV systolic and 
diastolic dysfunction. Concurrent hypertension leads to 
an increase in LV wall thickness and LV mass.

 Obesity results in increase in cardiac dimensions, LV dia-
stolic dysfunction and RV systolic dysfunction.
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Forms of Connective Tissue Disorders
Although connective tissue disorders affect multiple organs, the 
impact on the cardiovascular system is considered the most 
dangerous. These disorders are known to cause progressive 
degeneration of the integument, joints, pleura, and eyes. Poten-
tial exists for both left and right heart involvement, but clinically 
important pathology is typically confined to the mitral valve, 
aortic valve, and the aorta itself.

As opposed to other forms of cardiovascular disease, many 
patients come to medical attention not because of symptoms 
referable to the cardiovascular system but rather because of 
findings associated with one of the noncardiac organ systems 
noted previously. In addition, identification of cardiovascular 
pathology may be noted on screening cardiac assessment as a 
result of the presence of a defined or suspected connective tissue 
disorder in another family member. Echocardiography is the 
mainstay of cardiac screening for the cardiac manifestations of 
connective tissue disorders. As with many other cardiac disor-
ders, transesophageal echocardiography (TEE) complements 
transthoracic echocardiography (TTE) in developing a thor-
ough set of data. In addition, other noninvasive imaging modal-
ities (i.e., computerized tomography and magnetic resonance 
imaging) contribute to diagnosis in selected circumstances. 
Although Marfan syndrome (MFS) is the most common con-
nective tissue disorder that leads to cardiovascular compromise, 
a number of other inherited and congenital conditions are 
known to affect the cardiac structures in similar ways (Box 
39-1). These conditions are elucidated in this chapter. In addi-
tion, the spectrum of disease and the methods of assessment 
are highlighted.

MARFAN SYNDROME

Marfan syndrome is a well-described heritable disorder of con-
nective tissue with a broad phenotypic spectrum. Major clinical 

manifestations include the cardiovascular, ocular, and skeletal 
systems. The diagnosis is based on the Ghent nosology, which 
was recently revised by an international expert panel (Boxes 
39-2 and 39-3).1 The revised criteria place increased importance 
on the cardinal clinical features of aortic root dilation and dis-
section and ectopia lentis.

The evaluation of children and adolescents for MFS requires 
special consideration.1 Serial evaluations are recommended 
because of their potential for evolving clinical features, which 
could progress so that a diagnostic criterion is eventually 
achieved. However, the practitioner should also be judicious in 
conferring this diagnosis because it may cause psychosocial 
stress, impact career decisions, and limit insurability. Young 
patients (younger than 20 years of age) with a fibrillin 1 (FBN1) 
mutation or a family history of MFS and aortic root measure-
ments with a Z-score of less than 3 should have a diagnosis of 
“potential MFS” until follow-up evaluation shows further aortic 
dilation.

Marfan syndrome is inherited in an autosomal dominant 
manner, with 25% of patients representing sporadic new muta-
tions without a family history.2 Once an individual is diagnosed 
with MFS, first-degree relatives should be screened for the con-
dition (with physical examination, accompanied by ophthal-
mologic assessment and echocardiography when clinically 
appropriate). The age-related penetrance is high, and both 
interfamilial and intrafamilial variability are well described. 
Molecular genetic testing of the fibrillin 1 gene (locus 15q21.1) 
reveals a causative mutation in about 70% to 90% of individuals 
with the clinical diagnostic criteria for MFS.3

Despite a considerable effort invested in defining genotype-
phenotype correlations for MFS, few if any definitive correla-
tions have emerged. Thus far, none have been shown to be 
specific enough to influence clinical management. Of those that 
have emerged, the patients with the most severe form of MFS 
(also termed infantile MFS) and an identifiable fibrillin 1 muta-
tion tend to harbor mutations in the central portion of the gene, 
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between exons 24 to 32.4-6 Interestingly, mutations have been 
also found in this region in other patients with classic, atypically 
severe, and milder forms of MFS and other fibrillinopathies.6-8 
By way of contrast, mutations in fibrillin 1 that result in milder 
forms of a type 1 fibrillinopathy have also been described. These 
include mutations in the C-terminus region of fibrillin 1 that 
result in only the skeletal manifestations of MFS.9 Mutations in 
exons 59 to 65 of fibrillin 110 and exons 1 to 1011 have been 
associated with phenotypes that lack significant aortic involve-
ment or with only late onset and relatively mild cardiovascular 
features.

EHLERS-DANLOS SYNDROME

The multiple forms of Ehlers-Danlos syndrome (EDS) are each 
manifested by particular phenotypic features. The most 
common forms are type III, otherwise termed benign hyper-
mobility syndrome; and the classic form, previously designated 
as types I and II but now recognized as forming a clinical con-
tinuum (involving hyperextensibility, fragile “cigarette paper” 
skin that heals poorly, scoliosis, and hernias). Between one 
quarter and one third of individuals with these types of Ehlers-
Danlos syndrome have aortic dilation, but usually only to a mild 
degree. Aortic dissection is rare absent significant preexisting 
dilation.12-14 The long-term prognosis regarding progression or 
development of aortic dilation is the subject of ongoing inves-
tigations.12,13 Mitral valve prolapse is also encountered in these 
patients. Classic and type III Ehlers-Danlos syndrome are 
inherited in an autosomal dominant fashion and are caused by 
a disorder in synthesis of collagen.

Type IV or vascular form is considered the malignant form 
of Ehlers-Danlos syndrome in that there is an increased suscep-
tibility to spontaneous vascular dissection. The median age of 
death is 48 years. Large vessel dissections can involve the aorta, 
but the cerebral and abdominal large arteries are also at risk.15,16 
The sites of arterial rupture are the thorax and abdomen (50%), 
head and neck (25%), and extremities (25%). Although uncom-
mon, the vascular type of Ehlers-Danlos syndrome is a cause of 
stroke in young adults. The mean age of intracranial aneurys-
mal rupture, spontaneous carotid-cavernous sinus fistula, and 
cervical artery aneurysm is 28 years.17 Hyperelastic tissues and 
hyperextensible joints are less frequent manifestations, but easy 
bruising, poor wound healing, and rupture of the gastrointes-
tinal tract are commonly seen. Inheritance is autosomal domi-
nant, with the defect occurring in the type III collagen gene 
COL3A1.18

All patients with Ehlers-Danlos syndrome (irrespective of 
particular type) should undergo screening echocardiographic 
assessment. Patients with types I, II, and IV (more commonly 
associated with cardiovascular manifestations) should be evalu-
ated annually with echocardiography for a serial assessment of 
aortic dilation and mitral valve disease. Aortic regurgitation 
may also develop. The indications for surgical repair in classic 
and type III syndromes are similar to MFS and are discussed 
subsequently in the chapter. The fragile nature of the large 
vessels in the vascular form of Ehlers-Danlos syndrome increases 
surgical morbidity and mortality. Therefore, whether there is a 
role for early prophylactic repair of unruptured aneurysms in 
the vascular form of Ehlers-Danlos syndrome is unclear.19 
However, successful repairs of aneurysms and dissections can 
be achieved with careful surgical technique.20 TEE should be 
approached with caution because of the potential for gastroin-
testinal involvement.

MASS, Myopia, Mitral valve prolapse, borderline Aortic enlargement, and 
nonspecific Skin/Skeletal signs.

Box 39-1 

INHERITED AND CONGENITAL DISORDERS 
ASSOCIATED WITH AORTIC DILATION OR 
MITRAL VALVE PROLAPSE

• Marfan syndrome • MASS phenotype
• Loeys-Dietz syndrome • Bicuspid aortic valve
• Ehlers-Danlos syndrome • Coarctation of the aorta
• Homocystinuria
• Thoracic aortic aneurysm  

and dissection syndrome

• Mitral valve prolapse 
syndrome

• Turner syndrome
• Osteogenesis imperfecta• Familial thoracic aortic 

aneurysm

From Loeys BL, Dietz HC, Braverman AC, et al: The revised Ghent nosology for 
the Marfan syndrome. J Med Genet 47:476-485, 2010.

Box 39-2 

REVISED GHENT CRITERIA FOR THE DIAGNOSIS 
OF MARFAN SYNDROME

In the Presence of Family History, Any of the Following 
Confirm the Diagnosis of Marfan Syndrome:

• Ectopia lentis
• Systemic score ≥7
• Ao sinus dilation (Z-score ≥2 above age 20 years or 

Z-score ≥3 below age 20 years)

In the Absence of Family History and without  
Discriminating Features of Another CTD:

• Ao sinus dilation (Z-score ≥2) and ectopia lentis = 
Marfan syndrome

• Ao sinus dilation (Z-score ≥2 above age 20 years or 
Z-score ≥3 below age 20 years) and fibrillin 1 = 
Marfan syndrome

• Ao sinus dilation (Z-score ≥2) and systemic score ≥7 = 
Marfan syndrome

• Ectopia lentis and fibrillin 1 with known aortic dilation 
= Marfan syndrome

Ao, Aortic; CTD, connective tissue disorder.

Box 39-3 

SYSTEMIC SCORE IN MARFAN SYNDROME

• Wrist and thumb sign, 3 (wrist or thumb sign, 1)
• Pectus carinatum deformity, 2 (pectus excavatum or 

chest asymmetry, 1)
• Hind foot deformity, 2 (plain pes planus, 1)
• Pneumothorax, 2
• Dural ectasia, 2
• Protrusio acetabuli, 2
• Reduced upper segment/lower segment ratio and 

increased arm/height and no severe scoliosis, 1
• Reduced elbow extension, 1
• Scoliosis or thoracolumbar kyphosis, 1
• Facial feature (3/5), 1 (dolichocephaly, enophthalmos, 

downslanting palpebral fissures, malar hypoplasia, 
retrognathia)

• Skin stria, 1
• Myopia >3 diopters, 1
• Mitral valve prolapsed, 1
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mutation on genetic testing. The four main groups of clinical 
findings are vascular, skeletal, craniofacial, and cutaneous (Box 
39-4).23 We recommend genetic testing on patients with aortic 
root dilation who have any features from the other main 
groups of clinical findings. Some patients with aortic dilation 
and dissection have mutations in the transforming growth 
factor–β receptor 1 and 2 genes without other features of 
Loeys-Dietz syndrome. These patients fall in the category of 
thoracic aortic aneurysms and dissections and are discussed 
subsequently. Consideration should be given for genetic testing 
in families with multiple members with only aortic or other 
arterial dilation. Finally, it is reasonable also to consider genetic 
testing for transforming growth factor–β receptor 1 and 2 
mutations in patients who have had aortic dissection at diam-
eters less than 5 cm, unless another causative condition is 
identified.

Loeys-Dietz syndrome is often divided into two subtypes. 
Patients with Loeys-Dietz syndrome type I (around 75% of 
patients with Loeys-Dietz syndrome) do not typically have 
cutaneous abnormalities. Loeys-Dietz syndrome type II consti-
tutes the remaining patients and does not typically have cranio-
facial findings, with the exception of isolated bifid uvula. 
Considerable overlap is found between the subtypes, and they 
are considered part of the same clinical continuum.

The most important complication in Loeys-Dietz syndrome 
is aortic root dilation and dissection. The mean age of death in 
the original case series was 26 years.23 Nearly all patients had 
aortic root aneurysms that lead to dissection. As noted previ-
ously, dissection can occur at aortic dimensions that are not 
considered high risk in MFS (less than 5.0 cm), and dissections 
have been reported in infancy and early childhood. Around half 
of patients with Loeys-Dietz syndrome have dilation or tortuos-
ity in the arterial tree away from the aortic root. Notably, these 

HOMOCYSTINURIA

This disorder is defined as the presence of excessive homocys-
teine in the urine. The most common form of homocystinuria 
is caused by a metabolic disorder in which a deficiency of cys-
tathionine β synthase results in an elevation of blood methio-
nine and subsequent deposition of its precursor homocysteine 
in the urine. The inheritance occurs in an autosomal recessive 
pattern, with variable phenotypic expression even within the 
same family. Clinical findings can include developmental delay, 
ectopia lentis, coagulopathies, and many of the same skeletal 
features present in MFS, including scoliosis, arachnodactyly, tall 
stature, and pectus deformities. As opposed to the aortic dila-
tion seen in patients with MFS, this entity is not generally 
present in homocystinuria. From a cardiovascular standpoint, 
these patients can have arterial and venous thromboses develop, 
which can lead to peripheral or cerebral vascular disease in both 
children and adults.21 This is complicated by vascular injury, 
including medial degeneration of the aorta and large arteries, 
with intimal hyperplasia and fibrosis. There is resultant pulmo-
nary embolism with associated right ventricular hypertension 
and ischemic coronary disease with the potential for myocardial 
infarction.

OTHER FIBRILLINOPATHIES

Fibrillin 1 mutations have also been reported in distinct phe-
notypes that have overlap with MFS, including mitral valve 
prolapse syndrome, the MASS phenotype (Myopia, Mitral valve 
prolapse, borderline Aortic enlargement, and nonspecific 
Skin/Skeletal signs), apparently isolated ectopia lentis, predomi-
nant or isolated skeletal features of MFS, and familial aortic 
aneurysm or dissection.3 Together, MFS and the MFS-related 
phenotypes have been termed the type 1 fibrillinopathies.

Congenital contractural arachnodactyly (also known as Beals 
syndrome), another connective tissue disorder similar to MFS, 
is caused by fibrillin-2 mutations. Differentiation between these 
two syndromes can be difficult because of the similar skeletal 
complications that include arachnodactyly, pectus deformities, 
and scoliosis. However, congenital contractural arachnodactyly 
usually presents with multiple joint contractures and crumpled 
ear helices. There is the occasional finding of aortic root dila-
tion; in addition, eye involvement can be seen.22

LOEYS-DIETZ SYNDROME

Loeys-Dietz syndrome is a recently described autosomal domi-
nant connective tissue disease associated with arterial aneu-
rysms and dissections and other systemic involvement.23,24 
Importantly, aortic dissection can occur at diameters smaller 
that those observed in MFS.23,25 The genes for the transforming 
growth factor–β receptors 1 and 2 are the only currently known 
genes involved in this disorder.24 Loeys-Dietz syndrome is char-
acterized by the clinical triad of arterial tortuosity and aneu-
rysms; hypertelorism; and bifid uvula or cleft palate or uvula 
with a wide base or prominent ridge. Aneurysms occur in the 
aortic root but are also commonly found in other arteries. The 
arterial tortuosity most commonly affects the head and neck 
vessels.

Specific diagnostic criteria for Loeys-Dietz syndrome have 
not been established. Typically, the diagnosis is rendered when 
a patient has findings from some of the commonly affected 
organ systems in addition to identification of a disease-causing 

Box 39-4 

CLINICAL FEATURES OF LOEYS-DIETZ 
SYNDROME

Vascular
• Aortic root dilation and dissection
• Distal arterial aneurysms and tortuosity

Skeletal Manifestations
• Pectus excavatum or carinatum
• Scoliosis
• Joint laxity
• Arachnodactyly
• Talipes equinovarus

Craniofacial Features
• Ocular hypertelorism
• Bifid uvula (or uvula with a wide base or prominent 

ridge)
• Cleft palate
• Craniosynostosis

Cutaneous Features
• Translucent skin
• Easy bruising
• Dystrophic scars

Other
• Females are at risk for uterine rupture during 

pregnancy
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bicuspid aortic valve have larger aortic annulus, sinus, and 
ascending aortic dimensions and an increased rate of aortic 
dilation over time (Fig. 39-2). Up to 15% of aortic dissections 
may occur in individuals with a bicuspid aortic valve.31 Histori-
cally, the term poststenotic dilation was used as a hemodynamic 
explanation for the finding of aortic dilation in the presence of 
a bicuspid aortic valve. However, this relationship is now under-
stood in fact to be the result of aortic pathology that is inde-
pendent of the aortic valve disease itself.32,33 The increased risk 
of aortic dissection in patients with a bicuspid valve is limited 
to a small group of the overall population of patients with a 
bicuspid valve.34,35 Even after valve replacement, surgery for a 
bicuspid valve is a strong risk factor for subsequent aortic dis-
section. Thus it is likely that the concomitant finding of a bicus-
pid aortic valve and aortic aneurysm and dissection is a 
manifestation of what is the general class of systemic connective 
tissue disorders.36

Although multiple factors have been implicated in aortic dis-
section,37 little is known of why or how a bicuspid aortic valve 
predisposes to aneurysm formation and dissection. In an 

distal lesions are not detected with echocardiogram. These vas-
cular features differentiate the vascular disease in Loeys-Dietz 
syndrome from MFS. Additional cardiac malformations include 
patent ductus arteriosus, atrial septal defects, and bicuspid 
aortic valve.

BICUSPID AORTIC VALVE

Bicuspid aortic valve is the most common form of congenital 
heart disease and affects between 0.5% and 2% of general popu-
lation.26 Clinical studies have identified a 9% prevalence rate of 
bicuspid aortic valve in first-degree relatives, which validates the 
inherited basis of this condition.27,28 Interestingly, first-degree 
relatives have also been identified with aortic dilation in the 
absence of a bicuspid aortic valve.29

Patients with a bicuspid aortic valve are at increased risk of 
aortic aneurysm and dissection (Fig. 39-1). This appears to be 
a result of pathologic changes in the aortic wall that include 
decreased fibrillin-1, loss of elastic fibers, increased apoptosis, 
and altered smooth muscle cell alignment.30 Patients with a 

Figure 39-1  Bicuspid aortic valve.  A,  Parasternal  long-axis  view  during  systole  shows  doming  of  the  aortic  valve  leaflets,  effacement  of  the 
sinotubular junction, and dilation of the aortic root. B, Parasternal long-axis view during diastole shows eccentric valve leaflet closure and dilation 
of the sinus of Valsalva. Ao, Aorta. 
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Figure 39-2  A, A 10-year-old with Loeys-
Dietz syndrome and severe aortic regurgita-
tion from a bicuspid aortic valve and severe 
aortic root dilation.  Parasternal  long-axis  view 
of the thickened aortic valve leaflets, dilated LV, 
and aneurysm of  the aortic  root. B,  Parasternal 
long-axis view of the severe jet of aortic regurgi-
tation from the combined aortic valve and aortic 
root pathologic processes. Ao, Aorta. 
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Turner syndrome and aortic dilation remain to be determined. 
In addition, the relative aortic dimensions when aggressive 
pharmacologic or surgical intervention should be instituted 
remain unclear. The presence of a generalized vasculopathy in 
those with Turner syndrome is well described and is character-
ized by aortic wall stiffness, arterial dilation, vessel wall thicken-
ing, and abnormal pulse wave propagation.43 Because patients 
with Turner syndrome without aortic pathologic findings or 
systemic hypertension are found to have isolated aortic dilation, 
an intrinsic aortopathy is suggested to be a primary phenotypic 
feature of this condition.

A recent cross-sectional study of girls with Turner syndrome 
less than 18 years of age revealed a number of interesting echo-
cardiographic findings.44 When the group of subjects with 
Turner syndrome was compared with the control population, 
subjects with or without features that would be considered high 
risk (systemic hypertension, bicuspid aortic valve, coarctation 
or repaired coarctation of the aorta, or other organ system 
abnormalities, including renal or thyroid disease) had larger 
proximal aortas in almost all of the cases. The prevalence rates 
of individuals with Z-scores of 2 or more were 12% for the 
aortic annulus, 20% for the aortic root, 18% for the sinotubular 
junction, and 30% for the ascending aorta. These prevalence 
rates corresponded with increased relative risks of 4.8 to 12.0 
times those of the control population. Even in the absence of a 
bicuspid aortic valve, patients with Turner syndrome had a 
larger aorta at the aortic root, sinotubular junction, and ascend-
ing aorta, suggesting that Turner syndrome alone predicts aortic 
dilation. The effect of a bicuspid aortic valve added incremen-
tally to this independent effect of Turner syndrome on aortic 
dimension.

Although the data regarding aortic dilation in the presence 
of Turner syndrome raise obvious concerns regarding risk for 
dissection, additional work is needed to determine the gravity 
of this risk. Similarly, a better understanding as to the param-
eters relating dilation to dissection will allow us to develop 
treatment protocols appropriate to the specific features present 
in the individual patient with Turner syndrome. In the mean-
time, no global therapeutic guidelines are available. Most spe-
cialists caring for individuals with Turner syndrome therefore 
manage these patients in a manner similar to that of those with 
a bicuspid aortic valve.45

FAMILIAL THORACIC AORTIC ANEURYSM  
AND DISSECTION

Up to 20% of patients without syndrome referred for repair of 
aortic aneurysm or dissection have a first-degree relative with 
a similar condition.46,47 The diagnosis of familial thoracic aortic 
aneurysm and dissection is rendered based on the following 
criteria: progressive enlargement of the ascending aorta, posi-
tive family history of thoracic aortic aneurysm and dissection, 
and exclusion of syndrome causes of thoracic aortic aneurysm 
and dissection such as MFS, Loeys-Dietz syndrome, and Ehlers-
Danlos syndrome. Recent work has indentified a genetic cause 
in some cases, with causative mutations thus far identified  
in genes for transforming growth factor–β receptors 1 and 2, 
smooth muscle cell–specific myosin heavy chain 11, and smooth 
muscle–specific alpha actin. Of note, patients with familial  
thoracic aortic aneurysm and dissection typically come to 
medical attention earlier than patients with spontaneous dis-
sections or dilation but later than those with MFS or Loeys-
Dietz syndrome.

attempt to address this question, Schaefer and associates38 
described differences in aortic dimensions and elasticity between 
different phenotypes. They found that subjects with type 1 
bicuspid aortic valve (anterior-posterior leaflet orientation, 
with or without a raphe in the position demarcated by the left 
and right coronary cusps) had a larger dimension and increased 
wall stiffness at the sinuses of Valsalva (Fig. 39-3) than those 
with type 2 bicuspid aortic valve (right-left leaflet orientation, 
with or without a raphe in the position demarcated by the right 
and noncoronary cusps). The mechanism for these differences 
may be that the composition and elastic properties of the aortic 
wall are genetically related to aortic valve morphology. Hemo-
dynamic differences may also contribute, with genetic upregu-
lation altered by flow and force exerted on the aortic wall 
dependent on aortic valve morphology.

TURNER SYNDROME

Patients with Turner syndrome are at high risk for the identifi-
cation of left heart pathology, particularly a bicuspid aortic 
valve and coarctation of the aorta.39 In addition, those with 
Turner syndrome have a higher incidence of systemic hyperten-
sion (even in the absence of anatomic cardiac pathology). 
Aortic dissection occurs in about 1.4% of patients with Turner 
syndrome,40 and dissection often occurs at a young age (mean, 
30 years).41 Approximately 80% to 90% of those with aortic 
dissection have either systemic hypertension or a bicuspid 
aortic valve. Criteria with which to assign risk have been diffi-
cult to ascertain, particularly because most criteria are based on 
somatic growth (height, weight, body surface area). Because 
patients with Turner syndrome also have short stature, the 
general determinants of the relationship between somatic 
growth and expected aortic dimension remain problematic. For 
this reason, the definition of normal aortic size, especially in  
the presence or absence of potentially confounding factors 
(hypertension, bicuspid aortic valve, and coarctation of the 
aorta), is unclear. The general adult guidelines for the predic-
tion of heightened risk for aortic dissection42 in those with 

Figure 39-3  Parasternal short-axis view of a patient with a dilated 
aortic root and associated bicuspid aortic valve. The valve pathology 
is the result of fusion of the left (L) and right (R ) coronary cusps. A raphe 
is noted between the left and right cusps. N, Noncoronary cusp.  

N

R/L
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In addition, as the severity of aortic root dilation worsens, 
aortic regurgitation can develop. This results from either asym-
metric dilation of one or more cusps or generalized dilation at 
the aortic valve annulus. Either mechanism has the potential to 
alter the geometry of the aorta in such a manner that regurgita-
tion develops (Figs. 39-7 and 39-8). In those situations in which 
the thoracic aorta cannot be imaged completely with TTE 
imaging, TEE should be used. Studies suggest that TEE is com-
parable with computed tomographic scan in defining thoracic 
aortic aneurysms.

Histopathology
The fibrous structures of the heart are composed primarily of 
connective tissue proteins. These serve as a framework whereby 
the contractile myocardial tissue is structurally supported. Con-
nective tissue also supports the underlying structure of the large 
blood vessels and valves. Collagen and elastin fibrils underlie 
the endocardial cells of the heart and blood vessels. Type I col-
lagen fiber bundles make up the support structure for the atrio-
ventricular valves and constitute the primary elements of the 
valvar fibrous rings. The major structural support of the large 
blood vessels is elastin and collagen types I and III; lesser 
amounts of types IV, V, and VI collagen also contribute to vessel 
wall integrity.

The aorta is comprised of three layers: the intima, media, and 
adventitia. The medial layer consists of concentric layers of 
smooth muscle cells, collagen, and elastin with extracellular 
matrix proteoglycans. In connective tissue disorders, dilation of 
the aortic root is caused by degenerative changes as a result of 
disruption and loss of elastin fibers, loss of smooth muscle cells, 
increase in collagen, and deposition of proteoglycans. This 
process has historically been termed cystic medial necrosis. 
However, because there is no true necrosis or cyst formation, 
the preferred terminology is medial degeneration. Molecular 
studies have identified some mechanisms that potentially 
underlie this process. Increased levels of matrix metalloprotein-
ases, particularly matrix metalloproteinase-2 and matrix 
metalloproteinase-9, have been found in the medial layer of 
aortic aneurysms.48-52 Matrix metalloproteinase-2 and matrix 
metalloproteinase-9 have elastolytic activity.

Echocardiographic Findings
AORTIC DILATION

The aortic root is comprised of the aortic valve annulus, the 
sinus of Valsalva, the sinotubular junction, and the ascending 
aorta. By convention, echocardiographic measurements of 
these regions are performed from the parasternal long-axis view 
at early systole (Fig. 39-4). The regions of the aortic arch are 
best viewed from the suprasternal notch (Fig. 39-5).

In addition, the aortic valve and ascending aorta may be 
imaged in children from the subcostal imaging plane (Fig. 
39-6). In the presence of a connective tissue disorder, dilation 
may occur at any position along the aortic root and throughout 
the descending thoracic and abdominal aorta. However, the 
most typical sites of dilation encompass the sinus of Valsalva, 
sinotubular junction, and proximal ascending aorta. These sites 
develop the most significant pathology in that their position 
subjects them to the highest sheer stresses as a result of pulsatile 
expansion during systole.53 Effacement of the sinotubular junc-
tion is a common finding, in which the sinotubular junction 
and proximal ascending aorta develop a flattened appearance 
and have essentially the same diameter as the sinus of Valsalva 
(see Fig. 39-6, D). The term effacement is qualitative and is not 
associated with defined measurements. In fact, effacement 
encompasses a spectrum of findings, initially manifest subtle 
changes in the natural tendency for the sinotubular junction to 
abruptly change direction and caliber at the onset of  
the proximal ascending aorta. As the severity of effacement 
progresses, there is a progressive transition to a morphologic 
pattern characterized by a constant caliber of vessel from the 
sinus of Valsalva through the proximal ascending aorta.

Figure 39-4  Aortic sinus measurements.  Imaging  of  a  12-year-old 
with  Marfan  syndrome  performed  in  the  parasternal  long-axis  plane. 
The patient has severe dilation of the sinus of Valsalva (#2: 4.39 cm; 4.2 
Z-scores) and normal aortic valve annulus (#1:2.7 cm; 1.6 Z-scores). 

Figure 39-5  Aortic arch imaging from the suprasternal long-axis 
imaging plane at end-systole. Image shows the appropriate locations 
for measurement: the distal ascending aorta (A ), just before the innomi-
nate artery; the transverse aorta (B ), between the innominate artery and 
the left carotid artery; the aortic isthmus (C ) just before the left subcla-
vian artery; and the proximal descending aorta (D) just beyond the left 
subclavian artery. 
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abdominal ultrasound/echocardiography, but excessive body 
habitus can occasionally hamper complete visualization. In 
these cases, abdominal aortic angiography, computed tomo-
graphic scan, or aortic magnetic resonance imaging should 
provide data with which to achieve a definitive diagnosis.

Aortic aneurysms are classified as either true or false (pseu-
doaneurysm). A true aneurysm involves weakening and dilation 
of the entire vessel wall. A pseudoaneurysm occurs when a full 
thickness defect in the aortic wall allows blood to circulate out 
of the confines of the artery. The circulating blood is contained 
by the surrounding soft tissues. The most common etiologies 
for a true aneurysm include atherosclerosis, medial degenera-
tion, and aortic dissection. Pseudoaneurysms are often the 
result of trauma or infection (e.g., endocarditis). Sinus of Val-
salva aneurysm is associated with a number of secondary phe-
nomena. The expansion of the aneurysm typically takes the 
path of least resistance into the right heart structures. Affected 
sites can include aortic valve leaflet distortion and aortic regur-
gitation, coronary artery occlusion, right ventricular outflow 
tract obstruction, tricuspid regurgitation, obstruction of the 
right pulmonary artery, and descending aortic obstruction.54,55 
With two-dimensional (2D) echocardiography, the dilated 
sinus can be elucidated.

The normal adult abdominal aorta measures 2.0 cm at the 
level of the celiac trunk and 1.8 cm just below the renal arteries. 
Tapering occurs as the aorta approaches the level of the iliac 
arteries. Most abdominal aortic aneurysms form between  
the renal and iliac arteries. Clinically significant abdominal  
aortic aneurysms measure more than 4.0 cm in diameter. High 
degrees of sensitivity and specificity should be expected from 

Figure 39-6  A 3-year-old with a transforming growth factor–β receptor mutation. A, Subcostal short-axis imaging identifies moderate aortic 
regurgitation from dilation of  the aortic  root. B, Subcostal short-axis  imaging allows visualization of  the  left ventricular outflow tract  through the 
ascending aorta. C, Subcostal long-axis imaging of moderate aortic regurgitation. D, Image shows dilation of the aortic root resulting in effacement 
of the sinotubular junction (arrow). DAo, Descending aorta. 
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Figure 39-7  Aortic regurgitation due to aortic dilation. Left: Para-
sternal long-axis imaging of a 16-year-old female with an mildly dilated 
aortic  sinus of Valsalva, measuring 3.56 cm (2.8 Z-scores). Right: Color 
Doppler imaging demonstrating moderate aortic regurgitation (arrow) 
in the same patient. Ao, Aorta. 
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Figure 39-8  Functional aortic regurgitation in short axis 
views. Left: Parasternal short-axis imaging of the aortic valve in 
the patient from Figure 39-10 showing the right (R), left (L) and 
noncoronary  (N)  leaflets  in  diastole.  Right:  Color  Doppler 
imaging showing the central aortic regurgitant jet. 

Figure 39-9  Mitral valve prolapse. Parasternal long-axis view of the 
mitral  valve during systole  shows  redundant chordae, buckling of  the 
anterior  and  posterior  mitral  valve  leaflets,  and  resultant  mitral  valve 
prolapse and mitral regurgitation. The mitral valve leaflets are displaced 
in a posterosuperior direction into the LA. Ao, Aorta. 

Figure 39-10  Mitral valve prolapse. A, Parasternal long-axis view of 
the mitral valve at end-systole shows buckling of the anterior and pos-
terior mitral valve  leaflets and resultant mitral valve prolapse. B, Para-
sternal long-axis view of the mitral valve at end-diastole shows thickening 
of the anterior and posterior mitral valve leaflet tips. Ao, Aorta. 

A B

AORTIC DISSECTION

Patients with acute aortic dissection need emergent assess-
ment and therapy. Prompt diagnosis is crucial to differentiate 
these patients from those with worrisome symptoms from 
more benign conditions. Mortality rate is estimated at about 
1% per hour in the first 48 hours for those patients who 
survive to reach an acute care setting.56 In addition to provid-
ing a diagnosis, the details of anatomy and physiology are vital 
to care. These include classification of the dissection, defini-
tion of the site of rupture, detection of extravasation, assess-
ment of aortic regurgitation, and assessment of side-branch 
involvement.57 TTE provides a rapid and readily accessible 
diagnostic tool and, in many cases, can answer all of the previ-
ous questions. TTE is frequently diagnostic in the detection of 
proximal aortic root dissection by revealing a progressively 
enlarging aortic root. In addition, the presence of a dissecting 
hematoma is oftentimes identified.58 See Chapter 36 for a 
complete discussion of the echocardiographic features of 
aortic dissection.

OTHER AORTIC ARCH MANIFESTATIONS

In addition to the natural history of aortic dilation and dissec-
tion that occurs in a subset of patients with connective tissue 
disorders, pathologic dilation can occur after aortic root surgery. 
In a study of patients with MFS, a retrospective analysis was 
performed based on presence or absence of prior elective aortic 
root surgery.59 Multivariate analysis showed that a previous 
elective aortic root surgery was associated with a fourfold 
increased risk of subsequent dilation of the descending aorta. 
In addition, an increased descending aortic diameter was asso-
ciated with a higher risk of aortic root dissection, independent 
of the diameter of the aortic root itself. These authors raised a 
cautionary flag in that only 37% of their patient population had 
complete measurements obtained at all aortic levels, suggesting 
the possibility that a large number of patients with a dangerous 
degree of aortic dilation are going undetected even when 
imaging studies are performed.

MITRAL VALVE PROLAPSE

Mitral valve prolapse is defined as the displacement of abnor-
mally thickened and redundant mitral valve leaflets into  
the left atrium during systole (Figs. 39-9 and 39-10). This geo-
metric change in the integrity of the valve can result in poor 
coaptation and resultant mitral regurgitation. Mitral regurgi-
tation eventually leads to left atrial and, subsequently, left ven-
tricular dilation, which in-and-of itself worsens the degree of 
regurgitation.

Echocardiography is the current gold standard for the diag-
nosis and evaluation of mitral valve prolapse. Echocardio-
graphic criteria have been established for the detailed assessment 
of the mitral valve; mitral valve prolapse is now defined as dis-
placement of one or both leaflets by greater than 2 mm above 
the mitral annulus in the parasternal long-axis or apical long-
axis view. Mitral valve prolapse is most accurately diagnosed 
from the parasternal views; apical imaging provides only con-
firmatory information and cannot be used for diagnosis without 
the presence of prolapse in the parasternal long-axis plane. 
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in the absence of valvular heart disease, subtle findings suggest 
that left ventricular systolic contractility is adversely affected. A 
small series from the Mayo Clinic showed no significant dete-
rioration in ejection fraction and left ventricular end-systolic 
and end-diastolic dimensions; in addition, this study followed 
these parameters serially over a 10-year period without obvious 
changes developing longitudinally.68 However, these findings 
differed from a more recent large-scale study of 234 adults with 
MFS. Although none of the patients met criteria for dilated 
cardiomyopathy, a small subset of the patients did show 
increased left ventricular end-systolic and end-diastolic dimen-
sions, with an associated mild deterioration in ejection frac-
tion.69 In additional, meridional wall stress was similar between 
patients and controls; this suggests that, as opposed to an altera-
tion in afterload causing left ventricular impairment, more 
likely the observed differences were from primary left ventricu-
lar contractile dysfunction.

The pathogenesis of left ventricular systolic and diastolic dys-
function in patients with MFS is incompletely understood but 
is likely the result of the primary structural and functional 
disorder in the fibrillin-1 protein. Microfibrils, which act as 
scaffolding for the formation of elastic fibers and contribute to 
their function, play an important role in mediating elastic 
recoil. These microfibrils contain the protein fibrillin-1 as one 
of their primary components. In that mutations in fibrillin-1 
interfere with microfibril function, this in turn is predicted to 
lead to impairment of left ventricular diastolic elastic recoil.

Pulmonary Artery
As opposed to the well-defined left heart pathology, abnormali-
ties of the right heart are less well recognized. Dilation of the 
main pulmonary artery does occur, and serial echocardio-
graphic measurements should be obtained. In the adult popula-
tion, good correlation has been found between progressive 
dilation of the aortic root and main pulmonary artery.70 
However, dangerous pulmonary artery pathology from pulmo-
nary artery aneurysm or dissection has not been reported, and 
the clinical significance of this finding requires further clarifica-
tion. The population with associated pulmonary hypertension 
may be at risk given the expected abnormal increase in tensile 
stress thus placed on the pulmonary artery.

Natural History
Of the connective tissue disorders described in this chapter, 
MFS is by far the best understood. Most patients with MFS 
present with ascending aortic dilation or dissection. Rarely does 
a patient present with a type B dissection of the descending 
thoracic aorta. However, there is evidence that identification of 
progressive descending aortic dilation predicts the eventual 
development of dissection in this region.59 For this reason, even 
in the absence of significant ascending aortic dilation, recom-
mendations have been made that serial assessment include 
careful monitoring of the entire aorta (from the level of the 
aortic valve to the abdominal aorta).

A distinct (and typically severe form) of MFS can be seen 
early in life; it is termed infantile MFS. Polyvalvar disease is 
common, most often resulting in mitral valve prolapse with 
associated marked mitral regurgitation and severe skeletal and 
pulmonary emphysematous changes. Congestive heart failure 
and respiratory compromise often lead to early death.71

The pregnant woman with MFS is at increased risk for aortic 
dissection, although the risk is low when the aorta is less than 

Mitral valve prolapse is further divided into classic and nonclas-
sic forms: classic is defined as leaflet thickness of more than 
5 mm; in the nonclassic form, the leaflets are less than 5 mm. 
Complications of endocarditis or the development of severe 
mitral regurgitation are more typically seen in the classic form 
of the disease.60 The connective tissue disorders are more com-
monly associated with redundancy of the mitral valve leaflets, 
resulting in mitral valve prolapse. This is in distinction to mitral 
valve prolapse in the adult population caused by calcific disease 
in which the leaflets are less redundant but more thickened.

Evaluation of the valve has been greatly enhanced since the 
introduction of three-dimensional (3D) imaging. Although 
mitral valve prolapse is typically sporadic, it is also associated 
with disorders of connective tissues, including MFS, Ehlers-
Danlos syndrome, osteogenesis imperfecta, and the MASS phe-
notype (defined previously). Because the association of MFS 
and mitral valve prolapse is common, the suspicion arose that 
isolated mitral valve prolapse might be the result of a mutation 
of fibrillin-1.61 However, this association has never been 
established.

Mitral valve prolapse is the most prevalent valve abnormality 
in MFS, with a reported prevalence rate of greater than 35%.62 
It is important to recognize that surgical repair of mitral regur-
gitation can exacerbate aortic dilation after surgery as a result 
of the increased hemodynamic stresses on the aorta.

Left Ventricle
Although aortic arch and mitral valve disease are most com-
monly seen in the presence of connective tissue disorders, 
abnormalities of left ventricular systolic and diastolic function 
are beginning to be elucidated.

Diastolic Function
With both cardiac magnetic resonance imaging and echocar-
diography, left ventricular diastolic function has been evaluated 
in a number of small studies. Impaired left ventricular diastolic 
function has been demonstrated with echocardiographic iden-
tification of an increase in deceleration time and an increase in 
isovolumic relaxation time; these findings were attributed to 
impaired elastic recoil.63 An unusual pattern of transmitral flow 
was seen in which decreased ventricular compliance (decreased 
deceleration time) and reduced myocardial relaxation both 
occur.64 With tissue-Doppler imaging, a prolongation of the 
early filling phase with reduced velocities at the mitral annulus 
(Ea) has been shown, which suggests that myocardial tissue 
relaxation is impaired.65

Echocardiographic data obtained in children as young as  
3 years of age with MFS show early left ventricular diastolic 
function (relaxation) impairment.63 More recently, in a study of 
40 children and young adults with MFS compared with healthy 
age-matched controls, echocardiographic indices of left ven-
tricular diastolic function (including prolonged deceleration 
time and isovolumic relaxation time and decreased mitral E/A 
ratio) also suggested impaired relaxation.66 The presence early 
in life of increased myocardial stiffness, followed later in life by 
the development of aortic wall stiffness as the aorta distends,67 
may together contribute to the development of left ventricular 
systolic and diastolic dysfunction.

Systolic Function
Reduced systolic contractility in MFS has been thought to be 
solely a secondary phenomenon from associated aortic or 
mitral valve regurgitation. However, it has been suggested that, 
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the ascending aorta) are obtained from the parasternal long-
axis view (Fig. 39-11), and the distal ascending aorta (just before 
the takeoff of the innominate artery), the transverse aortic arch, 
and the aortic isthmus are measured from the suprasternal 
notch (Fig. 39-12). In some individuals, the proximal descend-
ing aorta can be imaged from the parasternal window. In the 
pediatric population, it is common to obtain suitable images to 
visualize the distal thoracic aorta and abdominal aorta from the 
subcostal imaging plane (Figs. 39-13 and 39-14). Each of these 
areas should be imaged with aortic measurement in every 
patient who comes through the echocardiography laboratory.

Imaging of the valves can be enhanced with the acquisition 
of 3D data. With the availability of live 3D imaging, valve struc-
ture and function information can now be obtained in such a 
manner that immediate decisions can be made regarding the 
nature of the pathologic process. Although 3D imaging can also 

4.0 cm.72 Echocardiograms should be performed serially 
throughout the pregnancy, especially during the third trimester 
when growth acceleration can occur.

In general, annual TTE assessment is recommended in 
patients with mild to moderate aortic dilation, so long as these 
findings have been stable. The major exception is for patients 
with Loeys-Dietz syndrome in whom TTE should be performed 
every 6 months and magnetic resonance angiograms (from 
head to pelvis) yearly. In young children, and in those who have 
severe disease, serial echocardiograms on a 6-month basis are 
recommended. Conversely, in individuals without aortic dila-
tion, but with other features suggestive of a connective tissue 
disorder or a strong family history, echocardiograms are gener-
ally performed every few years until adulthood. Patients who 
manifest rapidly progressive disease and are thus approaching 
criteria for surgical intervention are followed at a minimum of 
every 6 months. This is generally accepted as growth approach-
ing 5 mm every 6 months. Table 39-1 summarizes the clinical 
cardiac and echocardiographic features found in the most 
common connective tissue disorders. In addition, the preva-
lence of these connective tissue conditions in the general popu-
lation is reviewed.

METHODS OF ASSESSMENT

Standard 2D imaging remains the screening tool for the assess-
ment of valve morphology and for the measurement of aortic 
dimensions. The precision of this assessment is operator-
dependent and is also mitigated by image quality (primarily 
because of issues of patient body habitus). Oblique measure-
ments of the aorta can overestimate actual dimensions, as 
occurs for an aortic diameter that is not drawn perpendicular 
to the aortic flow center line. These measurements are typically 
acquired from the parasternal long-axis view, the long-axis view 
of the suprasternal notch, and the subcostal plane. Some labo-
ratories measure the sinus of Valsalva with M-mode. Although 
this can provide reproducible and accurate measurement data, 
we recommend all measurements from 2D imaging with data 
acquired at early systole. The aortic valve annulus, sinus of 
Valsalva, and sinotubular junction (and the proximal aspect of 

Summary of Clinical and Echocardiographic Findings for the Most Common Forms of Connective Tissue Disorders

Affected Cardiac Structures Characteristic Findings Functional Sequelae Prevalence

Marfan syndrome • Mitral valve
• Aortic root
• Ascending aorta

• Mitral valve prolapse
• Tricuspid valve prolapse
• Dilation of the aortic root

• Mitral regurgitation
• Aortic regurgitation
• Susceptibility to dissecting 

aortic aneurysm

3 : 10,000

Ehlers-Danlos, type IV • Aortic root
• Large and small arteries

• Large and small arterial 
aneurysm

• Arteriovenous fistulae

• Aortic regurgitation
• Susceptibility to dissecting 

aortic aneurysm
• Dissection often spontaneous

~1 : 250,000

Bicuspid aortic valve • Aortic valve
• Ascending aorta

• Aortic valve dysfunction
• Dilation of the ascending aorta

• Aortic regurgitation
• Aortic stenosis
• Ascending aortic dissection

~1 : 100

Loeys-Dietz syndrome • Aortic arch • Arterial tortuosity • Aortic dissection (possibly at a 
smaller aortic diameter than 
with Marfan syndrome)

Unknown

Turner syndrome • Aortic valve
• Ascending aorta
• Thoracic aorta

• Bicuspid aortic valve
• Coarctation of the aorta
• Dilation of the ascending aorta
• Hypertension

• Aortic stenosis
• Aortic regurgitation
• Ascending aortic dissection

~1 : 2000-5000 
live-born females

Thoracic aortic 
aneurysm and 
dissection syndrome

• Thoracic aorta • Dilation of the aortic root
• Aneurysm of the thoracic aorta

• Ascending aortic dissection
• Descending thoracic aortic 

dissection

Unknown: aortic 
aneurysms result in 
15,000 US deaths/y

TABLE 
39-1 

Figure 39-11  Aortic root measurements on echocardiography. 
Schematic shows the aortic valve annulus (A), sinus of Valsalva (B), sino-
tubular junction (C ), and proximal ascending aorta (D), Measurements 
are obtained at early systole  in children and at end-diastole in adults. 
AMVL, Anterior mitral valve leaflet. 

A

B

C

D

AMVL

Septum
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Normalization of aortic measurements is an important 
aspect surrounding accurate data interpretation. Dependence 
on the accuracy of these normalized data is particularly acute 
in the pediatric population, where rapid changes occur during 
growth. Because of the prognostic significance of aortic mea-
surements in patients with connective tissue disorders, aortic 
dimensions have been extensively studied with 2D echocardiog-
raphy. Normal values have been reported for children and 
adults based on a range of indices, including age, body surface 
area, and height.73-78

In a study of 52 healthy infants and children (aged 1 month 
to 15 years) and 135 healthy adults (20 to 74 years), the aorta 
was measured at end-diastole in the parasternal long-axis view 
at four levels: aortic annulus, sinus of Valsalva, sinotubular 
junction, and proximal ascending aorta at its maximal dimen-
sion. Of note in this study, 2D measurements at the sinus of 
Valsalva were larger than those obtained with M-mode. When 
2D values were normalized on M-mode nomograms, falsely 
diagnosed aortic dilation was found in 40% of healthy children 
and adults.75

Rigorous decisions are critical regarding which set of data is 
used as the standard in any individual echocardiography labo-
ratory. Once a published dataset has been agreed on and imple-
mented, all subsequent patient studies should be normalized 
with the same criteria. In the situation in which patients are 
plotted against differing normal datasets, wide variation in 
divergence from the norm can occur. As opposed to the use of 
published datasets, some groups have relied on either internally 
derived normal controls or unpublished data obtained from 
large institutional studies.79

The pediatric patient with marked aortic dilation oftentimes 
presents a difficult clinical dilemma. Although the aorta may be 
50% to 75% larger than predicted when normalized for body 
surface area, little data are available to assign a definitive risk 
for the short-term development of aortic dissection. Each 
medical center approaches this problem in various ways, with 
no universally agreed-on algorithm. In an attempt to better 

Figure 39-14  Subcostal long-axis view.  Image shows the preferred 
location  at  which  to  measure  the  descending  aorta  inferior  to  the 
diaphragm. 

Abdominal
aorta

Figure 39-12  Aortic arch measurements.  In  the  suprasternal  long-
axis–imaging plane measurements are obtained of the distal ascending 
aorta  (A)  just  before  the  innominate  artery,  the  transverse  arch 
(B) between the  innominate artery and the  left carotid artery, and the 
aortic isthmus (C ) just before the left subclavian artery. 

A B C

Figure 39-13  Descending thoracic aorta.  Subcostal  long-axis  view 
shows the preferred location at which to measure the distal descending 
thoracic aorta. 

Thoracic aorta

Dist = 1.76 cm

be used for the acquisition of aortic arch images, this requires 
unique operator skills. Therefore, many laboratories obtain 
valve data with 3D imaging on a relatively frequent basis, but 
acquisition of 3D volume rendered images of the aortic arch are 
less common.
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diagnosis of MFS (based on the revised Ghent criteria) and the 
attainment of quantitative aortic root dilation. This is generally 
defined as the presence of aortic sinus of Valsalva dimensions 
as measured with echocardiography or magnetic resonance 
imaging with more than 2.0 Z-scores from the mean for body 
surface area.

In patients intolerant of β-blocker therapy, either because of 
associated reactive airways disease or other side effects (e.g., 
fatigue or dizziness from hypotension), other pharmacologic 
strategies have been used to delay progressive aortic dilation. 
These include calcium channel blockers83 and angiotensin-
converting enzyme inhibitors. In a 3-year longitudinal study of 
patients with MFS, comparing therapy with β-blockers versus 
angiotensin-converting enzyme inhibitors, patients treated with 
the latter were shown to have less aortic dilation (Table 39-2).87 
In addition, with echocardiographic measurements, both aortic 
stiffness index and aortic distensibility improved with 
angiotensin-converting enzyme inhibitor therapy.

Recent data have suggested a role for the angiotensin-1 recep-
tor blocker (ARB) losartan. Studies have shown that myxoma-
tous mitral valve disease, aortic dilation, and impaired 
pulmonary alveolar septation, all features of the murine model 
of MFS, are mediated by excessive transforming growth factor–β 
signaling. Losartan has been hypothesized to delay aortic dila-
tion due to its effect in inhibiting transforming growth factor–β 
signaling in the aortic wall. Treatment with losartan in a mouse 
model of MFS, which carries a fibrillin-1 mutation, showed 
histologic improvement in aortic wall elastic matrix architec-
ture. In addition, there was echocardiographic evidence of 
reduced aortic growth in the losartan-treated group.88 A limited, 
nonrandomized clinical study suggested that losartan may slow 
the rate of aortic dilation in children, but the patient numbers 
are too small to judge at present.89 A multicenter randomized 
blinded clinical trial comparing the β-blocker atenolol with 
losartan for the treatment of aortic dilation in MFS is currently 
being conducted by the Pediatric Heart Network and National 
Institutes of Health.90 Hopes are that this study will provide 
important therapeutic guidance for the medical management 
of patients with MFS. Losartan therapy suggests an exciting new 
line of investigation in that it uses a strategy that is directed at 
disease pathogenesis and may be the first step towards actual 
disease prevention.

As noted previously, treatment guidelines for other connec-
tive tissue disorders with aortic aneurysm typically follow MFS 

predict pediatric risk for aortic dissection, noninvasive assess-
ment of aortic wall dysfunction has been undertaken. In 19 
pediatric patients with MFS, transthoracic M-mode tracings 
were used to calculate aortic elastic properties.80 Significant dif-
ferences from control patients were seen, with patients with 
MFS showing decreased aortic distensibility, increased aortic 
wall stiffness indices, decreased systolic diameter increase, and 
decreased maximum systolic area increase. Although this study 
did not attempt to predict future risk, further work of this type 
may allow use to provide better prognostic data for the pediatric 
population with connective tissue disorders.

LIMITATIONS OF ASSESSMENT

Although transthoracic 2D and M-mode assessment are the 
most common methods for assessment of the mitral valve and 
aorta in patients with connective tissue disorders, a number of 
limitations are associated with these methods. Data acquisition 
is equipment and operator dependent. Measurements of aortic 
dimensions are affected by patient body habitus, and significant 
overestimate can be introduced into these measurements if 
oblique measurements are obtained.

Transesophageal echocardiography is a value tool in assess-
ment of the aorta in those patients with difficult transthoracic 
acoustic images. In addition to the routine use as a tool to 
obtain accurate measurements of the aortic root, TEE can also 
be used to evaluate properties of aortic distensibility. Measure-
ment of aortic distensibility, stiffness index, and pulsed-wave 
velocity can be obtained with M-mode data from the TEE 
short-axis view. Tissue-Doppler imaging has been applied to the 
evaluation of thoracic aortic elasticity in patients with MFS. 
Acceleration time, maximal wall expansion velocity, and wall 
strain were calculated from tissue-Doppler imaging tracings in 
31 patients with MFS. Data derived from TEE imaging found 
that tissue-Doppler imaging data were complementary to 
M-mode, together serving as a significant predictor of progres-
sive aortic dilation and eventual dissection.81

Therapeutic Strategies
PHARMACOLOGIC

Pharmacologic strategies for the connective tissue diseases are 
based on studies for patients with MFS. For the past two decades, 
the standard of care in the treatment for MFS with associated 
aortic dilation has been β-adrenergic blockade. The validation 
for this approach is based on longitudinal follow-up data that 
assessed the progression of aortic dilation with and without 
β-blocker therapy showing a beneficial response in a subset of 
these patients.82 Treated patients showed slower aortic root 
growth, less risk of the development of aortic dissection, less 
common need for aortic surgery, and less mortality. This thera-
peutic strategy has been shown in adults as well as children.83 
Although therapy does not necessarily result in avoidance of 
aortic surgery altogether, in general, surgical intervention is 
forestalled. In addition, the presence of significant aortic dila-
tion has been shown to be less amenable to β-blocker therapy 
than is the case for the earlier treatment of the patient with 
milder aortic dilation.82 Some studies have shown improved 
ascending aortic stiffness associated with β-blocker therapy in 
patients with MFS,84,85 and others have shown no effect, or 
worsening of indices of aortic stiffness.86 The initiation of 
β-blocker therapy is typically based on a confirmed clinical 

Three-Year Study of Angiotensin-Converting Enzyme 
Inhibitor versus β-Blocker Therapy for Marfan Syndrome

Variable Enalapril β-Blocker P Value

Mean initial aortic 
diameter (mm)

33 ± 8 31 ± 6 .7

Mean initial % 
predicted aortic size

118 ± 18 118 ± 14 .7

Mean change in aortic 
diameter (mm) 
during the study

0.1 ± 1.0 5.8 ± 5.2 <.001

Aortic stiffness index 8.0 ± 2.9 18.4 ± 3.8 <.05

Aortic distensibility 
(cm2/dynes−1)

3.0 ± 0.3 1.9 ± 0.4 <.02

Aortic root replacement 2 7

Adapted from Yetman AT, Bornemeier RA, McCrindle BW: Usefulness of enalapril versus 
propranolol or atenolol for prevention of aortic dilation in patients with the Marfan 
syndrome. Am J Cardiol 95:1125-1127, 2005.

TABLE 
39-2 
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Figure 39-15  Risk of aortic dissection in Marfan syndrome on the 
basis of aortic diameter.  Diameter  of  the  aneurysm  in  524  adult 
patients  with  Marfan  syndrome,  according  to  the  presence  of  aortic 
dissection. (From Gott VL, Greene PS, Alejo DE, et al: Replacement of 
the aortic root in patients with Marfan’s syndrome. N  Engl  J  Med 
340:1307-1313, 1999.)
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2. Accelerating aortic growth (more than 5 mm per 6 months)
3. Family history of early aortic dissection
4. Additional pathologic lesion requiring intervention (i.e., 

aortic regurgitation, mitral regurgitation from mitral valve 
prolapse)
The actual decision to proceed with aortic surgery in the 

pediatric population is frequently based on less well-defined 
theoretic concerns. Oftentimes, a maximal aortic dimension of 
more than 8 to 10 standard deviations from than the mean (as 
listed previously) is accepted.

Surgical indications for non-MFS connective tissue disorders 
are considerably less well understood and mostly based on small 
case series. In general, we recommend, based on the currently 
available literature, that surgery for patients with aortic diam-
eters 5.0 cm or greater, rapid aneurysm progression (more than 
0.5 cm per year), or aortic diameters of 4.5 cm if surgery is 
being performed on the aortic valve. There are a few exceptions 
to this practice, which are discussed subsequently. Patients with 
Loeys-Dietz syndrome and transforming growth factor–β 
receptor 1 or 2 mutations are at risk for aortic dissection at 
aortic diameters less than 5.0 cm. Therefore, current guidelines 
recommend aortic repair at a measurement between 4.0 and 
4.2 cm internal diameter in adults.19 For children with severe 
systemic manifestations of Loeys-Dietz syndrome, surgery 
should be considered once the aortic diameter exceeds the 99th 
percentile for age and the aortic valve annulus reaches 1.8 to 
2.0 cm, which allows for the placement of a graft that can 
accommodate future somatic growth.19,25 A small number of 
aortic dissections have also been reported in patients with alpha 
actin 2 or myosin heavy chain 11 mutations at diameters less 
than 5.0 cm. Therefore, surgical consideration in these patients 
may be reasonable at aortic diameters between 4.5 and 5.0 cm. 
Finally, given the high complication rate and tissue friability, 
whether early prophylactic repair of aortic aneurysms in Ehlers-
Danlos syndrome type IV (vascular form) is indicated is unclear.

Surgical intervention for aortic dilation typically takes the 
form of either a composite graft and associated valve replace-
ment (Bentall technique)92 or procedures performed when the 
aortic valve remains competent and therefore the valve is 
spared.93,94 The results of aortic replacement in adults are 
encouraging. In a report on 675 patients with MFS who under-
went aortic replacement, a 1.5% operative mortality rate was 
seen in elective cases, as compared with 11.7% for emergency 
surgeries. Five-year and 10-year survival rates were 84% and 
75%, respectively (Fig. 39-16).91

Although the success of aortic surgery has improved  
dramatically, postoperative complications remain. Pseudo-
aneurysm at the graft site or graft dehiscence is frequently  
difficult to detect with transthoracic imaging. In these situa-
tions, TEE has been clearly shown to provide additional diag-
nostic data. 6,95,96

Alternate Diagnostic Approaches
Magnetic resonance imaging and cardiac computed tomo-
graphic scan can be used in patients who have limited acoustic 
images or need detailed assessment in the situation where 
ambiguous data are present. This situation might include the 
patient with unusual tortuosity of the aortic arch, the question 
of dilation extending into the carotid arteries or circle of Willis, 
or an aortic dissection that cannot be entirely excluded. 
However, just as is the case with echocardiographic assessment, 
the accuracy of computed tomographic scan and magnetic 

guidelines. However, the effectiveness of this strategy has not 
been evaluated (i.e., no clinical trials have been performed). The 
main exception is that patients with Loeys-Dietz syndrome are 
often treated with ARBs, including losartan as a first-line 
therapy rather than β-blockers.

SURGICAL

In adults with MFS, the threshold for consideration of aortic 
root replacement occurs when the diameter reaches 5.0 cm (Fig. 
39-15).42,91 A clearly established risk exists when the aortic 
dimension exceeds 6.0 cm, with a fourfold increase in the 
cumulative risk of aortic dissection or rupture.42 Factors that 
are used to modify these parameters downward include rapid 
aortic growth (more than 0.5 cm per year), a family history of 
early aortic dissection (particularly at less than 5 cm), females 
considering pregnancy (prophylactic aortic root replacement if 
the diameter is more than 4.0 cm), and the associated finding 
of moderate or severe aortic regurgitation. However, some 
patients (even in the absence of factors that would place them 
at higher risk) have aortic dissection develop at a diameter of 
less than 5 cm.91 For this reason, patient education regarding 
the symptoms of aortic dissection is crucial. It should be noted 
that thresholds for surgical intervention are typically based on 
the external aortic diameters such as reported from magnetic 
resonance imaging or computed tomographic scan, rather than 
the internal diameter typically reported with echocardiograms. 
The external diameter is typically 0.2 to 0.4 cm larger than the 
internal diameter.

In the younger pediatric population with MFS (before ado-
lescence), identification of aortic pathology of such severity that 
surgical intervention must be considered is relatively uncom-
mon. However, when this situation does exist, decisions sur-
rounding timing of aortic surgery are complicated by the lack 
of adequate data to predict when the risk of aortic dissection 
has reached unacceptable levels. We suggest that the preadoles-
cent child with a connective tissue disorder is a candidate for 
surgery with the following conditions:
1. Maximal normalized aortic dimension of more than 8 to 10 

standard deviations above the mean for body surface area
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KEY POINTS

 A variety of disorders can lead to the connective tissue 
abnormalities, with many of these conditions manifesting 
similar cardiac features of aortic dilation and dissection 
and mitral valve prolapse.

 Although Marfan syndrome remains a clinical diagnosis 
primarily based on defined cardiac, skeletal, and ocular 
findings, refinement in genetic testing has improved diag-
nostic rates to close to 90%.

 In addition to the well-described fibrillin mutations asso-
ciated with connective tissue disease, the role of trans-
forming growth factor-β as a cause of these conditions is 
increasingly evident.

 In connective tissue disorders, dilation of the aortic root 
is caused by degenerative changes of smooth muscle cells, 
elastic fibers, and collagen, resulting in medial 
degeneration.

 Changes in mitral and aortic valve fibrous ring integrity, 
combined with dilation of the surrounding tissues causing 
alteration in valve geometry, result in the hemodynamic 
disturbances seen in the connective tissue disorders (pre-
dominantly regurgitation).

 In virtually all children and most adults, TTE is highly 
predictive of the pathologic changes in the mitral valve, 
aortic valve, and aorta associated with the connective 
tissue disorders.

 Transesophageal echocardiography and other imaging 
modalities (3D echocardiography, magnetic resonance 
imaging, and computed tomography) serve as adjunct 
modalities to diagnosis.

 In addition to valve and large vessel disease, the connective 
tissue disorders may also affect systolic and diastolic left 
ventricular function.

 When surgical intervention is contemplated for a bicuspid 
aortic valve in children and young adults and there is 
concomitant aortic dilation, careful consideration should 
be given to possible connective tissue conditions that 
might complicate the procedure and recuperation.

 In the growing child and teen, quantitative assessment of 
the aortic arch must incorporate the use of a well-validated 
nomogram to ensure clear understanding of the severity 
of dilation and rate of growth.

Figure 39-16  Kaplan-Meier survival analysis of 675 patients with 
Marfan syndrome according to the urgency of surgery. (From Gott 
VL, Greene PS, Alejo DE, et al: Replacement of the aortic root in patients 
with Marfan’s syndrome. N Engl J Med 340:1307-1313, 1999.)
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Figure 39-17  Magnetic resonance imagining in a coronal plane. 
Image shows a dilated aortic root in a patient with Marfan syndrome.
*Location of the aortic root. 

*

resonance imaging evaluation is reliant on availability of appro-
priate equipment and is operator dependent (Fig. 39-17).

Advances in magnetic resonance imaging have allowed for 
the evaluation of aortic elasticity in patients with MFS. The 
elasticity of the aorta has been found to be reduced in these 
patients. Magnetic resonance imaging velocity mapping of the 
aorta shows reduced aortic distensibility during systole and 

increased pulse wave propagation.97 Use of magnetic resonance 
imaging velocity encoding shows a positive response to 
β-blocker therapy with a reduction in pulse wave propagation 
after β-blocker treatment. These techniques not only yield 
important information regarding the biophysical properties of 
the aorta in patients with connective tissue disorders but may 
also provide data to predict individual patient risk.97
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Background and Importance
In the United States, by 2030, an estimated 72.1 million people 
will be age 65 or older (39.6 million in 2009), with 8.7 million 
of them over the age of 85 (5.6 million in 2009).1 Cardiovascular 
disease is the leading cause of death and disability, and advanced 
age is a major risk factor for its development. Normal aging 
results in pervasive changes in cardiovascular structure and 
function, as well as alterations in other organ systems. Many 
normal age-related changes in cardiovascular structure and 
function are readily identifiable on echocardiography. This is 
also true of conditions that are pathologic, but common in the 
elderly.

Basic Principles and Echocardiographic 
Approach

The echocardiographic techniques used to acquire images and 
other data are the same for the elderly as for younger persons.

NORMAL CHANGES IN CARDIAC STRUCTURE

Left Ventricular Wall Thickness  
and Chamber Dimensions
Multiple studies have demonstrated increases in left ventricular 
(LV) wall thickness with age in patients without a history of 
hypertension or valvular or other cardiovascular disease2-5 (Fig. 
40-1). These cross-sectional studies involved from 53 to 136 
normal healthy subjects and documented mild increases in LV 
wall thickness. For example, in a study by Gardin and col-
leagues,2 136 adults (78 men and 58 women aged 20 to 97 years) 
without evidence of cardiovascular disease were studied. The 
patients were stratified into six age groups, and significant 
increases in wall thickness with age were found. Comparing the 
youngest group (21 to 30 years) with the oldest group (more 
than 70 years), the mean septal wall thickness increased from 
9.8 mm to 11.8 mm, and the mean posterior wall thickness 

increased from 10.1 mm to 11.8 mm. This represented increases 
of 20% and 18%, respectively.

Left Ventricular Mass
Based on data documenting increased wall thickness with 
increasing age, a number of prior echocardiographic studies, 
including a study of 700 healthy Japanese subjects aged 20 to 
79 years, have suggested that there is an age related increase in 
LV mass (sometimes indexed for weight/height).6-8

The formula for LV (see Chapter 9) mass that is commonly 
used was derived by Devereux and co-workers9:

LV mass ST LVID PWT LVID gd d d d= × + + − =0 8 1 04 0 63 3. [ . ( ) ] .

where STd is septal thickness at end-diastole, LVIDd is LV inter-
nal dimension at end-diastole, and PWTd is LV posterior wall 
thickness at end-diastole.

In contrast to these findings, more recent studies of normal 
subjects using magnetic resonance imaging (MRI), including a 
study that was part of the Baltimore Longitudinal Study of 
Aging, have confirmed that MRI-derived wall thickness increases 
with age (particularly at the midventricle), with no change in 
the short-axis diastolic dimension (similar to prior echocardio-
graphic data). On the other hand, LV length declines in both sexes 
over time. The resulting estimate of LV mass reveals no age 
relationship in women, although there is an age-related decline 
in men (due to a smaller increase in wall thickness). This suggests 
that with time, the LV becomes thicker and more spherical.10,11

The reason for the discrepancy in the findings between 
M-mode and two-dimensional (2D) echocardiographic data 
and MRI data lies in the algorithms used to calculate mass in 
the former techniques. These algorithms, such as the formula 
derived by Devereux and co-workers, assume an ellipsoid cavity 
and do not take into account changes in cavity shape. Thus, the 
calculations will be less accurate with cavities that are, for 
example, more spherical. Three-dimensional (3D) echocar-
diography has been shown to be a more accurate technique than 
2D echocardiography in estimating LV mass in studies compar-
ing the two techniques against weighing of the LV in both 

774
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Left Atrial Size
There is a significant increase in size of the left atrium (LA) with 
age (Fig. 40-3). Because the LA is a 3D structure, many have 
argued that volume is a better way to evaluate LA enlargement 
rather than the 2D anterior-posterior diameter.20,21 Some data 
suggest that the area-length method of calculating LA volume 
underestimates volume when compared with MRI,22 whereas 
other data suggest that 3D echocardiography shows a good cor-
relation with MRI.23

Recently, Aurigemma and colleagues,24 using echocardio-
graphic data from 230 subjects in the Cardiovascular Health 
Study who were free of cardiovascular disease and had a mean 
age of 75 ± 5 years, established reference ranges by gender for 
LA dimensions and volumes in this population. Table 40-1 
shows the measurement ranges for LA parameters and clinical 
data regarding the patients in the study, and Table 40-2 shows 
the equations derived in the study that allow for estimation 
whether LA size is increased (i.e., above the 95th percentile for 
age/height/weight).

LV Dimensions
In the studies that have documented increases in LV wall thick-
ness, measurements of LV end-diastolic and end-systolic dimen-
sions showed either a slight decrease to no change with age2,3,6 
(Table 40-3). Because LV stroke volume is the difference of LV 
end-diastolic and end-systolic volumes, supine resting LV stroke 
volume is also assumed to be unrelated to age.25 MRI studies 
confirm the decreases in end-diastolic and end-systolic volumes, 
and these measurements correlate well with 3D echocardiogra-
phy, although this method may underestimate volumes if tra-
beculations are not excluded from the analysis.23,26

Cardiac Chamber Dimensions
Normal echocardiographic values are listed in Table 40-3. These 
normal changes should be taken into account when reporting 
abnormalities.

Cardiac Valves
The four cardiac valves have been documented to change in 
morphology with age. These changes are most notable in the 
left-sided valves, and this is likely related to the higher pressures 
found in the associated chambers.

human and animal studies.12-15 3D echocardiography–derived 
LV mass estimates have also been shown to correlate well with 
MRI-derived estimates.16-18

Aortic Root Diameter
A mild increase in the aortic root diameter is seen with age (Fig. 
40-2). There is an approximately 6% increase in a normal popu-
lation between the fourth and eighth decades.3 A study of serial 
chest radiographs taken over 17 years noted an increase from 
3.4 to 3.8 cm.19 This enlargement may present an extra stimulus 
to the LV to hypertrophy, as it represents a larger blood volume 
that must be pushed forward.

Figure 40-1  Plot of LV posterior wall thickness in late diastole 
(mm) versus age in years. For each age group the mean (circle) and 
95% confidence interval (blue shaded )  for normal values are depicted 
for a body surface area  (BSA) of 1.8 m2. The 95% confidence  intervals 
are also shown for subjects with BSA values of 1.4 m2 (dashed lines) and 
2.2 m2  (solid lines).  (From Gardin JM, Henry WL, Savage DD, et al: 
Echocardiographic measurements in normal subjects: evaluation of an 
adult population without clinically apparent heart disease. J Clin Ultra-
sound 7:439-447, 1979. Copyright © 1979, John Wiley & Sons. Reprinted 
by permission John Wiley & Sons, Inc.)
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Figure 40-2  Plot of aortic root dimension in late diastole (mm) 
versus age in years. Mean value for each age group is depicted by a 
circle  plotted  at  the  mean  age  in  the  age  group.  The  bracket  and 
shaded area  on  either  side  of  the  circle  represents  the  interval  for 
normal  values  for  a  subject with a body  surface area  (BSA) of  1.8 m2. 
The 95% prediction intervals are also shown for subjects with BSA values 
of 1.4 m2 (dotted lines) and 2.2 m2 (solid lines). (From Gardin JM, Henry 
WL, Savage DD, et al: Echocardiographic measurements in normal sub-
jects: evaluation of an adult population without clinically apparent heart 
disease.  J  Clin  Ultrasound  7:439-447, 1979.  Copyright © 1979, John 
Wiley & Sons. Reprinted by permission John Wiley & Sons, Inc.)
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Figure 40-3  Plot of LA dimension in late diastole (mm) versus age 
in years. For each age group  the mean and 95% prediction  intervals 
for normal values are depicted for three different BSAs, as detailed in 
Figure 40-1.  (From Gardin JM, Henry WL, Savage DD, et al: Echocar-
diographic measurements in normal subjects: evaluation of an adult 
population without clinically apparent heart disease. J Clin Ultrasound 
7:439-447, 1979. Copyright © 1979, John Wiley & Sons. Reprinted by 
permission John Wiley & Sons, Inc.)
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Reference Ranges for LA Dimension and Volume and 
Selected Clinical Variables for the Subjects in the 
Cardiovascular Health Study

Linear 
Dimensions Sex Mean Range

Percentile

0.05 0.50 0.95

Diameter, cm Female 3.0 ± 0.5 1.5-4.2 2.2 3.0 3.9
Male 3.4 ± 0.6 2.1-4.8 2.4 3.3 4.4

Length, cm Female 4.6 ± 0.7 2.8-6.1 3.6 4.6 5.7
Male 4.8 ± 0.7 3.3-6.7 3.7 4.7 6.1

Width, cm Female 3.6 ± 0.6 1.9-5.2 2.4 3.6 4.6
Male 3.8 ± 0.6 2.4-5.1 2.6 3.7 4.7

Volume
LA volume, 

mL
Female 27.4 ± 10.0 8.7-53.9 12.3 26.4 46.7
Male 32.0 ± 10.9 13.9-71.5 17.2 30.1 58.2

Clinical Data
Age, yr Female 76.5 ± 4.9 68-91 70 76 85

Male 77.3 ± 5.6 68-93 70 75 88

Height, in Female 62.8 ± 2.2 57.9-68.1 58.4 63.0 66.2
Male 67.9 ± 2.5 60.4-75.2 63.8 67.8 71.7

Weight, lb Female 146 ± 29 84-233 96 144 193
Male 173 ± 26 114-254 132 170 222

BSA, m2 Female 1.66 ± 0.17 1.27-2.07 1.37 1.66 1.93
Male 1.89 ± 0.16 1.48-2.37 1.60 1.88 2.13

BMI, kg/m2 Female 25.9 ± 4.6 15.2-39.5 17.9 25.2 34.0
Male 26.3 ± 3.2 18.4-37.6 21.6 26.0 31.7

SBP, mm Hg Female 128 ± 18 84-181 99 126 158
Male 130 ± 17 88-211 109 127 158

DBP, mm Hg Female 68.4 ± 9.8 42-92 51 69 83
Male 70.8 ± 9.6 49-110 56 70 87

From Aurigemma GP, Gottdiener JS, Arnold AM, et al: Left atrial volume and geometry in 
healthy aging: the Cardiovascular Health Study. Circ Cardiovasc Imaging 2:282-289, 2009. 
Copyright © 2009, Lippincott Williams & Wilkins. Adapted with permission Lippincott 
Williams & Wilkins.

BSA, Body surface area; DBP, diastolic blood pressure; diameter, LA dimension measured 
from anterior to posterior in the parasternal long-axis view; length, LA dimension 
measured from the annulus to superior LA wall in an apical four-chamber view;  
SBP, systolic blood pressure; width, LA dimension measured from medial to lateral in a 
four-chamber view.

TABLE 
40-1 

Reference Equations for Selected LA Parameters by Gender as Derived from the Subjects in the Cardiovascular Health Study

Predicted Value Interval Width of Normal* R2

LA diameter (PLAX; cm)
 Women 3.82 + 0.015 age – 0.051 height (in) + 0.0085 weight (lb) 0.86 0.16

3.82 + 0.015 age – 1 .995 height (m) + 0.019 weight (kg)
 Men 1.79 + 0.024 age – 0.028 height (in) + 0.0095 weight (lb) 0.82 0.15

1.79 + 0.024 age – 1.095 height (m) + 0.021 weight (kg)

LA length (SI; cm)
 Women 4.95 + 0.0006 age – 0.030 height (in) + 0.0105 weight (lb) 0.95 0.17

4.95 + 0.0006 age – 1.198 height (m) + 0.023 weight (kg)
 Men 4.01 + 0.035 age – 0.059 height (in) + 0.012 weight (lb) 1.30 0.14

4.01 + 0.035 age – 2.33 height (m) + 0.27 weight (kg)

LA volume (mL)
 Women 47.7 + 0.150 age – 1.02 height (in) + 0.223 weight (lb) 15.1 0.28

47.7 + 0.150 age – 40.20 height (m) + 0.492 weight (kg)
 Men –20.6 + 0.524 age – 0.32 height (in) + 0.195 weight (lb) 20.6 0.18

–20.6 + 0.524 age – 12.60 height (m) + 0.431 weight (kg)

From Aurigemma GP, Gottdiener JS, Arnold AM, et al: Left atrial volume and geometry in healthy aging: the Cardiovascular Health Study. Circ Cardiovasc Imaging 2:282-289, 2009. 
Copyright © 2009, Lippincott Williams & Wilkins. Adapted with permission Lippincott Williams & Wilkins.

PLAX, Parasternal long axis; SI, superior-inferior.
*Value to add to the predicted value to reach the upper limit of the normal range.

TABLE 
40-2 

Mean Values of Echocardiographic Parameters for Three 
Age Groups

Group I Group II Group III
Parameter (25-44 yr) (45-64 yr) (65-84 yr)

Mitral valve E-F 
slope (mm/s)

102.3 ± 3.7 (52) 79.0 ± 3.8 (35)* 67.1 ± 5.2 (18)†

Aortic root, 
diastole (mm)

30.9 ± 0.6 (45) 32.0 ± 0.6 (34) 32.9 ± 0.8 (17)‡

LV wall thickness 
(mm)

 Systolic 15.4 ± 0.5 (33) 17.6 ± 0.7 (15) 18.8 ± 0.6 (12)*

 Diastolic 8.7 ± 0.3 (33) 9.8 ± 0.5 (16) 10.7 ± 0.5 (13)*

 Systolic/m2 7.6 ± 0.3 (33) 9.2 ± 0.3 (15)† 10.0 ± 0.4 (12)†

 Diastolic/m2 4.3 ± 0.1 (33) 5.0 ± 0.2 (16)* 5.7 ± 0.2 (13)†,§

LV dimension 
(mm)

 Systolic 34.4 ± 1.1 (37) 32.1 ± 0.89 (17) 32.1 ± 1.4 (11)

 Diastolic 51.8 ± 1.03 (37) 50.8 ± 1.3 (17) 51.2 ± 1.4 (11)

 Systolic/m2 17.3 ± 0.5 (37) 16.7 ± 0.5 (17) 16.8 ± 0.6 (11)

 Diastolic/m2 26.0 ± 0.5 (37) 26.4 ± 0.6 (17) 27.0 ± 0.7 (11)

Fractional 
shortening

0.34 ± 0.01 (37) 0.36 ± 0.01 (17) 0.37 ± 0.02 (11)

Vcf (circ/s) 1.17 ± 0.04 (37) 1.23 ± 0.04 (17) 1.30 ± 0.08 (11)

Adapted from Gerstenblith G, Frederiksen J, Yin FC, et al: Echocardiographic assessment 
of a normal adult aging population. Circulation 56:273-278, 1977. Reproduced with 
permission. Copyright 1977 American Heart Association.

Vcf, Velocity of circumferential fiber shortening.
*P <.01 as compared with group I. The number of subjects is given in parentheses next to 

the mean and standard error of the mean.
†P <.001 as compared with group I.
‡P <.05 as compared with group I.
§P <.05 as compared with group II.

TABLE 
40-3 

Valve Circumference
Valve circumference has been found to increase with age.27 In 
one study of 765 patients, the mean valve circumference, when 
indexed for body surface area, progressively rose through adult 
life, a trend that was greater for the semilunar than for the 
atrioventricular valves. Krovetz28 reanalyzed data regarding 
aortic valve size and found that after approximately 18 to  
21 years of age, the size of the aortic annulus increases in a 
near-linear fashion (Fig. 40-4).

Valve Thickness
One autopsy study of 200 disease-free hearts demonstrated sig-
nificant increases in mean thickness of the aortic and mitral 
valves with increasing age. This study showed that compared 
with subjects who were less than 20 years of age, those who  
were older than 60 years had valves that were twice as thick29 
(Table 40-4).

Valvular Calcification
Aging is associated with thickening and calcification of the 
aortic valve cusps, also called aortic valve sclerosis, as well as the 
mitral and aortic valve annuli (termed mitral annular calcifica-
tion and aortic annular calcification, respectively) (Figs. 40-5 
and 40-6). Calcium is found at the bases of the aortic cusps and 
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Figure 40-4  Changes with age in the cross-sectional area of the 
aorta at the valve level. Regression line shown is for patients over 20 
years of  age. Patients under 20  years of  age,  in general,  have higher 
aortic annulus areas per square meter than predicted by the regression 
equation. (From Krovetz LJ. Age-related changes in the size of the aortic 
valve annulus in man. Am Heart J 90:569-574, 1975.)
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Figure 40-5  Aortic sclerosis. Note bright nodularity present on the aortic valve leaflets (arrows) in both short axis (A) in systole and long axis (B) 
in diastole. 
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Figure 40-6  Mitral annular calcification. Note nodule of calcium on 
posterior  annulus  of  mitral  valve  (arrow)  in  this  parasternal  long-axis 
view. 

LV

LA

Ao

Aortic Valve Thickness for Age Ranges in 200  
Normal Hearts*

Age (yr) Range (mm) Mean ± SD (mm)

<20
20-59
≥60

0.35-1.55
0.40-2.10
0.55-3.50

0.67 ± 0.21
0.87 ± 0.27
1.42 ± 0.51

Adapted from Sahasakul Y, Edwards WD, Naessens JM, et al: Age-related changes in aortic 
and mitral valve thickness. Implication for two-dimensional echocardiography based on 
autopsy study of 200 normal hearts. Am J Cardiol 62:424-430, 1988. Reproduced with 
permission.

SD, Standard deviation.
*Thickness of all three cusps was measured, and the mean (± SD) was calculated.

TABLE 
40-4 

at the annulus, as well as at the margins of closure of the mitral 
leaflets on the atrial side and in the mitral valve annulus. The 
term senile calcification syndrome was coined to describe patients 
with aortic valve sclerosis, mitral annular calcification, and cal-
cification of the epicardial coronary arteries.19

Various studies in elderly subjects have identified prevalence 
as high as approximately 50% for each of these lesions.30-34 
Although aortic valve sclerosis is equally common in men and 
women, mitral annular calcification is more frequently seen in 

women. The prevalence by age of mitral annular calcification 
in one study is listed in Table 40-5.

NORMAL CHANGES IN CARDIAC FUNCTION

LV Systolic Function
Resting ejection fraction, percent fractional shortening, and 
cardiac output by echocardiography as well as by radionuclide 
ventriculography are unaffected by age in healthy normotensive 
people.25,35,36 In order to maintain a normal ejection time in the 
setting of late systolic augmentation of aortic impedance, there 
is a prolonged contractile activation of the LV wall in the 
elderly.36 This prolonged contractile activation means that when 
the mitral valve opens, myocardial relaxation is incomplete 
(relative to younger persons), and thus the early diastolic filling 
rate is lower in the elderly. Studies of rat and dog cardiac muscle 
have shown no change in contractile function (resting tension, 
peak isometric tension, maximal rate of tension development) 
with age.36,37
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because of reduced contractile reserve in the aged heart in 
response to increased afterload, overall systolic performance is 
maintained by cavity enlargement (i.e., the Frank-Starling 
mechanism).

Cardiac Response to Exercise Stress
Multiple studies have shown that maximum oxygen consump-
tion declines with age. This finding is likely multifactorial and 
involves changes in cardiac output, pulmonary function, and 
muscle function, among other factors. There has also been a 
documented age-associated decline in maximum exercise 
cardiac output that is a result of the aforementioned blunted 
heart rate response to exercise. With exercise, stroke volume is 
maintained with aging. The mechanism by which this occurs is 
that larger LV end-diastolic volumes are achieved with exercise, 
which offsets the blunted capacity of the aging heart to reduce 
end-systolic volume. The larger LV end-diastolic volume is 
achieved to some degree as a result of the slower heart rate 
(longer diastolic filling time), as well as the larger end-systolic 
volume.44

Ejection fraction, however, does not increase as much in 
older healthy individuals as in younger ones, and they do not 
reach the same peak as in younger persons.44 This results from 
a decreased ability to reduce their end-systolic volumes. These 
findings likely result from multiple mechanisms. These include 
reduced myocardial contractility, increased vascular afterload, 
diminished autonomic modulation of LV contractility and arte-
rial afterload, and arterial-ventricular load mismatching.45

Clinical Outcome Data
VALVULAR HEART DISEASE

Aortic Valve Sclerosis
Aortic valve sclerosis is one end of the spectrum of calcific 
aortic valvular disease. Early aortic sclerosis is characterized  
by mild focal (not diffuse) areas of leaflet thickening without 
restriction of outflow, At the other end of the spectrum is aortic 
stenosis, which may progress to severe calcification with 
restricted leaflet motion and obstruction to LV outflow. The 
lesions of early aortic sclerosis are complex focal subendothelial 

LV Diastolic Function
Although LV systolic performance in the aged is preserved, LV 
diastolic function changes markedly with age. Seminal work in 
this area showed a reduction in mitral valve E-F closure slope 
on M-mode echocardiography.2,3 Later work utilizing pulsed 
Doppler examination confirmed that there was a reduction in 
early diastolic peak filling rate (peak E-wave velocity) of approx-
imately 50% between 20 and 80 years of age. There is a con-
comitant increase with age in peak A-wave velocity, representing 
late LV filling resulting from atrial contraction. This atrial “kick” 
is powered by a modest age-related increase in LA size. It is 
reasonable to consider the augmented atrial contribution to LV 
filling to be a successful compensatory mechanism to the 
reduced early diastolic filling rate into the thicker, presumably 
less compliant ventricle.

A number of mechanisms have been proposed to explain the 
changes in diastolic function that occur with aging, and all likely 
play some role. These mechanisms include a lower rate of 
calcium accumulation by the sarcoplasmic reticulum.38 Studies 
of whole animal hearts and isolated cardiac muscle have docu-
mented prolonged isovolumic relaxation and increased myo-
cardial diastolic stiffness.39 Sclerosis of the mitral leaflets with 
resultant prolonged diastolic filling time (late closure) has also 
been proposed as a possible mechanism, as has an increase in 
afterload.

Data from the Framingham Heart Study were used to estab-
lish reference values for various Doppler parameters for elderly 
patients, as depicted in Table 40-6.40 These data were obtained 
by studying 114 men and women aged 70 to 87 years of age who 
were screened and found to be free of cardiovascular disease. 
Notably, the vast majority (87%) of these subjects had peak E/A 
velocity ratios less than 1.0; 75% had values less than 0.86; and 
25% had values less than 0.62. Because normal young subjects 
have E/A velocities greater than 1.0, it may be inappropriate to 
use this as the normal standard against which to compare the 
diastolic function of an elderly person (Fig. 40-7; also see 
Chapter 11).

Cardiac Response to Pressor Stress
The usual response of increases in blood pressure and heart rate 
in response to sustained, isometric handgrip is altered in healthy 
elderly as opposed to young persons. Heart rate does not 
increase as much in the older group, but blood pressure is 
increased more than in the young. Accompanying these changes 
are mild increases in echocardiographically measured LV dia-
stolic and systolic dimensions that occur in the aged.41,42 Similar 
changes in LV cavity size and blunted heart rate increase have 
been seen in response to phenylephrine infusion in healthy 
older versus younger volunteers.43 It therefore appears that 

Prevalence of Mitral Annular Calcification

Age (yr) Men Women

62-70
71-80
81-90
91-100

101-103

4/22 (18)*
13/42 (31)
44/75 (59)
19/22 (86)

7/35 (20)*
40/116 (34)

146/226 (64)
56/63 (89)

3/3 (100)

Adapted from Aronow WS, Schwartz KS, Koenigsberg M: Correlation of atrial fibrillation 
with presence or absence of mitral annular calcium in 604 persons older than 60 years. 
Am J Cardiol 59:1213-1214, 1987.

*Number affected per total number, with the percentage affected given within parentheses.

TABLE 
40-5 Mean and Percentile Values of Doppler Diastolic Filling 

Indices for 114 Study Subjects Over 70 Years of Age

Diastolic 
Indices Mean

Lower 
Percentiles

Median 
Percentile

Upper 
Percentiles

5% 10% 50% 75% 90% 95%

E velocity 
(m/s)

0.44 0.25 0.26 0.41 0.51 0.69 0.76

A velocity 
(m/s)

0.59 0.38 0.43 0.56 0.68 0.80 0.84

E/A 
(ratio)

0.76 0.48 0.52 0.70 0.86 1.05 1.21

E/A VTI 
(ratio)

1.36 0.79 0.90 1.33 1.57 1.76 1.94

AFF 
(ratio)

0.40 0.29 0.32 0.40 0.44 0.49 0.52

AT (sec) 0.06 0.02 0.03 0.05 0.07 0.08 0.09

DT (sec) 0.14 0.09 0.10 0.14 0.16 0.19 0.23

Modified from Sagie A, Benjamin EJ, Galderisi M, et al: Reference values for Doppler 
indexes of left ventricular diastolic filling in the elderly. J Am Soc Echocardiogr 6:570-576, 
1993.

AFF, Atrial filling fraction; A velocity, peak velocity A; AT, acceleration time; DT, deceleration 
time; E/A, ratio of early to late peak velocities; E/A VTI, ratio of early to late time-velocity 
integrals; E velocity, peak velocity E.

TABLE 
40-6 
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2.5% of patients in both studies.52,53 Although the vast majority 
of patients will not progress to significant aortic stenosis, given 
the high prevalence of aortic valve sclerosis in the aging popula-
tion, the sheer number of patients who could be affected is high, 
and thus its identification is important (see also Chapter 23).

Mitral Annular Calcification
As noted, mitral annular calcification is characterized by calci-
fication at the leaflet margins and in the annulus. It has been 
classified by its anatomic position. Anterior mitral annular cal-
cification is defined by bright echodensities located at the level 
of the anterior mitral valve leaflet in systole and diastole and 
may extend from the annulus throughout the base of the heart 
into the mitral and aortic valves. Posterior mitral annular cal-
cification is defined by similar echo signals anterior to the left 
posterior wall and merging with it.54 Although many echocar-
diographers use personal subjective criteria to grade the severity 
of mitral annular calcification, a more systematic approach  
has also been used.55 Mild mitral annular calcification can be 
defined as involving less than one third of the annular circum-
ference (less than 3 mm in width) and are usually restricted to 
the angle between the posterior leaflet of the mitral valve and 
the LV posterior wall. In moderate mitral annular calcification, 
less than two thirds of the annular circumference is involved  

plaque-like lesions located on the aortic side of the valve leaflet 
that extend to the fibrosa layer. These lesions are probably reac-
tions to increased mechanical or decreased shear stresses. 
Mechanical stresses are greatest on the aortic side near the 
attachments of the leaflets to the aortic root. Shear stress across 
the noncoronary cusp is lowest because of a lack of diastolic 
coronary blood flow, which probably explains why the non-
coronary cusp is usually the first affected.46 Patients with aortic 
stenosis who have bicuspid valves tend to present 20 years 
younger than patients with trileaflet valves, which supports the 
concept that mechanical stress (bileaflet valves are subject to a 
greater amount of such stress) is important in the pathogenesis 
of the disease.46 The lesions of aortic valve sclerosis are active, 
with evidence of an accumulation of an inflammatory cell  
infiltrate, microscopic calcification, an accumulation of low-
density lipoproteins and lipoprotein(a), and evidence of LDL 
oxidation.47-50 As the process continues, calcification increases 
and there is active bone formation.51 Ultimately, leaflet calcifica-
tion can become so severe that opening of the valve is impaired, 
and hemodynamically significant aortic stenosis results. In lon-
gitudinal studies documenting progression from aortic valve 
sclerosis to aortic stenosis, moderate stenosis (jet velocity 3 to 
4 m/s) was found in 3% of patients in one study and 5% in a 
second, and severe stenosis (jet velocity greater than 4 m/s) in 

Figure 40-7  Changes in LV and LA filling patterns with age. Mitral inflow (upper panels) and pulmonary vein (lower panels) Doppler tracings 
from normal young, middle-aged, and elderly individuals. Normal progression of changes in LV filling is shown. 
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Mitral Annular Calcification and Other Pathology
Mitral annular calcification is associated with LA well as  
LV enlargement.55,71-73 In a prospective study of 976 elderly 
patients with and without mitral annular calcification, LA 
enlargement was 2.4 times more prevalent in patients with 
mitral annular calcification than in those without mitral annular 
calcification.71

Mitral Annular Calcification and  
Conduction Abnormalities
Likely secondary to concomitant calcification within the con-
duction system (which may be contiguous as calcium extends 
from the annulus into the interventricular septum), mitral 
annular calcification is associated with conduction abnormali-
ties such as atrioventricular block, sinoatrial node disease, 
bundle branch block, left anterior fascicular block, and non-
specific intraventricular conduction delay.55,58,63,74

Mitral Annular Calcification and Atrial Fibrillation
Likely owing to the associated LA enlargement, atrial fibrillation 
is more common in patients with mitral annular calcification 
than in those without it. In various studies, the relative risk was 
increased from 1.4 to 12 times.55,72,75,76

Mitral Annular Calcification and Thromboembolism
Mitral annular calcification is associated with a number of con-
ditions that predispose to thromboembolic stroke, such as atrial 
fibrillation, mitral regurgitation and stenosis, LA enlargement, 
and heart failure. In addition, mitral annular calcification has 
been associated with aortic atheromata,33,77 complex aortic 
debris,78 and calcification of the thoracic aorta,79 all of which 
could be sources of thromboembolic material. On the other 
hand, there is reason to suspect that mitral annular calcification 
itself may be involved in providing a source for thromboemboli. 
Although the calcification in mitral annular calcification is 
usually covered by a layer of endothelium, ulceration of the 
lining may expose the calcium and serve as a starting point  
for fibrin-platelet clot, which may embolize.63,71 A number of 
studies designed to control for other factors have revealed an 
association of mitral annular calcification with cerebral embo-
lization, with relative risks of 1.5 to 5.0.55,71,75,80-84

Studies have found mitral annular calcification to be an inde-
pendent risk factor for stroke in patients who were in atrial 
fibrillation as well as those who were in sinus rhythm.75 In 
the Strong Heart Study, mitral annular calcification, but not 
aortic valve sclerosis, was found to be a strong risk factor for 
incident stroke.85 This has led to some advocating prophylactic 

(3 to 5 mm in width). In severe mitral annular calcification, 
more than two thirds of the circumference is affected (greater 
than 5 mm in width). It usually extends beneath the entire 
posterior mitral leaflet and may make a complete circle.

A rare variant of mitral annular calcification, called caseous 
calcification of the mitral ring, has been described. Echocardio-
graphically, this entity is a large echodense structure with an 
echolucent center and smooth borders. Pathologically, it is com-
posed of a mixture of calcium, cholesterol, and fatty acids.56,57 
It likely represents an active process, as in one longitudinal 
study, it was noted that some patients who had classic mitral 
annular calcification at baseline developed the appearance of 
caseous calcification, and some patients who had caseous calci-
fication “reverted” back to the classic appearance.58 Pathologi-
cally, in cases that have gone to surgery or autopsy, findings have 
included a calcified envelope surrounding caseous necrosis with 
cholesterol and fatty acids.59 Others have found an amorphous 
eosinophilic acellular material surrounded by macrophages and 
lymphocytes.57,60,61 Although the pathology is generally consid-
ered benign, it can be a nidus for infection62 or thrombus and 
thus is a possible source of embolism.

Mitral Annular Calcification and  
Valvular Dysfunction
There is a wide spectrum of calcification in mitral annular 
calcification and is probably progressive (Fig. 40-8). It usually 
begins with a small amount of calcium deposition at the basal 
insertion of the posterior mitral leaflet. Calcification of the 
annular connective tissue ensues and may form a ridge or ring 
that encircles the leaflets. As it progresses further, it may bulge 
into the LV cavity below the posterior leaflet and lift the leaflets 
toward the LA.63,64 A larger extent of involvement may render 
the base of the posterior leaflet immobile and result in varying 
amounts of valvular regurgitation.65 Actual leaflet calcification, 
however, is uncommon. The severity of mitral annular calcifica-
tion seems to be correlated with the severity of associated mitral 
regurgitation when it is present.65-67

Mitral stenosis as a result of mitral annular calcification has 
also been described. In contrast to rheumatic mitral stenosis, 
where there is commissural fusion, in mitral annular 
calcification–associated mitral stenosis, the leaflets are not fused, 
but the increased flow velocities are a result of the decreased 
mitral annular excursion resulting from calcification.68 Recent 
studies have suggested that mitral annular calcification, as the 
etiology of mitral stenosis, tends to be more mild in severity. 
However, it may be more common than previously thought and 
also is associated with risk factors for coronary artery disease.69,70

Figure 40-8  Gross pathologic specimen depicting mitral annular calcification. A, Ventricular aspect of mitral valve shows nodules of calcium 
deposited at annulus adherent to valve leaflet and chordae (arrow). B, Postmortem radiograph shows nearly “O”-shaped mitral annular calcification 
(large arrow) and calcified coronary arteries (small arrows). 
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of 76 years; 60% were women. In this study, mitral annular 
calcification was seen in 42% of subjects, aortic annular calci-
fication in 44%, and aortic valve sclerosis in 54%. The rate of 
all three conditions being found in a single subject was 17%. 
Subjects with these conditions tended to be older, and those 
with mitral annular calcification had worse risk profiles (e.g., 
LV hypertrophy/mass, LA size, abnormal ejection fraction, 
carotid intimal media thickness, dyslipidemia, C-reactive 
protein) than those with aortic valve sclerosis and aortic annular 
calcification. In addition, this study showed that the severity of 
mitral annular calcification (estimated from 2D echocardiogra-
phy, semiquantitatively) was associated with a higher prevalence 
of atherosclerotic vascular disease, independent of other risk 
factors. These conditions were associated with a significantly 
elevated risk of cardiovascular disease endpoints, and the stron-
gest association was with the combined group (mitral annular 
calcification, aortic annular calcification, and aortic valve scle-
rosis) with heart failure (odds ratio 2.04, 95% confidence inter-
val 1.34 to 3.09) (Figs. 40-9 and 40-10; Table 40-7).

Although not definitively proven, a good deal of research has 
strongly suggested a relationship between calcification of the 
fibrous skeleton of the heart and aortic valve cusps and advanced 
atherosclerosis.54,102-104 Inflammation and abnormalities of lipid 
metabolism have both been implicated in the development of 
both atherosclerosis and aortic valve calcification.51,105-107 Other 
data have failed to support the association of inflammatory 
markers with calcific aortic valvular disease, however.108

LEFT VENTRICULAR HYPERTROPHY

Data from both the Framingham Study and the Cardiovascular 
Health Study confirm that LV hypertrophy is a potent predictor 
of morbidity and mortality from coronary heart disease, heart 
failure, and stroke.88,109,110

The relationship between age and LV hypertrophy is complex. 
Evaluation of data from the Framingham Heart Study revealed 

anticoagulation in patients with mitral annular calcification, 
regardless of rhythm.86 Not all studies have found an association 
between mitral annular calcification and stroke, however.87,88

Mitral Annular Calcification and Endocarditis
Abnormal valve morphology, hemodynamics, and endothelium 
have been implicated as predisposing the valve to infection 
(endocarditis).71,63 In particular, patients with mitral annular 
calcification and chronic renal failure, seem to be at especially 
high risk.89 Treatment of patients with antibiotics may also be 
less effective, as the avascular nature of the mitral annulus pre-
disposes to periannular abscesses, and therefore some advocate 
antibiotic prophylaxis for patients with mitral annular calcifica-
tion undergoing invasive procedures. However, the American 
Heart Association’s most recent guidelines do not recommend 
prophylaxis for acquired aortic or mitral valve disease.90,91

Mitral Annular Calcification and Renal Dysfunction
There has been increasing interest in studying the links between 
calcific valvular heart disease and renal dysfunction.92 Data 
from the Cardiovascular Health Study93 and the Framingham 
Offspring Study94 have shown a relationship between chronic 
kidney disease and mitral annular calcification, but not with 
aortic valve sclerosis. On the other hand, data from the Multi-
Ethnic Study of Atherosclerosis showed an association between 
impaired renal function and mitral annular calcification only 
among diabetics and did show a modest association between 
impaired renal function and aortic valve calcification.95 The 
reasons for these differences have not yet been elucidated.

Aortic Valve Sclerosis and Mitral Annular 
Calcification: Cardiovascular Outcomes
Several studies have found a strong association between mitral 
annular calcification and aortic valve sclerosis with adverse car-
diovascular outcomes and mortality.32,34,84,96-99 Otto and col-
leagues34 found that in 5621 men and women 65 years of age or 
older who were participants in the Cardiovascular Health Study, 
aortic sclerosis (without hemodynamically significant outflow 
obstruction) was associated with an approximately 50% increase 
risk of death from cardiovascular causes and a 40% increase in 
the risk of myocardial infarction. In another study of 2358 
elderly patients, those with aortic valve sclerosis had a risk of 
developing a new coronary event that was 1.8 times higher than 
those without it.32 Lending support to the concept that calcific 
aortic valve disease and atherosclerotic vascular disease have a 
shared pathogenesis are data from Otto’s study that older age, 
male gender, smoking, hypertension, and hyperlipidemia were 
associated with aortic sclerosis. Data from the Multi-Ethnic 
Study of Atherosclerosis have also linked mitral annular calci-
fication with atherosclerotic vascular risk factors.70 In the 
Northern Manhattan Study, 1655 subjects aged at least 40 years 
(average 68) without a history of myocardial infarction or 
stroke were followed for an average of approximately 7 years. 
The prevalence of mitral annular calcification was 27%, and 
after adjustment for traditional cardiovascular risk factors, 
mitral annular calcification was found to be a strong and inde-
pendent predictor of myocardial infarction and vascular death 
(but not ischemic stroke). The risk increase was directly related 
to the severity of the calcification.100

Using data from the Cardiovascular Health Study, Barasch 
and co-workers101 evaluated the prevalence and clinical out-
comes of mitral annular calcification, aortic valve sclerosis, and 
aortic annular calcification. The 3929 subjects had a mean age 

Figure 40-9  Relationship between mitral annular calcification 
(MAC ), aortic annular calcification (AAC ), and aortic valve sclerosis 
(AVS) in 3929 participants in the Cardiovascular Health Study. 
Numbers are  total numbers of patients, and percentages  refer  to  the 
percent of the total population of 3929 study participants. (From Barasch 
E, Gottdiener JS, Larsen EKM, et al: Clinical significance of calcification 
of the fibrous skeleton of the heart and aortosclerosis in community 
dwelling elderly. The Cardiovascular Health Study (CHS).  Am  Heart  J 
151:39-47, 2006. Reprinted with permission.)
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that age, height, systolic blood pressure, and body mass index 
were significant and independent predictors of LV mass in 4972 
people aged 17 to 90 years. However, age was no longer a sig-
nificant correlate of LV mass when people were screened out of 
the analysis who met one of the following conditions: evidence 
of cardiovascular disease on history, physical exam, electro-
cardiogram, chest radiography, or echocardiography; blood 
pressure greater than or equal to 140/90; on medications for 
cardiopulmonary disease; or at least 20% above or below rec-
ommended weight for height.111 Thus, it seems that the increases 
in LV mass that are seen with age are often confounded by 
coexisting cardiopulmonary disease.

In the Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation and Treatment of High Blood 
Pressure (JNC 7), the identification of LV hypertrophy in a 
patient with hypertension is considered evidence of target 
organ damage and thus is considered an indication for aggres-
sive blood pressure management.112

LEFT ATRIAL SIZE AND OUTCOMES

Elevated LA size has been shown to be a marker of cardiovas-
cular risk. Largely from studies carried out in elderly popula-
tions, an enlarged LA is associated with an increased risk of 
atrial fibrillation, stroke, and death (including after myocardial 
infarction, in patients with mitral regurgitation, hypertension, 

and dilated cardiomyopathies).113-119 Using data from the Strong 
Heart Study, Kizer and co-workers120 showed that LA diameter 
(normal defined as less than 3.8 cm for women, less than 4.2 cm 
for men) was an independent predictor of incident cardio-
vascular events after adjustment for other factors (clinical, 
echocardiographic, inflammatory) (Table 40-8; Fig. 40-11). As 
noted, LA volume is emerging as a more robust measure of 
cardiovascular risk. In patients with mitral stenosis who are in 
sinus rhythm but have no history of embolism or thrombus, 
guidelines from the European Society of Cardiology as well as 
from the American College of Cardiology/American Heart 
Association suggest that anticoagulation can be considered  
if there is an enlarged LA or dense spontaneous echo contrast 
seen on echocardiography, albeit with lower level of evidence 
ratings.91,121 Given this, Keenan and colleagues122 compared 
measures of volume versus diameter in patients with mitral 
stenosis and showed that LA volume more strongly correlated 
with echocardiographic measures of thromboembolic risk 
(peak LA appendage emptying velocity, spontaneous LA con-
trast density during TEE) than LA diameter in patients with 
mitral stenosis (Fig. 40-12). These data would support using 
volumetric measurements over linear ones.

HEART FAILURE

The reversal of early and late diastolic filling with age results  
in preserved end-diastolic and stroke volume (and therefore 
cardiac output), but a reduction in LV compliance may cause 
an elevated LV end-diastolic pressure in the elderly, especially 
with tachycardia (see Chapter 26). This would be expected to 
cause dyspnea to be more easily provoked and presumably 
forms the basis of heart failure in some patients.

Figure 40-10  Distribution of mitral annular calcification, aortic 
annular calcification, and aortic valve sclerosis in the three age 
groups of the 3929 participants enrolled in the Cardiovascular 
Health Study.  MAC:  P  <0.001;  AAC:  P  <0.001;  AVS:  P  =  0.055.  AAC, 
Aortic  annular  calcification;  AVS,  aortic  valve  sclerosis;  MAC,  mitral 
annular calcification. From Barasch E, Gottdiener JS, Larsen EKM, et al: 
Clinical significance of calcification of the fibrous skeleton of the heart 
and aortosclerosis in community dwelling elderly. The Cardiovascular 
Health Study (CHS).  Am  Heart  J  151:39-47, 2006. Reprinted with 
permission.
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MAC 1.70 (1.38-2.09) 1.84 (1.40-2.41) 1.29 (1.11-1.51) 1.69 (1.31-2.17) 1.50 (1.18-1.91)
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AVS 1.27 (1.03-1.57) 1.16 (0.88-1.53) 1.24 (1.06-1.45) 1.02 (0.79-1.31) 1.07 (0.84-1.37)

MAC + AAC + AVS 1.86 (1.32-2.62) 1.95 (1.26-3.03) 1.60 (1.24-2.07) 2.04 (1.34-3.09) 1.85 (1.21-2.84)

The study involved the 3929 participants enrolled in the Cardiovascular Health Study.

AAC, Aortic annular calcification; AVS, aortic valve sclerosis; CI, confidence interval; MAC, mitral annular calcification.

From Barasch E, Gottdiener JS, Larsen EKM, et al: Clinical significance of calcification of the fibrous skeleton of the heart and aortosclerosis in community dwelling elderly. The 
Cardiovascular Health Study (CHS). Am Heart J 151:39-47, 2006. Reprinted with permission.

Odds Ratios (95% CI) for the Association of Valve Calcification with Major Cardiovascular Endpoints Adjusted for Age, Sex, 
and Race

TABLE 
40-7 

Cumulative Cardiovascular Endpoints by LA Enlargement

Clinical Outcome

Enlarged LA  
(n = 461)

Normal LA  
(n = 2343)

Pn % n %

First cardiovascular event 86 18.7 282 12.0 <.001

Fatal and nonfatal CHD* 52 11.2 169 7.2 .003

Fatal and nonfatal stroke 15 3.3 51 2.2 .186

Fatal and nonfatal heart 
failure

19 4.1 62 2.6 .084

Any cardiovascular death 23 5.0 67 2.9 .018

Data from the 2084 middle-aged and elderly participants in the Strong Heart Study.

CHD, Coronary heart disease.
*Includes fatal and nonfatal myocardial infarction, sudden cardiac death, and other fatal 

and nonfatal coronary heart disease.

TABLE 
40-8 

Adapted from Kizer JR, Bella JN, Palmieri V, et al: Left atrial diameter as an independent 
predictor of first clinical cardiovascular events in middle-aged and elderly adults: The 
Strong Heart Study (SHS). Am Heart J 151:412-418, 2006. Reprinted with permission.
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The syndrome of heart failure is common in the elderly and 
is increasingly prevalent with increasing age. In the Framing-
ham Heart Study, the incidence of heart failure increased five-
fold from age 40 to 70 years.123 The Cardiovascular Health 
Study, which studied older men and women, found an increased 
prevalence of heart failure in women, from 4.1% at age 70  
to 14.3% at age 85 (Fig. 40-13). The figures for men were 
7.8% increasing to 18.4%.124 Heart failure with normal or 

Figure 40-12  LA size measurements as an index of thromboem-
bolic risk. Receiver operating characteristics curves of LA measurements 
(LA  diameter,  LA  diameter  indexed  to  body  surface  area  [BSA],  LA 
volume, and LA volume indexed to BSA) in diagnosing high thrombo-
embolic risk (LA appendage emptying velocity <25 cm/s and/or dense 
spontaneous echocardiographic contrast). (From Keenan NG, Cueff C, 
Cimadevilla C, et al: Usefulness of LA volume versus diameter to assess 
thromboembolic risk in mitral stenosis.  Am  J  Cardiol  106:1152-1156, 
2010. Copyright © 2010, Elsevier. Reprinted by permission of Elsevier.)
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Figure 40-13  Relationship between age, gender, and heart failure 
in Cardiovascular Health Study.  (From Kitzman DW, Gardin JM, 
Gottdiener JS, et al: Importance of heart failure with preserved systolic 
function in patients 65 years of age. Am J Cardiol 87:413-419, 2001.)
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Figure 40-11  Incidence of cardiovascular events by LA diameter 
in the Strong Heart Study, a study of 2084 middle-aged and elderly 
persons.  Adjusted  Kaplan-Meier  curves  of  first  cardiovascular  events 
according to presence or absence of LA enlargement. HR, Heart rate. 
(Adapted from Kizer JR, Bella JN, Palmieri V, et al: LA diameter as an 
independent predictor of first clinical cardiovascular events in middle-
aged and elderly adults: the Strong Heart Study [SHS].  Am  Heart  J 
151:412-418, 2006. Reprinted with permission.)
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Adapted from Oh JK, Hatle L, Tajik AJ et al: Diastolic heart failure  
can be diagnosed by comprehensive two-dimensional and Doppler 
echocardiography. J Am Coll Cardiol 47:500-506, 2006. Reprinted with 
permission.

Box 40-1 

EXAMPLES OF THE ETIOLOGY  
OF HEART FAILURE WITH PRESERVED 
EJECTION FRACTION

Diastolic heart failure
Hypertension
Restrictive cardiomyopathy
Infiltrative cardiomyopathy
Hypertrophic cardiomyopathy
Noncompaction cardiomyopathy

Right heart failure
Severe pulmonary hypertension
RV infarction
Arrhythmogenic RV dysplasia
Atrial septal defect

Valvular heart diseases
Severe valvular stenosis
Severe valvular regurgitation

Pericardial disease
Cardiac tamponade
Constrictive pericarditis

Intracardiac mass
Atrial myxoma
Apical eosinophilic thrombus

Pulmonary vein stenosis
Congenital heart diseases

near-normal systolic function is also particularly prevalent in 
the elderly. Multiple population-based studies have suggested 
that 50% or more of elderly patients with heart failure have 
normal or near-normal systolic function. These studies have 
also documented that heart failure with preserved ejection frac-
tion (HFpEF) is more common in women than in men.21,125-128 
Because women outnumber men in the older age group, the 
problem is even more prevalent with advancing age.

There are multiple etiologies of HFpEF, and several are listed 
in Box 40-1.129 Evaluation of patients with heart failure by 
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CORONARY ARTERY DISEASE AND  
STRESS TESTING

The identification of findings supportive of a diagnosis of coro-
nary artery disease is very common in the elderly, as age is a 
major risk factor for coronary disease. Wall motion abnormali-
ties, wall thinning, and aneurysm formation from prior myo-
cardial infarction may be seen.

Stress echocardiography (exercise or pharmacologic) is a 
modality commonly used to evaluate for coronary artery 
disease and sometimes to evaluate myocardial viability (see 
also Chapters 15 and 16). The techniques used are the same 
for the elderly as for the younger patient. Age-adjusted norma-
tive values for target heart rate and exercise time are widely 
available. In addition, treadmill protocols that have a more 

echocardiography can lead to a diagnosis of the etiology of 
heart failure and as such can lead to more appropriate evalua-
tion and treatment of the condition. It is important to recognize 
how prevalent heart failure is in the elderly, as well as the fact 
that patients with HFpEF also have impaired survival (although 
in some studies not to the same degree).21,130,131 Furthermore, it 
has been shown that patients who do not have the syndrome of 
heart failure, but who have been found to have diastolic dys-
function, also have higher mortality than those with normal 
diastolic function.132

The current European Society of Cardiology consensus state-
ment133 on the diagnosis of heart failure with a normal ejection 
fraction include echocardiographic measures of abnormal dia-
stolic function (Fig. 40-14).

Figure 40-14  Diagnostic flowchart for diagnosis of heart failure with preserved ejection fraction (HFpEF) in a patient suspected of having 
the condition. Adur, Duration of mitral valve atrial wave flow; Ard, duration of reverse pulmonary vein atrial systole flow; b, constant of LV chamber 
stiffness; BNP, brain natriuretic peptide; DT, deceleration time; E, early mitral valve flow velocity; E′, early tissue-Doppler lengthening velocity; E/A, 
ratio of early (E) to late (A) mitral valve flow velocity; HFpEF, heart failure with preserved ejection fraction; LAVI, left atrial volume index; LVEDP, LV 
end-diastolic pressure; LVEDVI, LV end-diastolic volume index; LVMI, LV mass index; PCWP, mean pulmonary capillary wedge pressure; NT-proBNP, 
N-terminal-pro brain natriuretic peptide; t, time constant of LV relaxation; TDI, tissue-Doppler imaging.  (From Paulus WJ, Tschope C, Sanderson 
JE, et al: How to diagnose diastolic heart failure: a consensus statement on the diagnosis of heart failure with normal LV ejection fraction by the 
Heart Failure and Echocardiography Associations of the European Society of Cardiology. Eur Heart J 28:2539-2550, 2007. Copyright © 2007, Oxford 
University Press. Reprinted by permission of Oxford University Press.)

Symptoms or signs of heart failure

Evidence of abnormal LV relaxation filling, diastolic
distensibility, and diastolic stiffness

Biomarkers
NT-proBNP >220 pg/mL

or
BNP >200 pg/mL

Echo – bloodflow Doppler
E/A>50yr <0.5 and DT>50yr >280 ms

or
Ardur–Adur >30 ms

or
LAVI >40 mL/m2

or
LVMI >122 g/m2 (  ): >149 g/m2 (  )

or
Atrial fibrillation

Invasive hemodynamic
measurments

PCWP >12 mm Hg
or

LVEDP >16 mm Hg
or

r >48 ms
or

b >0.27

Biomarkers
NT-proBNP >220 pg/mL

or
BNP >200 pg/mL

TDI

TDI
EIE' >8

HFpEF

Normal or mildly reduced left ventricular systolic function
LVEF >50%

and
LVEDVI <97 mL/m2

EIE' >15        15 >EIE' >8 
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Figure 40-15  Graphical depiction of (A) traditional dobutamine 
stress echocardiography (DSE) infusion protocol and (B) early 
atropine-dobutamine stress echocardiography (EA-DSE) protocol. 
2D Echo, 2D echocardiography; BP, blood pressure; ECG, 12-lead elec-
trocardiography; HR, heart rate. (From Tsutsui JM, Osorio AF, Lario FA, 
et al: Comparison of safety and efficacy of the early injection of atropine 
during dobutamine stress echocardiography with the conventional pro-
tocol.  Am  J  Cardiol  94:1367-1372, 2004.  Copyright © 2009, Elsevier. 
Reprinted by permission of Elsevier.)

gentle increase in speed or incline are common (e.g., the Mod-
ified Bruce, Naughton, and Balke protocols). Because many 
elderly have comorbid conditions that make exercise stress 
testing unattractive or impossible (e.g., chronic obstructive 
pulmonary disease, orthopedic/arthritic conditions, neuro-
muscular disorders, or peripheral vascular disease), the use of 
pharmacologic stress increases the number of patients eligible 
for stress testing in this age group. Vasodilators such as ade-
nosine or dipyridamole and catecholamines (dobutamine) as 
pharmacologic stress agents are used in this population.

Studies in elderly patients referred for stress testing on clini-
cal grounds, as well as in the post–myocardial infarction popu-
lation, have demonstrated the value of exercise, adenosine, 
dipyridamole, and dobutamine echocardiography in predicting 
clinical outcomes.134-138

Some data suggest that dobutamine stress echocardiography 
(DSE) is more sensitive and accurate than, but as specific as, 
adenosine stress echocardiography (Table 40-9).

Safety
The safety profile of these various types of stress testing in the 
elderly is good. Exercise echocardiography is similar to standard 
exercise testing with regard to safety, although some caution is 
needed as patients are guided back to the scanning bed from 
the treadmill. In one study of 454 patients, half at least 70 years 
old and half less than 70 years old, DSE was associated with 
higher rates in the elderly versus younger patients of asymp-
tomatic hypotension (defined as a drop in systolic blood  
pressure of >20 mm Hg) of 37% versus 12%. There were also 
significantly higher rates of supraventricular tachycardia (7% 
versus 1%) and of premature ventricular contractions (74% 
versus 32%). There was a nonsignificant trend toward more 
frequent ventricular tachycardia (5% versus 2%) and of atrial 
fibrillation (3% versus 0.4%). The authors report that all 
arrhythmias resolved either with dobutamine infusion cessa-
tion or with administration of metoprolol.139 Similar results 
were reported by Hiro and colleagues.140 Newer protocols that 
call for early administration of atropine (when dobutamine 
infusion is at 20 mcg/kg/min if the heart rate is less than 100) 
during DSE have suggested a reduction in minor adverse effects, 
with similar diagnostic accuracy, including in an elderly popu-
lation141,142 (Fig. 40-15 and Table 40-10).

Dipyridamole and adenosine can cause bronchospasm, 
hypotension, and arrhythmias, and for the most part these 
effects do not seem to be age related.143,144 However, elderly 
patients undergoing adenosine stress tests may be more likely 
to experience transient atrioventricular block. In one study of 
120 patients 70 or more years old, this occurred in 6% of tests.136 

Base

2D Echo

DSE

EA-DSE

A

B

ECG
HR and BP

2D Echo
ECG
HR and BP

Dobutamine5
0 3 6 9 12 15

Test duration:
15 min + 1 min for 

each dose of atropine

Test duration:
Only time of each stage of

dobutamine

16 17 18 19

Time (min)

Time (min)

10
20

30
40

Atropine 0.25 mg up to 1 mg

Atropine 0.25 mg up to 2 mg − starting with 20 mcg/kg/min if

40

Base Dobutamine5
0 3 6 9 12 15

HR <100 bmp

10
20

30
40

Sensitivity

Specificity AccuracyOverall 1-VD 2-VD 3-VD

Dobutamine 86.5% (77/89) 74% (14/19) 88% (22/25) 91% (41/45) 84% (26/31) 86% (103/120)

Adenosine 66.3% (59/89) 42% (8/19) 76% (19/25) 71% (32/45) 90% (28/31) 72.5% (87/120)

P value <0.001 o.227 0.124 <0.01 <0.001 <0.001

Data in parentheses indicate number of patients.
This study enrolled 120 patients ≥70 years old with chest pain and known or suspected coronary artery disease who underwent both dobutamine and adenosine stress echocardiography, 

as well as coronary angiography.

1-VD, One-vessel coronary artery disease; 2-VD, two-vessel coronary artery disease; 3-VD, three-vessel coronary artery disease.

From Anthopoulos LP, Bonou MS, Kardaras FG, et al: Stress echocardiography in elderly patients with coronary artery disease: applicability, safety and prognostic value of dobutamine 
and adenosine echocardiography in elderly patients. J Am Coll Cardiol 28(1):52-59, 1996. Reprinted with permission.

Sensitivity, Specificity, and Accuracy of Dobutamine and Adenosine Stress Echocardiography in the Detection of Coronary 
Artery Disease in the Elderly

TABLE 
40-9 
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Chapter 28).155,156 However, a more appropriate term is probably 
systemic senile amyloidosis, as evidence of small amyloid depos-
its has been found in the aorta, lung, gastrointestinal tract, liver, 
and kidney.157,158 In addition to systemic senile amyloidosis, 
amyloid infiltration of the heart occurs in primary amyloidosis 
and amyloidosis associated with multiple myeloma, as well as 
secondary amyloidosis that is associated with chronic inflam-
mation. The protein of senile amyloidosis is different from that 
of primary amyloidosis, and it portends a much better progno-
sis.159 In one autopsy study of 244 patients who were greater 
than 60 years of age, amyloid was found in the heart in 50% of 
patients.160 Although it infrequently causes clinical symptoms 
or signs,161,162 it has been associated with atrial fibrillation, ven-
tricular arrhythmias, and heart failure (usually when there is a 
large burden of involvement).163,164 Studies have shown a male 
predominance in the primary systemic type, but an even greater 
predominance in the senile type.159,164,165 In a study by Smith and 
colleagues164 that compared patients with senile and primary 
amyloidosis, the male-to-female ratio was 5.5 : 1 for the senile 
group, and 1.6 : 1 for the primary group. The patients with senile 
amyloidosis were older with a mean age of 83 years, whereas 
only 4 of the 21 patients with primary amyloidosis were over 
70 years old. Amyloid deposits can be found in the ventricular 
myocardium, as well as in the atrial mural endocardium. Less 
common sites of deposition in the senile type include the valves, 
Epicardium, and intramyocardial blood vessels.166 Echocardio-
graphic evidence of cardiac amyloidosis includes increased 
myocardial echogenicity with a “speckle” pattern, increased 
interatrial septal thickness, and valve thickening. The latter two 
characteristics are common in other conditions. Finding LV 
hypertrophy on echocardiography along with a low-voltage 
pattern on an electrocardiogram is suggestive of an infiltrative 
cardiomyopathy.

Clinical Recommendations
1. Norms for chamber dimensions should be adjusted based  

on age.

In another study it occurred in 18% of patients at least 75 years 
old versus 8% in those less than 75 years of age.145

Regadenoson is a new adenosine A(2A) specific receptor 
agonist that, because of its selective nature, is not associated 
with bronchospasm or atrioventricular node block as the  
nonspecific agents (adenosine and dipyridamole) are.146 It is 
approved for use in stress myocardial perfusion (single photon 
emission computed tomography) imaging with a good tolera-
bility and safety profile, including in the elderly,147,148 and is 
being evaluated for use with atropine in stress echocardiogra-
phy.149 It may be an alternative stress echocardiography agent 
for patients with reactive airway disease and contraindications 
to dobutamine.

CARDIOGENIC THROMBOEMBOLISM

Cardiac sources of embolism are thought to be responsible  
for ischemic strokes in as many as 30% of cases (see also 
Chapter 41).150-152 Embolization of the components of mitral 
annular calcification as well as of atherosclerotic intraaortic 
debris is more common in elderly patients (see Figs. 40-6, 
40-8, and 40-16). Aortic sclerosis has also been associated with 
the risk of stroke, but an independent association between 
aortic valve calcification and cerebral infarcts has been dem-
onstrated only in the presence of aortic stenosis.34,87,153 As 
noted previously, the association between mitral annular calci-
fication and stroke is stronger.85 As with younger patients, LV 
thrombus (usually associated with LV dysfunction), LA throm-
bus (usually associated with atrial fibrillation and/or flutter), 
vegetations, paradoxic emboli (across a patent foramen ovale), 
and myxoma are potential sources of embolism. Atrial fibrilla-
tion and flutter are more common in the elderly, although the 
prevalence of patent foramen ovale decreases with age. Many 
studies have demonstrated the higher sensitivity of trans-
esophageal echocardiography (TEE) to detect potential sources 
of embolism, including in the elderly population.154

CARDIAC AMYLOIDOSIS

Amyloid infiltration of the heart in the elderly has been 
described for decades and has been variously termed senile amy-
loidosis of the heart or amyloidosis localized to the heart (see also 

Figure 40-16  Atherosclerotic plaque in the aortic root (arrow). 
Long-axis view of the aortic valve and ascending aorta. 

Ao

From Tsutsui JM, Osorio AF, Lario FA, et al: Comparison of safety and efficacy of the early 
injection of atropine during dobutamine stress echocardiography with the conventional 
protocol. Am J Cardiol 94:1367-1372, 2004.

Diagnostic 
Parameter DSE (n = 106) EA-DSE (n = 106) P Value

Sensitivity 53/62, 86% (77-94) 57/68, 84% (75-93) 0.10

Specificity 34/44, 78% (65-89) 34/38, 90% (79-99) 0.11

Positive predictive 
value

53/63, 84% (75-93) 57/61, 93% (87-99) 0.09

Negative predictive 
value

34/43, 79% (69-89) 34/45, 76% (65-86) 0.12

Accuracy 87/106, 82% (75-89) 91/106, 86% (79-92) 0.08

Data are number of patients, percentages (corresponding 95% confidence intervals).

DSE, Dobutamine stress echocardiography; EA-DSE, early atropine administration during 
dobutamine stress echocardiography.

Dobutamine Stress Echocardiography: Conventional versus 
Early Administration of Atropine for the Detection of 
Coronary Artery Disease

TABLE 
40-10 
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2. Although valvular calcification is common (aortic valve scle-
rosis, aortic annular calcification, and mitral annular calcifi-
cation), because its presence is associated with adverse 
outcomes, it should not be considered normal. Instead, 
cardiac calcification should be viewed as an important risk 
marker.

3. Diastolic filling parameters commonly change with age in  
a generally predictable manner, but do predispose patients 
to having adverse events/outcomes (e.g., atrial fibrillation, 
heart failure). Thus, they should not be considered normal, 
but rather the specific physiologic abnormalities should be 
described (e.g., impaired relaxation).

4. Although stress testing is generally safe to perform in the 
elderly population, practitioners should be aware that these 
patients are more likely than younger patients to experience 
supraventricular tachycardia, premature ventricular con-
tractions, and asymptomatic hypotension with dobutamine, 
as well as transient atrioventricular block with adenosine.

KEY POINTS

 Age is a major risk factor for cardiovascular disease, and 
many normal and pathologic changes that are common 
with age are readily detected on echocardiography.

 These changes in cardiac structure primarily affect the 
LV, LA, and valves.

 There are predictable changes in LV performance with 
age, particularly changes in diastolic function.

 Valvular calcification (including aortic valve sclerosis, 
aortic annular calcification, and mitral annular calcifica-
tion) is common and is associated with adverse cardio-
vascular outcomes in the elderly.

 LV hypertrophy, elevated cardiac mass, and increased LA 
size also are associated with adverse cardiovascular 
outcomes.

 Heart failure and in particular diastolic heart failure are 
very common in the elderly.

 Pharmacologic stress testing is frequently requested in 
the elderly, and a heightened awareness of possible com-
plications is advisable.
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Background
CARDIAC EMBOLISM

The heart and the aorta are potential sources of embolism to 
the systemic circulation. When the heart or the proximal 
segment of the aorta is the source for the embolism, the brain 
is the most frequent target. This circumstance, along with the 
fact that cerebral embolism often results in life-threatening or 
severely disabling consequences, makes the investigation for 
cardiac embolic sources especially aggressive after a cerebral 
embolic event, in an attempt to identify lesions that can be 
treated to prevent recurrences. Also, the largest amount of 
outcome data and information on means for reducing the inci-
dence of recurrent embolic events in patients with cardioaortic 
embolic sources comes from the literature on embolic stroke. 
Therefore, this chapter mainly reviews the current knowledge 
on the diagnostic workup in patients with cerebral embolic 
events from a cardiac or aortic source. However, the same 
embolic sources (with the addition of those that originate from 
more distal segments of the aorta) and principles for investigat-
ing them also apply to embolic events that occur in any vascular 
territory of the systemic circulation.

CARDIOEMBOLIC AND CRYPTOGENIC STROKE

Stroke is the third leading cause of death in the United States, 
after cardiac disease and cancer. Approximately 6,400,000 
Americans 20 years of age or more have had a stroke.1 Each year, 
approximately 795,000 people experience a stroke, as a first 
event in 80% of cases.1 In addition, the number of transient 
ischemic attacks (TIAs), temporary episodes of neurologic dys-
function that have similar risk factors as stroke and often are 
prelude to it, is estimated at 200,000 to 500,000 per year.1 The 
vast majority of strokes (87%) have an ischemic origin,1 

meaning that the etiology of the stroke consists of a blockage 
of the blood supply to the affected territory. The remainder is 
accounted for by intracerebral (10%) or subarachnoid (3%) 
hemorrhage.

Ischemic stroke has a cardioembolic source in approximately 
20% of cases.2 In addition, cases that have no apparent cause 
(also called cryptogenic strokes) often have clinical presentation 
and neuroimaging findings that are suggestive of an embolic 
event, but the embolic source is missing. In the Stroke Data 
Bank, a large observational study of more than 1800 patients 
with stroke, the classification of ischemic strokes into the three 
traditional diagnostic subtypes (large vessel atherosclerotic, car-
dioembolic, and small vessel disease) left approximately 40% of 
patients with no clear stroke etiology.3 When forcibly reclassi-
fied into those three etiologic subtypes on the basis of the 
patient’s clinical presentation and diagnostic workup, almost 
two thirds of cryptogenic strokes were considered of most likely 
cardioembolic origin.3 The need for a better understanding of 
established cardioembolic sources and the identification of 
newer ones has indeed characterized the involvement of cardi-
ologists, and especially echocardiographers, in the field of stroke 
diagnosis and prevention in the past 20 years. This effort has 
led to the reduction of the proportion of strokes labeled as 
cryptogenic,4 often the alteration of the management of stroke, 
and the use of more rational and effective preventive strategies 
for decreasing the incidence of recurrent events.

Basic Principles and Echocardiographic 
Approach
Transthoracic echocardiography (TTE) and, especially, trans-
esophageal echocardiography (TEE) have been widely used for 
searching cardiac embolic sources and still represent the 
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SAFETY OF TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY

Transesophageal echocardiography is a safe, although semiinva-
sive, diagnostic test. Major complications are uncommon and 
frequently occur in the setting of unsuspected esophageal 
disease. In a European series of more than 10,000 patients,9 one 
death was observed. In an additional 2.7% of patients, the test 
could not be performed because of unsuccessful intubation 
(1.9%) or patient intolerance (0.8%). Similar results were 
obtained in a study from the Mayo Clinic on 15,381 consecutive 
patients, with two deaths (0.01%) and an overall incidence rate 
of complications of 1.7%.10 More information on TEE perfor-
mance and safety is provided in Chapter 1.

Clinical Utility and Outcome Data
This section reviews the use of echocardiography for the inves-
tigation of specific embolic sources, the available data on the 
importance of each condition, and information on treatment 
to prevent recurrent events.

MYOCARDIAL INFARCTION, LEFT VENTRICLE 
DYSFUNCTION, AND THROMBUS

Myocardial infarction (MI) and dilated cardiomyopathy are the 
conditions most frequently associated with LV thrombus for-
mation, which may lead to cerebral embolism. In the first 
month after an acute MI, the incidence rate of stroke is between 
2% and 3%; 50% of the events occur in the first 5 days (see 
Chapter 14).11 In a study of 2160 patients with incident MI, the 

mainstay for investigation in patients with stroke or TIA. TTE 
is performed in cases in which the cardiac chamber of interest 
can be optimally visualized, as in the case of the left ventricle 
(LV) in a search for an apical thrombus, or for the assessment 
of segmental wall motion abnormalities. Other examples of 
TTE use may include the assessment of left atrial (LA) size or 
of the presence of mitral annular calcification. TTE can also be 
indicated as a screening test for determination of whether to 
proceed to the more invasive TEE. In this latter category is the 
evaluation for presence of a patent foramen ovale (PFO) with 
TTE with contrast injection or the assessment for intracardiac 
masses or valvular vegetations in patients with low probability 
for these conditions. TEE, on the other hand, is preferred when 
TTE cannot clearly visualize the cardiac or aortic structures of 
interest and in all instances in which high-resolution imaging 
of such structures is needed. TEE is superior to TTE for the 
visualization of the atrial septum and the cardiac valves and 
allows, for example, a much more accurate diagnosis of PFO or 
infective endocarditis (IE). TEE also provides an accurate  
visualization of structures, such as the LA appendage or the 
proximal thoracic aorta, that are important targets of the inves-
tigation for embolic sources. The following section reviews  
the diagnostic accuracy of TTE and TEE for the detection of 
cardiac embolic sources and some technical aspects of their 
performance.

Technical Aspects
TRANSESOPHAGEAL  
ECHOCARDIOGRAPHY VERSUS  
TRANSTHORACIC ECHOCARDIOGRAPHY IN 
CRYPTOGENIC CEREBRAL ISCHEMIA

Several studies have compared the diagnostic yield of TEE and 
TTE in the investigation for potential cardiac embolic sources 
in patients with cryptogenic cerebral ischemia (stroke or TIA). 
TEE has been repeatedly shown to have greater sensitivity than 
TTE for this purpose. Initial studies in the 1990s reported on a 
greater than two-fold increase in detection rate of embolic 
sources with TEE compared with TTE.5 This observation has 
been confirmed in recent years, when technologic advance-
ments in the echocardiographic equipment may have narrowed 
the diagnostic gap between the two techniques. In 231 patients 
with cryptogenic stroke or TIA, a potential source of embolism 
was observed in 55% with TEE but in only 16% with TTE.6 A 
major embolic source, with an absolute indication to anticoagu-
lation therapy, was found in 20% of patients with TEE and in 
only 4% with TTE.6 The great diagnostic yield of TEE was 
confirmed in a more recent study on 702 consecutive patients 
with ischemic stroke or TIA.7 TEE revealed relevant findings in 
52.6% of patients, with PFO (21.7%) or previously undiag-
nosed valvular disease (15.8%) the most common findings.7 In 
another series of 503 patients with acute brain ischemia, TEE 
findings led to the initiation of systemic anticoagulation therapy 
in 65 of 212 patients (30.6%) with cryptogenic stroke.8 There-
fore, TEE has emerged as the most sensitive and clinically useful 
diagnostic technique for the search for cardiac and aortic 
embolic sources, and TTE is used as a screening technique and 
for specific indications that are highlighted later in the chapter. 
Table 41-1 shows a clinically useful classification of embolic 
sources and the appropriate diagnostic techniques for each of 
them.

Echocardiographic Evaluation of Cardioaortic 
Embolic Sources

Possibly Associated 
Conditions Age Group Best Diagnostic Test

LV thrombus Prior myocardial 
infarction, dilated 
cardiomyopathy

Any TTE

LA thrombus or 
spontaneous 
echo-contrast

Atrial fibrillation, 
mitral valve 
disease

Any TEE

Valvular 
vegetations

Infective 
endocarditis 
(fever, murmur, 
systemic 
symptoms), lupus 
erythematosus

Any TEE or TTE (less 
sensitive)

Valvular disease Variable Any TTE for initial 
evaluation; TEE 
for further 
assessment 
(especially for 
prosthetic valves)

Cardiac tumors 
(myxoma, 
fibroelastoma, 
secondary 
malignancies)

None, or 
nonspecific 
systemic 
symptoms

Any TTE for screening; 
TEE if suspicion 
high despite 
nondiagnostic 
TTE

Patent foramen 
ovale

None Any; more 
frequent in 
patients <55 
years

TTE with contrast 
for screening; 
TEE if more 
detail is needed

Atrial septal 
aneurysm

None Any; more 
frequent in 
patients <55 
years

TTE for screening; 
TEE for better 
imaging

Valve strands None Any TEE

Aortic plaques Diffuse 
atherosclerosis

>60 years TEE

TABLE 
41-1 
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as the avoidance of unnecessary anticoagulation therapy in 
others.15

Because most LV thrombi form in the apical region, apical 
views are usually the most useful TTE views for this diagnosis 
(see Fig. 41-1). Morphologic features of the thrombus, such as 
size, protrusion, and mobility, can be assessed and are impor-
tant in evaluation of the thromboembolic potential. Whenever 
possible, the use of higher frequency transducers (3.5-MHz or 
5-MHz) may further enhance the thrombus detection rate.

For patients with echocardiographically documented LV 
thrombus, prophylaxis with warfarin with a target international 
normalized ratio (INR) of 2.0 to 3.0 is recommended,16 in 
addition to aspirin (75 to 162 mg), which is needed for second-
ary prevention of MI. Anticoagulation therapy should be life-
long in patients with atrial fibrillation; in patients in sinus 
rhythm with documented LV thrombus, at least 3 months of 
anticoagulation therapy is recommended,17 with continuation 

incidence rate of stroke during the first month was 22.6 per 100 
person-months, a 44-fold increase compared with controls.12 
The risk of stroke or TIA is elevated in the first 3 to 6 months; 
it declines thereafter but is still two-fold to three-fold higher 
than in controls during the first 3 years from the MI.12

The risk of stroke or TIA is mainly related to the formation 
of thrombus in the infarcted area. In a meta-analysis, the pres-
ence of echocardiographically confirmed mural thrombus 
carried a more than five-fold increase in stroke risk.13 The fre-
quency of thrombus formation is considered higher after ante-
rior MI than after inferior MI. In a recent study of 642 patients 
with anterior MI, LV thrombus formed in 6.2%, without sig-
nificant differences according to initial treatment modality 
(percutaneous coronary intervention, thrombolysis, or conser-
vative management).14

Transthoracic echocardiography is commonly used for the 
detection of LV thrombus. In the presence of technically ade-
quate images, TTE is at least as sensitive as TEE because most 
ventricular thrombi tend to form in the apical region of the 
ventricle (Fig. 41-1), which may or may not be optimally visual-
ized with TEE. Therefore, the use of TEE to search for an LV 
thrombus should be reserved to patients with suboptimal TTE 
views. The use of a contrast agent for opacification of the LV 
chamber (Fig. 41-2) adds to the sensitivity of TTE and decreases 
the proportion of uncertain findings, further reducing the 
number of cases in which TEE may be needed. In a study on 
123 patients with inconclusive TTE results, contrast injection 
revealed a thrombus in 14 and allowed its presence to be 
excluded in all others.15 In 33 patients with suspected thrombus, 
contrast allowed its presence to be excluded in 13 (39%). 
Overall, the use of contrast led to a therapeutic change in a large 
number of patients, either as a treatment upgrade from anti-
platelet agents to warfarin in cases with confirmed thrombus or 

Figure 41-1  Example of large apical thrombus (arrow) with TTE. 

LARA

RV

LV

Figure 41-2  LV contrast utilization for the detection of intraven-
tricular thrombus.  A,  A  faint  echogenicity  of  uncertain  significance 
(arrow) is visualized with TTE in the LV outflow tract. B, LV contrast injec-
tion shows the absence of any intracardiac mass in the LV outflow tract. 
A shadowing artifact from catheter in the RV is noted (arrow). Ao, Aorta. 
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events may be underestimated because these events are more 
easily misidentified. Neurologic complications occur in 20% 
to 40% of patients with IE (see Chapter 22).26 In addition, 
silent brain infarcts on magnetic resonance imaging are found 
in approximately 50% of patients with IE.27 In recent years, IE 
has become more often an acute rather than a subacute occur-
rence, and Staphylococcus aureus has become the most 
common etiologic organism.28 Systemic embolism most com-
monly involves the spleen, the liver, the kidney, and the iliac or 
mesenteric arteries.26 In a recent study of 2781 patients, stroke 
(16.9%), peripheral embolism (22.6%), and heart failure 
(32.3%) were the most frequently observed complications of 
IE. The frequency of embolic events in IE decreases rapidly 
after the initiation of effective antimicrobial treatment.26 In a 
recent study of 1437 patients with left-sided IE, the incidence 
rate of stroke fell from 4.82 to 1.71 per 1000 patient-days 
between the first and second week of treatment and continued 
to decrease thereafter, regardless of valve or organism 
involved.29 Overall, only 3.1% of patients had a stroke after the 
first week of therapy.29 Early surgery may confer survival ben-
efits, especially in patents at high risk of complications. In a 
recent study of 1552 patients with native valve IE (720 treated 
with surgery, and 832 with medical treatment), surgery was 
associated with a significant reduction in mortality rate (12.2% 
versus 20.1%; P <.001).30 Patients with stroke (P = .02) or 
peripheral embolization (P = .002) were among those who 
benefited the most from surgical treatment.30 Therefore, the 
early identification of IE is of particular importance in patients 
with embolic events because of the potential repercussion on 
the choice of treatment.

Transesophageal echocardiography is the test of choice for 
the identification of valvular vegetations in IE (Fig. 41-3). TTE 
sensitivity for the diagnosis of IE is only about 58% to 63%,31,32 
although its specificity is high (98% to 100%).31,32 More recent 
advancements in echocardiographic techniques, such as har-
monic imaging, do not appear to have significantly improved 
the sensitivity of TTE for valvular vegetations.33 The sensitivity 
of TEE is high (90% to 100%), as is its specificity (98% to 
100%).31,32 Echocardiographic characteristics of the vegetation 
that affect its embolic potential are size (more than 10 mm in 
diameter increases the risk), extension (more than one leaflet/
valve), and mobility.34,35 Table 41-2 shows the guidelines of the 
European Society of Cardiology36 and the American Heart 
Association37 for the use of echocardiography in IE. In cases that 
necessitate surgery, both the American Heart Association and 
the European Society of Cardiology endorse the use of intraop-
erative TEE. A negative TEE has a high negative predictive value 
for IE, with a range from 86% to 97%.38 However, a TEE per-
formed early in the course of the disease may be negative 
because the vegetation is still forming or is too small to be 
detected, hence the recommendation to repeat the test in cases 
in which the clinical suspicion of IE remains high.36-38

Vegetations on prosthetic valves are even more difficult to 
detect with TTE because the prosthesis itself may be interposed 
between the ultrasound beam and the vegetation, especially in 
case of mitral prostheses (see Chapter 25). The sensitivity of 
TTE for prosthetic IE is therefore low, whereas TEE has been 
reported to have 86% to 94% sensitivity and 88% to 100% 
specificity.39 Therefore, TEE is recommended as the initial diag-
nostic test in all patients with suspected prosthetic valve endo-
carditis (Fig. 41-4).40

Valvular vegetations, or lesions that resemble them in echo-
cardiographic appearance, may be found in patients without IE. 

of treatment based on follow-up echocardiographic findings 
(resolution or persistence of LV thrombus, severity of LV dys-
function). In 3404 patients who were randomized to systemic 
anticoagulation therapy or placebo after MI, anticoagulation 
therapy was associated with a 40% reduction in stroke risk over 
3 years, and with an increase in the frequency of major hemor-
rhagic complications.18 Long-term anticoagulation therapy is 
especially beneficial in patients with decreased LV function, 
whose risk of cerebrovascular events is particularly high.19 
However, the usefulness of systemic anticoagulation therapy in 
all patients with anterior MI, regardless of thrombus presence, 
appears questionable. In 2482 patients after anterior MI, 20% 
of whom were discharged on anticoagulation therapy, the use 
of such therapy for up to 90 days after the MI was not associated 
with a significant reduction in stroke risk in the following 4 
years (hazard ratio [HR], 0.68; 95% confidence interval [CI], 
0.37 to 1.26). Treatment with angiotensin-converting enzyme 
inhibitors (HR, 0.65; 95% CI, 0.44 to 0.95) and beta-blockers 
(HR, 0.60; 95% CI, 0.41 to 0.87), however, was.20

Only sparse information is available on the frequency of 
thrombus formation and the incidence of cerebral embolization 
in patients with dilated cardiomyopathy (see Chapter 26). The 
frequency of embolic events is thought to parallel the deteriora-
tion in LV function, but in the Study of Left Ventricular Dys-
function (SOLVD),21 this relationship was observed only in 
women. Also, evidence shows that even mildly decreased LV 
systolic function may increase the stroke risk through unclear 
mechanisms.22 Severe LV dysfunction may increase the risk of 
thromboembolic events, including stroke, as a result of the 
increased frequency of blood stagnation and therefore throm-
bus formation. An increased stroke incidence rate (up to 4% 
per year23) has been reported in patients with chronic heart 
failure, although this may be partly because of the frequent 
coexistence of atrial fibrillation. In patients with heart failure, 
the occurrence of a stroke is associated with a more than two-
fold increase in mortality rate.12 Because heart failure is often 
accompanied by hypercoagulability,24 antithrombotic treat-
ment has been attempted to decrease the risk of embolic events. 
Although anticoagulation therapy is definitely indicated in 
patients with concomitant atrial fibrillation, its role in patients 
in sinus rhythm is controversial. In the largest treatment trial 
published to date, the Warfarin and Antiplatelet Therapy in 
Chronic Heart Failure (WATCH) trial, 1587 patient with symp-
tomatic heart failure and LV ejection fraction were randomized 
to open label treatment with warfarin (target INR, 2.5 to 3.0), 
or to double-blind treatment with clopidogrel (75 mg daily) or 
aspirin (162 mg daily). During a mean follow-up period of 21 
months, no significant differences were found between treat-
ments in time to death, nonfatal MI, and nonfatal stroke.25 
Warfarin was associated with a reduction in nonfatal strokes  
(P <.01 versus other treatments), but the number of events was 
small and the difference was offset by an increase in intracere-
bral bleeding.25 The ongoing National Institute of Neurological 
Disorders and Stroke–sponsored Warfarin Aspirin in Reduced 
Cardiac Ejection Fraction (WARCEF) trial should soon provide 
new evidence on the efficacy of antithrombotic treatment in 
patient with reduced LV function.

VALVULAR VEGETATIONS AND STRANDS

Vegetations on the mitral or aortic valve often embolize to the 
systemic circulation. The brain is frequently the target for  
the embolism, although the frequency of peripheral embolic 
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Figure 41-3  TEE visualization of vegetation on the mitral valve. A, 
A large vegetation (arrow in LA) is visualized on the atrial aspect of the 
posterior mitral leaflet. A small vegetation (arrow in LV) may be present 
on the chordal apparatus. B, 3D visualization of the same valvular veg-
etation (arrow) from an atrial point of view. 
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LV
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Guidelines for the Utilization of Echocardiography in 
Infective Endocarditis

American Heart Association 
2005 (Endorsed by Infectious 
Diseases Society of America)

European Society of 
Cardiology 2009

First diagnosis TEE preferred; obtain TTE 
views for future 
comparison (TTE if TEE 
not immediately available, 
or in small children)

TTE, followed by TEE 
if TTE is negative 
but clinical suspicion 
of infective 
endocarditis is high

Repeat test TEE after positive TEE as 
soon as possible in 
patients at high risk of 
complications (i.e., 
perivalvular extension)

TEE 7 to 10 days after initial 
TEE if:
1. No diagnosis of 

infective endocarditis 
but high clinical 
suspicion

2. Worrisome clinical 
course during 
treatment*

TTE or TEE in 7 to 10 
days when first test 
is negative but 
clinical suspicion 
remains high

TEE in most patients 
with TTE-diagnosed 
vegetation (to 
measure size and 
evaluate for abscess)

TTE or TEE in case of 
new complications†

Completion of 
therapy

TTE to establish new 
baseline for valve 
morphology and function 
(TEE in case of complex 
anatomy)

TTE to establish new 
baseline for valve 
morphology and 
function

*Unexplained heart failure progression, change in murmur, or new atrioventricular block 
or arrhythmia.

†New murmur, embolism, persisting fever, heart failure, abscess, or atrioventricular block.

TABLE 
41-2 

Degenerative or myxomatous valve disease, systemic lupus ery-
thematosus (Libman-Sacks lesions, seen in as many as one in 
10 patients with lupus41), rheumatoid disease, antiphospholipid 
syndrome, malignant disease (marantic endocarditis), chordal 
rupture, and small intracardiac tumors may all produce valvu-
lar lesions that may be indistinguishable from those of IE.38 The 
clinical scenario and the results of other diagnostic tests are 
therefore crucial for the correct diagnosis (see Chapter 37).

Filamentous strands, also known as Lambl excrescences, are 
frequently observed with TEE on the mitral and aortic valve 
(Fig. 41-5), especially in the elderly. Often representing fibrin-
ous material growing on the valve’s edge, valve strands have 
been linked to an increased risk of stroke or TIA in case-control 
studies.42-44 However, patients with valve strands incidentally 
found on TEE showed a subsequent incidence of only 1% to 
2% in an average follow-up period of 4 years.45 In elderly 
patients with a recent stroke, mitral valve strands were not 

associated with an increased risk of recurrence.44 Therefore, the 
risk of cerebral embolic events associated with valve strands is 
unclear, as is the need for preventive treatment. In 619 patients 
with acute ischemic stroke who underwent TEE and were ran-
domized to warfarin or aspirin treatment as part of the Patent 
Foramen Ovale in Cryptogenic Stroke Study (PICSS), strands 
were found on the aortic valve in 36 (5.8%) and on the mitral 
valve in 172 (27.8%). No increased risk of recurrent stroke was 
observed in patients with valve strands during a 2-year follow-up 
period (HR, 1.05; 95% CI, 0.70 to 1.57; P = .82).46 Valve strands 
are often found on valve prostheses, especially in the mitral 
position. In 300 patients with 421 left-sided prosthetic heart 
valves, strands were observed in 49% of patients (38% of pros-
theses).47 A lower level of anticoagulation therapy (INR less 
than 2.5) was significantly associated with strands frequency, 
suggesting that more aggressive anticoagulation therapy may be 
necessary in these patients.47

INTRACARDIAC TUMORS

Primary intracardiac tumors are rare; they been found in less 
than 0.2% of unselected autopsy series.48 When present, 
however, they are associated with a high frequency of embolic 
events (see Chapter 46). This appears especially true for the two 
most common varieties of tumor, myxomas and papillary fibro-
elastomas. Approximately 75% of all cardiac tumors are benign, 
and 50% are myxomas.49 Three of four myxomas originate from 
the LA, especially the fossa ovalis area of the interatrial septum.50 
Estimates are that 30% to 40% of all myxomas eventually embo-
lize,50 to the cerebral circulation in more than 50% of cases. 
Tumor fragmentation, or embolization of superimposed 
thrombus, is considered a potential embolic mechanism. The 
morphologic features of the myxoma are an important deter-
minant of its embolic risk. Large mobile myxomas or those with 
villous excrescences are more likely to embolize than those with 
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Figure 41-5  TEE visualization of filamentous strand (arrow) on the 
ventricular side of the aortic valve. 
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Figure 41-6  Left atrial myxoma. A, TTE visualization of small myxoma (arrow) at the fossa ovalis area of the atrial septum. B, TEE visualization 
of large myxoma (arrow) almost filling the LA cavity and protruding towards the mitral valve. C, 3D imaging of the same tumor as in B, with clear 
visualization of the tumor insertion point in the fossa ovalis. 
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Figure 41-4  TEE visualization of vegetations on mitral prostheses. 
A, A vegetation (large arrow) is visualized on the atrial aspect of a bio-
logical prosthesis. Note the native valve-like appearance of the leaflets 
and also the valvular supporting struts (small arrows). B, Large vegeta-
tion  (arrow)  on  the  lateral  aspect  of  the  annular  ring  of  a  mechanical 
prosthesis (MVR). 
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more solid polypoid aspects.50 TTE can identify even relatively 
small myxomas (Fig. 41-6, A). TEE, however, can identify 
smaller tumors and help clarify morphologic aspects of impor-
tance for planning of the surgical resection, such as point of 
insertion into the cardiac wall and relation to adjacent struc-
tures (Fig. 41-6, B). Three-dimensional (3D) imaging (Fig. 41-6, 
C) may also help with the planning of the surgical approach 
because it more closely resembles the surgical view of the tumor. 
Surgical resection is recommended in all cases, especially when 
high-risk morphologic characteristics are present.

Papillary fibroelastomas are also frequently associated with 
cerebral embolism. Embolic events are often their first clinical 
manifestation because of their preferential location on highly 
mobile valve leaflets. Most fibroelastomas are diagnosed in the 
fourth or fifth decade of life, often after an episode of cerebral 
or cardiac ischemia.51 In a review of 725 cases, the aortic valve 
was the most frequent location, followed by the mitral valve, 
whereas the LV was the most common extravalvular location.52 
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primary location.54 For the assessment of the associated embolic 
risk, the same considerations made for benign tumors on the 
usefulness of TEE and TTE apply. TEE is also invaluable in the 
assessment of tumor extension to adjacent structures and blood 
vessels, which may be critical for the decision about surgical 
treatment.

LEFT ATRIAL THROMBUS AND SPONTANEOUS 
ECHO-CONTRAST

The presence of a thrombus in the LA is associated with signifi-
cant risk of systemic embolization. LA thrombus, especially in 
the atrial appendage, is a frequent occurrence in the course of 
atrial fibrillation, although it is occasionally seen in patients in 
sinus rhythm with a recent cerebral ischemic event, especially 
when LV dysfunction coexists (see Chapter 42).55

Because of the proximity of the esophagus to the LA and the 
consequent possibility of use of high-frequency transducers, 
TEE is the test of choice to image the LA, and especially its 
appendage, which is difficult to image with TTE. With the use 
of modern omniplane transducers, the appendage can be 
imaged from a variety of angles, which allows a thorough inves-
tigation for the presence of thrombus. The presence of normal 
appendage trabeculations, the pectinate muscles, can be evalu-
ated (Fig. 41-8, A). The sensitivity of TEE for thrombus detec-
tion is 90% to 95%, and its specificity is 95% to 100%.56,57 An 
example of LA appendage thrombus is shown in Fig. 41-8, B. 
Three-dimensional imaging may also contribute to better 
thrombus visualization by providing alternate views (Fig. 41-8, 
C). The frequency of LA thrombus in atrial fibrillation is esti-
mated at more than 20%.58 In patients with a recent embolic 
event, the frequency is reported at 22% to 43%.56,58 Although 
more frequent in chronic atrial fibrillation (27%), LA thrombus 
is also often observed in atrial fibrillation of less than 3 days 
duration (14%),58 especially when accompanied by an embolic 
event (21% to 43%).56,58

Various conditions predispose to LA thrombus formation. A 
decreased LV systolic function has been shown to increase its 
likelihood, even in patients in sinus rhythm. In a study on 48 
patients with stroke in sinus rhythm with LV ejection fraction 
of less than 45%, an atrial thrombus was found with TEE in 10 
(21%).59 LV ejection fraction of less than 35% was one of the 
two independent predictors of thrombus presence; the other 
predictor was LA appendage flow velocity of 55 cm/s or less.59 
The measurement of flow velocity in the appendage is indeed a 
useful clinical indicator of risk of thrombus formation. The 
appendage flow velocity can be obtained with pulsed Doppler 
interrogation of the inlet of the appendage in essentially all 
patients with TEE (Fig. 41-9, A) and occasionally with TTE. In 
patients with normal appendage function, velocities of 55 to 
80 cm/s or higher are observed. The risk of thrombus formation 
appears to start rising with velocity of less than 55 cm/s60 and 
increases as the velocity decreases. In the TEE substudy of the 
Stroke Prevention in Atrial Fibrillation III (SPAF III), a velocity 
of 20 cm/s or less was associated with increased frequency of 
thrombus (17%, versus 5% in patients with higher velocity; P 
<.001).61 A decreased LA flow velocity is also a determinant of 
another important TEE finding that is associated with throm-
bus formation and thromboembolic risk: the presence of spon-
taneous echo-contrast (SEC). SEC is defined as dynamic, 
slow-swirling echoes that resemble a smoky haze within the 
body of the atrium or its appendage (Fig. 41-9, B). SEC repre-
sents increased echogenicity as a result of blood cell aggregation 

Among morphologic characteristics, only mobility was an inde-
pendent predictor of death or nonfatal embolization.52 On the 
aortic valve, fibroelastomas are often located on the aortic side 
of the valve, unlike valvular vegetations, which tend to grow on 
the ventricular side. A clinically significant papillary fibroelas-
toma may be only a few millimeters large, which makes TEE a 
vastly better option than TTE for its visualization (Fig. 41-7). 
Although no controlled treatment studies are available, surgical 
resection appears indicated for all symptomatic fibroelastomas; 
in asymptomatic patients, oral anticoagulation therapy is 
usually used for nonmobile tumors; surgical resection should 
be strongly considered for mobile ones.52

Malignant primary tumors of the heart are rare, with an 
autopsy prevalence rate of 0.001% to 0.03%.49 Sarcomas are the 
most common primary cardiac malignancies.53 Cardiac obstruc-
tion, systemic or cerebral embolization, or systemic and consti-
tutional symptoms are their modalities of presentation. 
Metastatic cardiac tumors are 20 to 40 times more frequent than 
primary tumors,48 and the lungs constitute the most common 

Figure 41-7  TEE visualization of small papillary fibroelastoma on 
the aortic valve. A, A small, brightly echolucent mass (arrow) sugges-
tive of fibroelastoma  is  seen on  the aortic aspect of  the  left  coronary 
cusp (note the takeoff of the left main coronary artery on the right side 
of the screen). B, 3D imaging shows the small tumor (arrow) during the 
valve systolic opening. 
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in the LV or aorta of patients with severely reduced LV function) 
but is better visualized with TEE because of the higher trans-
ducer frequency and, for the LA, the proximity to the chamber 
of interest. Accurate gain and compression settings are neces-
sary to optimize the view and increase detection; relatively high 
gain settings may be necessary to maximize the detection rate, 
and white noise artifacts created by these settings may usually 
be identified because of their fixed, nonswirling appearance. 
The atrium and appendage should be imaged from different 
angles, and enough time should be spent in the imaging to 
ensure the capture of an often transient phenomenon such as 
SEC. LA SEC is present in more than 50% of patients with atrial 
fibrillation who undergo TEE. In a series of 272 patients, SEC 
was found in 161 (59%). During a mean follow-up period of 
17.5 months, the rate of stroke or other embolic events was 
increased by four-fold in patients with SEC (12% per year 
versus 3% per year; P = .002).63 SEC was also associated with 
increased mortality (25 versus 11 deaths; P = .025).63 In the 
SPAF III study, the presence of SEC almost tripled the risk of 
stroke.61 In a recent series of 295 patients with nonvalvular atrial 
fibrillation, the presence of atrial SEC or thrombus increased 
mortality by three-fold over a 5-year follow-up period,64 
although it was not an independent predictor of stroke or death 
in patients on anticoagulation therapy (odds ratio [OR], 1.55; 
95% CI, 0.50 to 4.83).

The TEE-derived variables described previously (LA append-
age thrombus and reduced flow velocity; SEC) may also aid in 
the choice of treatment for the prevention of thromboembolic 
events in patients with atrial fibrillation. Although prognostic 
scores such as CHADS(2) (Cardiac Failure, Hypertension, Age, 
Diabetes, Stroke or TIA [doubled]; Table 41-3) have been 
devised based on the probability of incident events,65 some gray 
areas still exist. In general, oral anticoagulation therapy is rec-
ommended when the expected stroke risk is 5% per year or 
more; at the other end, aspirin may be chosen for patients when 
the expected stroke risk is lower than 2% per year. The inter-
mediate risk group (3% to 4% risk per year) is more controver-
sial.66 The 2006 American College of Cardiology/American 
Heart Association/European Society of Cardiology guidelines 
for the management of patients with atrial fibrillation recom-
mend the use aspirin 81 to 325 mg daily for patients with no 
risk factors and anticoagulation therapy with warfarin to an 
INR of 2 to 3 (target, 2.5) in patients with one high-risk factor 
(previous stroke, TIA, or embolism; mitral stenosis; prosthetic 
heart valve [if mechanical, INR of more than 2.5]) and in those 

Figure 41-9  Assessment of the LA appendage for embolic poten-
tial. A, Pulsed Doppler interrogation of the appendage. Low emptying 
velocity (approximately 20 cm/s; see scale on the right of the screen) is 
shown. B, Example of dense spontaneous echo-contrast in the body of 
the LA. 
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Figure 41-8  Visualization of the LA appendage with TEE. A, Prominent pectinate muscles (arrows) are visualized in the LA appendage. B, A 
thrombus  (arrow)  in  the medial wall of  the appendage near  the apex. C, 3D  imaging from an atrial viewpoint shows protrusion of  the thrombus 
(arrow) towards the atrial chamber. Ao, Aorta. 

at low shear rates and is therefore an indicator of stagnant blood 
or low flow states. SEC has been associated with severely 
decreased (lower than 25 cm/s)62 but also mildly or moderately 
decreased (lower than 55 cm/s) appendage flow velocities.60 
SEC can be occasionally seen with TTE in low flow states (e.g., 
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patients in whom TEE is not feasible or contraindicated. The 
combined use of two-dimensional (2D) and 3D TTE imaging 
identified all seven LA thrombi in a group of 91 patients with 
atrial fibrillation.70

ATRIAL SEPTUM ABNORMALITIES: PATENT 
FORAMEN OVALE AND ATRIAL SEPTAL 
ANEURYSM

In the last two decades, the presence of a PFO has been associ-
ated with increased risk of ischemic stroke, especially when 
cryptogenic. The foramen ovale, a normal component of the 
fetal circulation, closes after birth but may remain partially open 
in 15% to 35% of healthy subjects.71-74 An atrial septal aneurysm 
(ASA), a localized protrusion of the septum into either atrial 
chamber, has also been associated with an increased embolic 
risk. ASA is infrequently observed in the general population 
(approximately 1% to 4% of subjects)75-78 but, when present, is 
associated with a PFO in more than 60% of cases.79-87

Detection of Patent Foramen Ovale
An atrial septal defect is a fixed opening that allows the bidirec-
tional shunting of blood, but a PFO is a functional opening that 
becomes patent when the pressure in the right atrium exceeds 
the pressure in the LA, as it happens at end-systole. Therefore, 
the diagnostic techniques for detection of a PFO are based  
on the demonstration of a right-to-left shunt, at rest or during 
maneuvers, such as coughing or Valsalva maneuver, which 
increase the right atrial pressure. TTE or TEE with contrast 
injection (agitated saline solution or polygelatin agents) is gen-
erally used. Five injections under different conditions (rest, Val-
salva maneuver, cough) have been recommended.88

Transesophageal echocardiography has nearly 100% sensitiv-
ity and specificity for PFO detection when both color Doppler 
scan and contrast evaluation are performed.89 The prevalence 
of PFO in a TEE study on a sample of the general population 
was found to be 24.3%,76 similar to that observed in autopsy 
studies. With use of a longitudinal bicaval view, TEE often 
allows the direct visualization and measurement of the PFO 
opening (Fig. 41-10, A), the semiquantitative assessment of the 
shunt (with count of the shunting microbubbles; Fig. 41-10, B), 
and the differentiation from a shunt caused by transpulmonary 
recirculation, which can be excluded through the direct visual-
ization of the pulmonary veins. TEE is very accurate in detec-
tion of the presence of an ASA (Fig. 41-11, A), generally 
diagnosed by the protrusion of the septum of at least 10 mm,79,90 
measured by adding the maximum excursions of the septum 
from the midline into either atrium.

Because TEE is a semiinvasive test that requires conscious 
sedation, its use is appropriate in cases that are diagnostically 
equivocal or when the morphologic characterization of the PFO 
is necessary (e.g., when PFO closure is entertained). For screen-
ing purposes, TTE with contrast is used. Contrast TTE (Fig. 
41-10, C) has been reported to have lower sensitivity than TEE 
for PFO detection (50% to 60%),91-98 but recent advances in 
imaging technique have improved its sensitivity (80% to 
90%).99,100 In a sample of the general population, the prevalence 
of PFO with contrast TTE was reported to be 14.9%,77 lower 
than in the TEE-based study. The direct visualization of  
the PFO opening is not obtained with TTE; therefore, the dis-
tinction with intrapulmonary shunt is based on the timing of 
microbubbles appearance in the left-sided chambers (within 
three cardiac cycles from complete opacification of the right 

with two or more moderate-risk factors (age 75 years or more; 
hypertension; heart failure; LV ejection fraction 35% or less; 
diabetes mellitus).66 In patients with one moderate-risk factor, 
the choice between aspirin and warfarin was left to the physi-
cian’s discretion. The use of TEE, and the detection of one of 
the high-risk echocardiographic indicators described previ-
ously, may tilt the therapeutic choice toward the use of antico-
agulation therapy. In fact, even in the presence of a CHADS (2) 
score of 0 or 1, the annual stroke risk is not entirely negligible 
(1.9% to 2.8%); also, in a recent study on 295 patients with 
score 0 or 1, the prevalence of LA thrombus with TEE was 3% 
and that of dense SEC was 8%.64 Therefore, 11% of patients 
with a low score had an indication for anticoagulation therapy 
when TEE was performed, which emphasizes the usefulness of 
TEE in the management of this patient group. Among newer 
therapeutic options, the oral thrombin inhibitor dabigatran has 
been shown to be at least as effective as warfarin in preventing 
strokes in atrial fibrillation and may therefore be a valid alterna-
tive to warfarin, without the need of frequent laboratory tests 
for monitoring of the anticoagulation intensity.67 Other options, 
such as treatment with aspirin plus clopidogrel, have been 
proven inferior to warfarin in preventing stroke, although better 
than aspirin alone.68

The utility of TEE in atrial fibrillation goes beyond the 
assessment of thrombus or SEC. In the SPAF III TEE substudy, 
among multiple possible predictors of events, only SEC and 
complex aortic arch plaques (see subsequent discussion in the 
chapter for the definition) were found to be independently 
associated with recurrent vascular events.61 Adjusted-dose 
warfarin treatment decreased the event rates by 75% in 
patients with atrial fibrillation and complex arch plaques 
(4.0% versus 15.8%; P = .02), and in patients in whom TEE 
failed to identify such plaques, the event rate was low (1.1% to 
1.2% per year) regardless of treatment type.61

Transesophageal echocardiography may also used to exclude 
LA thrombus before cardioversion of atrial fibrillation, eliminat-
ing the need for several weeks of preprocedural anticoagulation 
therapy. In the Assessment of Cardioversion Using Transesopha-
geal Echocardiography (ACUTE) study, the safety and efficacy 
of a TEE-based strategy to shorten anticoagulation therapy 
before electrical cardioversion was shown (see Table 41-3).69

Despite TEE’s general superiority, TTE may be still a useful 
test in patients with atrial fibrillation because it allows the eval-
uation of the mitral valve and of the size of the LA, whose 
dilation is associated with increased risk of thrombus forma-
tion. TTE may also allow the detection of thrombus in the body 
of the LA. Finally, TTE may provide useful information in 

Use of TEE Before Cardioversion in Atrial Fibrillation: 
The ACUTE Study69

Conventional 
Treatment* 
(N = 603)

TEE-Guided 
Strategy  

(N = 609) P Value

Time to cardioversion 
(days)

30.6 3.0 <.001

Successful 
cardioversion (%)

65.2 71.1 .03

Hemorrhagic events 
(%)

5.5 2.9 .03

Embolic events 
within 8 weeks (%)

0.5 0.8 .5

Both treatment groups received 4 weeks of oral anticoagulation therapy after cardioversion.
ACUTE, Assessment of Cardioversion Using Transesophageal Echocardiography.
*Three weeks of oral anticoagulation therapy before cardioversion.

TABLE 
41-3 
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Transcranial Doppler imaging with contrast injection can 
also detect the presence of a PFO. Its sensitivity has been shown 
to be intermediate between that of TEE and TTE in some 
studies92,94,95 but essentially equivalent to TEE in others.96,98 
Potentially important disadvantages of transcranial Doppler 
imaging are the impossibility to distinguish between PFO and 
intrapulmonary shunt and to assess for coexistence of an ASA.

Patent Foramen Ovale, Atrial Septal Aneurysm, 
and Stroke Risk
Paradoxical embolization (i.e., embolization to the systemic cir-
culation of a thrombus originating in the venous circulation) is 
the purported embolic mechanism associated with a PFO, a 
mechanism confirmed by the occasional detection of thrombus 
lodged in the PFO (Fig. 41-12). The relationship between PFO 
and cryptogenic stroke was first described in patients younger 
than 55102 or 40103 years of age and then extended to older 
patients, in whom such relationship has been more controver-
sial, having been either supported104 or negated.105,106 Over the 
years, several studies with contrast TTE or TEE have confirmed 
the association between PFO and cryptogenic stroke in younger 
patients.104,105,107-109 A recent large TEE study confirmed the exis-
tence of an association between PFO and stroke in the older age 
group.109 After adjustment for age, aortic plaque thickness, 

Figure 41-10  Echocardiographic visualization of patent foramen ovale. A, Visualization of patent foramen ovale with TEE. In bicaval view, the 
patent foramen ovale opening is visualized (arrow, left panel ). Color flow Doppler imaging shows the presence of an interatrial shunt (arrow, right 
panel ). B, Patent foramen ovale visualization with contrast TEE. Contrast material fills the RA, and a few microbubbles (arrow) are visualized as they 
enter the LA. C, Patent foramen ovale visualization with contrast TTE. The presence of a large right-to-left shunt is shown. 
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Figure 41-11  Echocardiographic visualization of atrial septal aneu-
rysm. A, TEE visualization  in  longitudinal  (bicaval)  view. A  large atrial 
septal aneurysm is visualized (arrow) that protrudes into the RA. B, TTE 
visualization. A large atrial septal aneurysm is visualized (arrow), again 
protruding into the RA. SVC, Superior vena cava. 
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Figure 41-12  TEE visualization of large thrombus (arrow) lodged 
in a patent foramen ovale. 
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atrium for PFO; delayed appearance in case of intrapulmonary 
shunt). Saline contrast with transmitral pulsed wave Doppler 
imaging has been used to quantify the PFO functional size.101 
An ASA can also be visualized with TTE (Fig. 41-11, B), although 
its sensitivity is lower than that of TEE.79
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meta-analysis was higher in subjects with PFO plus ASA than 
in those with either condition alone.120 In stroke patients less 
than age 55 years who were treated with aspirin, the 4-year 
recurrent stroke rate with isolated PFO (2.3%) was similar to 
that with no PFO (4.2%) but was markedly higher (15.2%) with 
combined PFO and ASA.121 A study with brain magnetic reso-
nance imaging in 48 patients with cryptogenic stroke showed 
that patients with PFO and ASA had more multiple acute brain 
lesions than patients with PFO alone (53% versus 17%; P = .01), 
even after adjustment for PFO size, degree of shunt, and vascu-
lar risk factors.122 Therefore, there may be more to the stroke 
risk associated with an ASA than the coexistence of a PFO. 
Other potential stroke mechanisms include in situ thrombosis 
formation, which appears infrequently,79 and possibly a predis-
position to the development of atrial arrhythmias,123 which has 
also been questioned.124

A prominent Eustachian valve (the remnant of the right valve 
of the fetal sinus venosus that directs the blood from the inferior 
vena cava to the foramen ovale) has been found more frequently 
in patients with suspected paradoxical embolism,125 but this has 
not been confirmed.114 A Chiari network (threads and fibers 
that variably connect the Eustachian valve to other atrial struc-
tures) is present in approximately 2% of the general popula-
tion126 but is more frequently seen in patients with a PFO, 
ASA,87 or unexplained arterial embolism.126

An increase in pressure in the right-sided cardiac chambers 
increases the likelihood of paradoxical embolization through a 
PFO. Pulmonary embolism,127,128 right ventricular infarction,129 
and severe tricuspid regurgitation130 have been associated with 
increased degree of shunting. Patients on mechanical LV assist 
device support also present an increased right-to-left shunting 
through the PFO, as a result of the decompression of the left-
sided chambers.131

An increased prevalence of deep venous thrombosis has been 
reported132 but not confirmed133,134 in patients with cryptogenic 
stroke with a PFO. Pelvic vein thrombi were found more fre-
quently in young patients with cryptogenic stroke than in those 
with defined causes of stroke.135

hypertension, and coronary artery disease, PFO was strongly 
associated with cryptogenic stroke in both younger (OR, 3.70; 
95% CI, 1.42 to 9.65; P = .008) and older patients (OR, 3.00; 
95% CI, 1.73 to 5.23; P <.001).109 Overall, the available evidence 
suggests an approximately four-fold increase in stroke risk from 
PFO in younger patients (Table 41-4, A) and a two-fold increase 
in older patients (Table 41-4, B).

Possible Associated Factors
Because a PFO is present in approximately 25% of the general 
population but only a small fraction of individuals with a PFO 
will have a stroke, it is reasonable to believe that conditions may 
exist that increase the stroke risk. A recent meta-analysis of 
published studies suggested that the presence of a PFO may be 
an incidental rather than causative finding in one third of 
patients with cryptogenic stroke with a PFO,110 again under-
scoring the possibility that associated factors may be important 
in increasing the embolic risk.

Anatomic characteristics of the atrial septum and of the right 
atrium have been suggested among potential cofactors. The 
width of the septal separation seen with TEE has been associ-
ated with increased stroke risk. Patients with presumed para-
doxical embolization tend to have larger PFOs compared with 
controls, as assessed with contrast TTE,103 TEE,111-114 transcra-
nial Doppler imaging,93,115 and cardiac catheterization.116 A PFO 
size of 2 mm or more117 was more frequently seen in patients 
with stroke considered of embolic origin on the basis of brain 
imaging criteria,117 and PFO size of more than 4 mm may be an 
independent risk factor for recurrent cerebrovascular events.118 
The degree of shunt, intended as the number of shunting 
microbubbles counted in the LA in a still frame, appears too 
subject to observer variability issues to be reliably used for risk 
stratification.

The presence of an ASA (see Fig. 41-11) has also been associ-
ated with an increased risk of stroke. Because ASA is frequently 
associated with a PFO and PFO size tends to be larger in patients 
with ASA,87,119 the stroke risk is often considered to be the 
result of the coexistent PFO. However, the stroke risk in a 

Relationship between Patent Foramen Ovale and Cryptogenic Stroke in Different Age Groups

A.  Younger Patients
Prevalence of Patent Foramen Ovale

Study N (Patients) Age (years) Cryptogenic Control P Value
Lechat102 26 <55 54% (14/26) 10% (10/100) <.001

Webster103 34 <40 56% (19/34) 15% (6/40) <.001

Cabanes107 64 <55 56% (36/64) 18% (9/50) <.001

de Belder108* 39 <55 13% (5/39) 3% (1/39) –

Di Tullio104 21 <55 47% (10/21) 4% (1/24)† <.001

Hausmann105 18 <40 50% (9/18) 11% (2/18) <.05

Handke109 82 <55 44% (36/82) 14% (7/49)† <.001

TOTAL 285 45% (129/284) 11% (36/320) <.001

B.  Older Patients
Prevalence of Patent Foramen Ovale

Study N (Patients) Age (years) Cryptogenic Control P Value
de Belder108* 64 >55 20% (13/64) 5% (3/56) <.001

Di Tullio104 24 >55 38% (9/24) 8% (6/77)† <.001

Hausmann105 20 >40 15% (3/20) 23% (23/98) NS

Jones106 57 >50 18% (10/57) 16% (29/183) NS

Handke109 145 >55 28% (41/145) 12% (28/232)† <.001

TOTAL 310 25% (76/310) 14% (89/646) <.001
NS, Not significant.
*Includes different stroke subtypes.
†Controls were patients with stroke of known cause.

TABLE 
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PFO closure and 462 patients who were treated medically. For 
stroke, the incidence rate was 3.1% and 3.4%, respectively (P = 
.77).149 Degree of shunt and presence of ASA did not signifi-
cantly affect the results.

ATHEROSCLEROTIC PLAQUES IN THE  
PROXIMAL AORTA

The presence of atherosclerotic plaques in the aorta is a risk 
factor for ischemic stroke and systemic embolization in the 
elderly. The association between proximal aortic plaques  
and ischemic stroke was first reported in a pathology study in 
which elderly patients who had died of a stroke had a much 
greater frequency of ulcerated aortic plaques than patients  
who had died of other neurologic diseases (26% versus 5%;  
age-adjusted OR, 4.0; 95% CI, 2.1 to 7.8).150 The difference 
was especially significant for patients who had died of a cryp-
togenic stroke (61% versus 28%; adjusted OR, 5.7; 95% CI, 2.4 
to 13.6) and persisted after adjustment for atrial fibrillation and 
carotid artery disease.150 Only 3% of patients with ulcerated 
plaques were younger than 60 years, which suggests that this 
new stroke risk factor was only relevant to the elderly. TEE then 
provided an excellent opportunity to investigate the role of 
atherosclerotic plaques in vivo. TEE is the most sensitive and 
widely used technique for examination of the proximal portion 
of the aorta. The proximity of the esophagus to the aorta and 
the absence of interposed structures allow the use of high-
frequency ultrasound transducers, which results in high-
resolution images of the vessel. If ischemic stroke is the 
presenting clinical event, the portion of aorta proximal to the 
takeoff of the left subclavian artery is the focus of the examina-
tion, although the existence of retrograde diastolic flow has 
been shown in the aorta and the possibility of embolization to 
the brain from the initial segment of the descending aorta has 
been suggested.151,152 The aorta can be accurately visualized with 
TEE from the aortic valve level to the initial curvature of the 
arch. The mid and distal segments of the aortic arch are also 
visible in all patients, whereas a small portion of the proximal 
arch cannot be visualized because of the interposition of the 
trachea. With TEE, an accurate assessment is possible of the 
presence and thickness of plaques (Fig. 41-13, A) and of the 
presence of ulcerations (Fig. 41-13, B) or superimposed throm-
bus (Figs. 41-13, C). TEE has been shown to be highly sensitive 
and specific for detection of aortic plaques153,154 and superim-
posed thrombus (sensitivity, 91%; specificity, 90%).154 TEE sen-
sitivity for the detection of small plaque ulcerations, which may 
carry an additional embolic risk,155-157 has been described as 
less than optimal (approximately 75%). The reproducibility of 
TEE measurements of aortic plaque thickness is very good, with 
agreement of 84% to 88% for the diagnosis of large (4 mm or 
more) plaques,158 which are thought to carry higher stroke 
risk.159

With use of TEE, numerous case-control155,157,159-162 and pro-
spective studies163-167 have confirmed the role of proximal arch 
plaques as risk factors for stroke and other embolic events 
(Table 41-5). Although the definition of large plaques has varied 
across the studies, the general consensus has been that a plaque 
thickness of 4 mm or more or 5 mm or more (measured per-
pendicular to the major vessel diameter; see Fig. 41-13, A) is 
associated with higher embolic risk. Unclear, however, is whether 
plaque thickness is directly related to the stroke mechanism or 
is rather a marker of diffuse atherosclerosis that portends the 
higher stroke risk. Smaller plaques (3 mm or more) have been 

Prothrombotic states may increase the likelihood of throm-
bus formation and, therefore, paradoxical embolization. An 
increased prevalence of G20210A and factor V Leiden muta-
tions has been reported in patients with cryptogenic stroke and 
PFO,136-139 with the former mutation more frequent than the 
latter (8.2% versus 2.1%).140 The association of either genotype 
with PFO increased the stroke risk by 4.7-fold.140 An association 
between PFO size and presence of antiphospholipid antibodies 
has been suggested.141 Recent surgery, trauma, or use of oral 
contraceptives may increase the likelihood of paradoxical 
embolization through a PFO.142

Prevention of Recurrent Embolism
Because paradoxical embolization is the purported stroke 
mechanism from a PFO, antithrombotic treatment (systemic 
anticoagulation therapy with warfarin or use of antiplatelet 
agents such as aspirin) has been tested for preventive purpose. 
More recently, transcatheter closure of the PFO has also been 
used. The assessment of the relative efficacy of these approaches 
is hampered by the paucity of randomized clinical trials in the 
field. In the sole randomized double-blind trial of medical 
treatment, the previously mentioned PICSS, 630 patients with 
noncardioembolic stroke were randomized to aspirin 325 mg 
or warfarin (target INR, 1.4 to 2.8)143 as part of the Warfarin 
Aspirin Recurrent Stroke Study.144 After a 2-year follow-up 
period, no significant differences were observed in the rates of 
recurrent stroke or death among patients with or without PFO, 
both in the entire study group (14.8% versus 15.4%; HR, 0.96; 
95% CI, 0.62 to 1.48; P = .84) and in the subgroup of patients 
with cryptogenic stroke (14.3% versus 12.7%; HR, 1.17; 95% 
CI, 0.60 to 2.37; P = .65). Although the comparison between 
treatment types was not the objective of the study, no significant 
differences in recurrent stroke or death rates were observed in 
patients treated with warfarin (9.5%) or aspirin (17.9%; HR, 
0.52; 95% CI, 0.16 to 1.67; P = .28). PFO size and coexistence 
of an ASA also did not significantly affect the stroke risk.143 
Similar results were obtained in a more recent multicenter TEE 
study from Spain in 200 patients with stroke with a PFO treated 
with warfarin or antiplatelet agents, in which degree of right-
to-left shunt or coexistence of an ASA were also not associated 
with an increased risk of recurrent stroke.145

Given the efficacy of antithrombotic treatment in prevention 
of recurrent events, the transcatheter closure of the PFO, which 
has all but replaced the formerly used surgical closure, would 
appear indicated only if its efficacy were to be found superior 
in randomized clinical trials or in patients with failure or con-
traindications to medical treatment. In the absence of results 
from such trials, transcatheter closure has had supporters146 and 
critics.147 The 2006 American Heart Association/American 
Stroke Association guidelines for the prevention of stroke in 
patients with ischemic stroke or TIA considered the data avail-
able at the time insufficient to make a recommendation for PFO 
closure in patients with a first stroke and a PFO.148 PFO closure 
was recommended for consideration in patients with recurrent 
cryptogenic stroke despite medical therapy.148 Otherwise, 
aspirin treatment was considered adequate in most patients, 
replaced by warfarin treatment in case of coexisting deep venous 
thrombosis or prothrombotic state. Five randomized trials that 
compare PFO closure and antithrombotic treatment are cur-
rently in different stages. In the first study to report its results, 
the CLOSURE I trial, no significant differences in recurrent 
stroke and death rates over a 2-year follow-up period were 
observed among 447 patients with stroke who had undergone 
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Figure 41-13  TEE assessment of proximal aortic arch plaques. A, A  large plaque  is present at mid arch, measuring approximately 5 mm in 
thickness. B, A large plaque is visualized at mid arch, with a large ulceration (arrow) in its intimal surface. C, 3D imaging of a large arch plaque. A 
small protruding component (arrow) is visualized, which was highly mobile in real-time imaging. 

A B C

shown to be associated with stroke in women,168 which suggests 
that plaque thickness could be a marker of other conditions 
related to the stroke mechanism that may differ between men 
and women. On the other hand, plaque progression, defined as 
increase in thickness over time, has indeed been shown to be 
associated with increased incidence of vascular events. In 117 
patients with stroke or TIA, plaque progression at 1 year was 
significantly associated with the incidence of vascular events 
(stroke, TIA, myocardial infarction, or death) over a median 
follow-up period of 1.7 years (51% versus 11%; P <.0001).169

The complex morphology of a plaque may be more directly 
related to the stroke mechanism in individual patients. Mor-
phologic features such as ulceration or mobility have been 
linked with an increased stroke risk,153-156,161,170,171 especially in 
the case of cryptogenic stroke. On the other hand, the presence 
of calcification within the plaque has been shown to decrease 
the risk of subsequent events, possibly because it may indicate 
a more stable lesion.172 TEE is a very sensitive test for detection 

of such morphologic variants, and especially the presence of 
superimposed mobile components, which have been shown to 
represent thrombus.171,173,174 Mobile components superimposed 
to an aortic plaque are infrequently seen in elderly patients  
with stroke, with a range from 1.6% to 8.7% in different  
studies.153,156,157,159,161,162,175,176 However, when present, they repre-
sent a strong risk factor for brain embolization.161 Occasionally, 
mobile thrombi without severe atherosclerotic changes can be 
seen in patients younger than 60 years who present with an 
embolic event (23 cases of 27,855 TEE examinations in a mul-
ticenter cardiology study).177 These thrombi usually have an 
insertion site on small atherosclerotic plaques and appear to 
represent a rare variant of atherosclerotic disease associated 
with embolic events in younger patients.177

When the embolic event affects the systemic circulation, the 
entire aorta, rather than its proximal segment, should be the 
focus of the investigation. The frequency of atherosclerosis is, 
in fact, higher in the descending than in the proximal aorta.170,178 

Aortic Arch Plaques and Risk of Ischemic Stroke

A.  Studies Comparing Stroke Patients (Cases) to Matched Control Subjects
Prevalence of Aortic Plaque (%) Adjusted Odds Ratio* 

(95% Confidence 
Interval)Study Cases/Controls (N) Age (years) Type of Plaque Stroke Patients Controls

Amarenco159 250/250 ≥60 1-3.9 mm 46 22 4.4 (2.8-6.8)
≥4 mm 14 2 9.1 (3.3-25.2)

Jones157 215/202 ≥60 <5 mm, smooth 33 22 2.3 (1.2-4.2)
≥5 mm, complex 22 4 7.1 (2.7-18.4)

Di Tullio155 106/114 ≥40 26 13 2.6 (1.1-5.9)
30/36 <60 ≥5 mm 3 3 1.2 (0.7-20.2)
76/78 ≥60 36 18 2.4 (1.1-5.7)

Di Tullio162 255/209 ≥55 ≥4 mm 49 24 2.4 (1.3-4.6)

B.  Prospective Studies of Stroke Patients with (AP+) and without (AP−) Aortic Plaque on TEE

Study AP+/AP− (N) Follow-up (months) Type of Plaque AP+, Events (%) AP, Events (%)

Adjusted Relative Risk† 
(95% Confidence 

Interval)
Tunick163 42/42 14 ≥4 mm 33 7 4.3 (1.2-15.0)

Mitusch164 47/136 16 ≥5 mm/mobile 13.7/year 4.1/year 4.3 (1.5-12.0)
versus <5 mm

FAPS165 45/143 24-48 ≥4 mm 11.9/year 2.8/year 3.8 (1.8-7.8)
26.0/year‡ 5.9/year‡ 3.5 (2.1-5.9)

Fujimoto167 67/216 40 ≥4 mm versus <4 mm 9.1 2.3 2.0 (0.9-4.2)
51/232 40 ≥4 mm, extending to 

arch branches
9.8 2.9 2.4 (1.1-5.2)

FAPS, French Study of Aortic Plaques in Stroke.
*Adjusted for conventional stroke risk factors.
†Adjusted for traditional stroke risk factors.
‡Recurrent stroke and other embolic events combined.

TABLE 
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procedures can drastically decrease the incidence of periopera-
tive stroke.193 TTE from a suprasternal window can be consid-
ered as a screening test. TEE or epiaortic ultrasound imaging of 
the aorta194 at the time of surgery may also be performed for 
this purpose.

ECHOCARDIOGRAPHY IN THE  
CATHETERIZATION LABORATORY

In recent years, the proliferation of transcatheter-based thera-
peutic procedures has resulted in a more frequent presence of 
echocardiographers in the catheterization laboratory, often to 
guide the performance and evaluate the results of the interven-
tional procedures (see Chapter 5). From the standpoint of 
embolic risk, procedures that involve the left-sided cardiac 
chambers carry the highest risk. Percutaneous transvenous 
balloon valvuloplasty, alcohol septal ablation for hypertrophic 
cardiomyopathy, and cardiac electrophysiology procedures such 
as pulmonary veins isolation for atrial fibrillation are examples 
of procedures with potential embolic risk. More recently, closure 
of atrial septal defect or PFO, percutaneous mitral valve repair, 
percutaneous aortic valve replacement for aortic stenosis, and 
placement of LA appendage occlusion devices for stroke pre-
vention in atrial fibrillation are becoming increasingly common, 
although some of these procedures are currently performed 
only as part of registries or clinical trials. All of these procedures 
carry a risk of periprocedural complications. For PFO closure, 
major complications from the device implantation (death, 
major hemorrhage, cardiac tamponade, and fatal pulmonary 
emboli) occurred in approximately 1.5% of the patients in a 
meta-analysis of 1355 patients, and less severe complications 
(atrial arrhythmias, device arm fractures, device embolization, 
device thrombosis, electrocardiographic changes, and arterio-
venous fistula) were reported in 7.9%.195 Lower complication 
rates have been reported in more recent studies, reflecting 
improved device construction and greater operator experience. 
In a multicenter European study on 430 patients (mean age, 
approximately 51 years), periprocedural complications occurred 
in 11.5% of patients, 0.2% of which were defined as major.196 
Transcatheter PFO closure may also be associated with a risk of 
intraprocedural or periprocedural embolization to the brain. 
Microembolic signals were detected with transcranial Doppler 
imaging during the procedure in 28 of 29 subjects.197 Brain 
magnetic resonance imaging in 35 subjects documented the 
appearance of new microembolic lesions after the PFO closure 
in three of them (8.6%).198

Transesophageal echocardiography is commonly used to 
guide the deployment of the PFO closure device. However, 
intracardiac echocardiography is currently considered at least 
as effective as TEE for this purpose, with the added advantage 
of not requiring conscious sedation or additional echocardiog-
raphy physician support (see Chapter 6). TTE can be used to 
evaluate the correct position of the closure device (Fig. 41-14, 
A) and the presence of some possible complications (e.g., septal 
erosion, pericardial effusion). Contrast study is used to evaluate 
any residual shunt, which is relatively common in the first 
months after the procedure and tends to close over time. TEE 
may be necessary for a better visualization of the device (Fig. 
41-14, B) and the assessment of complications such as throm-
bus or vegetation (Fig. 41-14, C).

Besides being the site of origin of thromboembolism to the 
brain and the peripheral circulation, the atherosclerotic aorta 
can also give origin to atheroembolic phenomena, in which 
cholesterol crystal emboli are sent to various segments of the 
arterial circulation. Atheroembolism is generally characterized 
by small embolic particles that lodge in small arterioles179 and 
may occur spontaneously or after vascular surgery, arteriogra-
phy, or anticoagulation therapy.180,181 Atheroembolism has a 
wide spectrum of clinical presentations, from clinically silent 
episodes only recognized during diagnostic procedures182-184 to 
complex clinical pictures characterized by multiple organ 
involvement (brain, retina, kidneys, gastrointestinal tract, lower 
limbs).185,186 The simultaneous or consecutive involvement of 
different body segments may, in fact, greatly facilitate a correct 
diagnosis in case of subtle or subacute clinical presentation. 
Occasionally, intraaortic tumors may be responsible for periph-
eral embolization.

Therapy and Prevention of Recurrent Events
The detection of complex aortic plaques has therapeutic and 
preventive implications. Because most embolic events associ-
ated with large or complex proximal aortic plaques are thought 
to be thromboembolic in origin and because activation of the 
coagulation system has been shown in patients with acute 
stroke and large aortic arch plaques,162 systemic anticoagulation 
therapy has been suggested to reduce the frequency of recurrent 
events. Anticoagulation therapy with warfarin appears indi-
cated in patients with thrombus superimposed to the plaque,187 
who represent a small fraction of the total. In patients with large 
but nonmobile plaque, the best preventive option is debated. In 
516 patients with acute ischemic stroke treated with aspirin or 
warfarin as part of the PICSS, antithrombotic treatment did not 
affect the incidence rate of recurrent stroke and death over a 
follow-up period of 2 years, as large plaques (4 mm or more) 
remained associated with an increased risk of events (adjusted 
HR, 2.12; 95% CI, 1.04 to 4.32), especially those with complex 
morphology (HR, 2.55; 95% CI, 1.10 to 5.89). The risk was 
highest among patients with cryptogenic stroke, both for large 
plaques (HR, 6.42; 95% CI, 1.62 to 25.46) and large-complex 
plaques (HR, 9.50; 95% CI, 1.92 to 47.10).188 Further studies 
with larger patient populations are needed to evaluate the pos-
sibility of differences in efficacy between warfarin and aspirin 
or other antiplatelet agents in specific patient subgroups, such 
as patients with cryptogenic stroke. The combination of aspirin 
and clopidogrel is being tested against warfarin in patients with 
large plaques.189 Statins have been shown to reduce the risk of 
recurrent events in patients with stroke in the Stroke Prevention 
by Aggressive Reduction in Cholesterol Levels (SPARCL) 
study,190 but no separate data were available for patients with 
severe aortic plaques. Surgical endarterectomy for high-risk 
plaques has been shown to carry a significant risk of intraopera-
tive stroke191 and should be reserved for carefully selected cases.

Embolism from an atherosclerotic aorta can have devastating 
consequences during cardiac surgery. In 921 consecutive 
patients undergoing cardiac surgery,192 the incidence rate of 
postoperative stroke was 8.7% in patients with atherosclerotic 
disease of the ascending aorta and 1.8% in patients without it 
(P < .0001), and aortic atherosclerosis was the strongest predic-
tor. When the presence of severe atherosclerosis is known, mod-
ification of the cannulation of the aorta or use of off-pump 
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volume of an aortic plaque may provide a better estimate of its 
embolic potential than the mere measurement of its thickness; 
the 3D analysis of PFO morphology and adjacent atrial struc-
tures may allow a better prognostication of the likelihood of 
paradoxical embolization to occur. Better imaging transducers 
with smaller footprints may allow more accurate imaging of 
the aortic arch from a suprasternal approach, allowing the 
assessment of the atheroembolic risk before cardiac procedures 
and reducing the number the patients referred for TEE. This 
refinement of the evaluation of the risk associated with recently 
discovered cardioembolic sources, along with the possible dis-
covery of newer ones, may represent one of the most impor-
tant research applications of echocardiography to cardioembolic 
research in the years to come.

Alternate Approaches
When TTE images are inadequate for diagnostic purposes, or 
when the suspected embolic source cannot be accurately inves-
tigated by it (e.g., LA appendage thrombus in atrial fibrillation), 
TEE provides the most logical and diagnostically sensitive alter-
native. In cases in which TEE cannot be performed, such as the 
presence of esophageal pathology or other contraindications, 
the choice of alternate imaging techniques depends on the a 
priori probability of a cardioembolic source. No real alterna-
tives to echocardiography exist to assess for valvular vegetations 
in IE, which leaves the diagnosis to be made on clinical grounds. 
For intracardiac masses, computed tomography or magnetic 
resonance imaging may represent viable alternatives. Transcra-
nial Doppler scan with contrast injection and more recently 
intracardiac echocardiography have been used to assess patients 
with suspected PFO. Magnetic resonance imaging has been 
shown to correlate well with TEE for aortic plaque determina-
tion199 and to accurately define fibrotic and lipid plaque com-
ponents in animal models.200 Dual-helical computerized 
tomography showed sensitivity of 87%, specificity of 82%, and 
overall accuracy of 84% for the detection of aortic plaques in 
comparison with TEE.201

Research Applications
Most of the outcome data described in this chapter, and espe-
cially the data regarding new cardioembolic sources such  
as PFO or aortic plaques, has been obtained with the use of 
echocardiography, and TEE in particular. It is therefore conceiv-
able that echocardiography will continue to play a primary role 
in future research in the field. The easy-to-perform and nonin-
vasive TTE will likely remain the prime diagnostic technique 
for assessment of the relevance of a putative cardioembolic 
source in population studies. The possibility to perform and 
serially repeat high-resolution studies that TEE affords allows 
the monitoring of therapeutic interventions to reduce the risk 
of recurrent events, by using the changes in morphologic 
appearance of a lesion as a surrogate marker of embolic risk 
(e.g., the evaluation of the effects of statins or antithrombotic 
therapy on the size and morphologic appearance of an aortic 
plaque). Further research applications will probably be fostered 
by advancements in image quality and more extensive applica-
tion of newer technologies, such as 3D imaging.

Potential Limitations and Future 
Approaches
Despite the continuous improvement in image quality, the 
most important limitation of TTE for embolic source assess-
ment remains the suboptimal visualization of the cardiac 
structures in some patients, an issue that has also limited the 
application of 3D echocardiography to the clinical practice. 
For TEE, the most important limitations are its semiinvasive 
nature, which requires the use of conscious sedation, and the 
still suboptimal ability to provide tissue characterization (e.g., 
thrombus versus vegetation versus tumor, or lipid versus 
thrombotic components in an aortic plaque). Some of these 
limitations may be overcome or lessened with future technical 
advancements. Also, a future direction of cardioembolic 
research may be the use of these imaging advancements to 
refine the assessment of embolic risk associated with some 
potential cardioembolic sources. The 3D assessment of the 

Figure 41-14  Echocardiographic visualization of patent foramen ovale closure device. A, Visualization with TTE. The arms of the device (arrows) 
are clearly visualized on each atrial side. B, Visualization with TEE. The device arms are seen encasing the septum. C, TEE visualization of patent 
foramen ovale closure complication. Large echogenic masses (arrows) are seen on both sides of the device and were found to be infected thrombus 
at surgery. 
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Technologic advances in two-dimensional (2D) and Doppler 
ultrasonography have led to the emergence of echocardi-
ography as an integral tool in the evaluation and management 
of patients with cardiac dysrhythmias. Transthoracic echocar-
diography (TTE) and transesophageal echocardiography (TEE) 
provide detailed information about cardiac anatomy and  
function. Patients with ventricular tachyarrhythmias are rou-
tinely referred for echocardiographic examination for identifi-
cation of suspected structural heart disease. Echocardiography 
may also play a role in characterization of ventricular dyssyn-
chrony and response to cardiac resynchronization therapy (see 
Chapter 26).

In addition to ventricular arrhythmias, both TTE and TEE 
provide useful information in the evaluation and management 
of patients with atrial arrhythmias, particularly atrial fibrilla-
tion (AF). In this chapter, we review the detailed structural and 
functional information derived from TTE and TEE and how 
these data assist in the evaluation and management of patients 
with AF and atrial flutter.

Echocardiographic Assessment of Atrial 
Anatomy and Function
LEFT ATRIAL ANATOMY

TTE is a reliable and reproducible method to assess the anatomy 
of the body of the left atrium (LA). 2D directed M-mode 
echocardiography1-3 in the parasternal long or short axis allows 
for the measurement of LA dimension (Fig. 42-1, A). Overall, 
this unidimensional index correlates well with angiographically 
derived LA area and volume2,3 but may be disproportionately 

erroneous in common disease states associated with asymmet-
ric atrial dilation, such as mitral valve disease4 or situations in 
which the LA is deformed by extrinsic structures.

2D TTE provides more accurate assessment of atrial anatomy. 
The LA is well seen from both the parasternal and the apical 
windows. In many laboratories, LA anatomy is characterized by 
the M-mode or 2D dimension from the parasternal long or 
short axis and the LA length from the apical four-chamber view 
(see Fig. 42-1, B). However, because the LA is not spherically 
shaped and asymmetric enlargement may occur, 2D-derived LA 
volume provides a more accurate measure of LA size5 and is 
advocated by the American Society of Echocardiography.6 It 
more favorably compares with volumetric methods such as car-
diovascular magnetic resonance and cardiac computed tomo-
graphy.7,8 With the biplane method,9 maximum LA area and 
length are measured in the apical four-chamber (A4C, L4C) (see 
Fig. 42-1, B) and two-chamber (A2C, L2C) orientations with 
volume derived as:

LA volume A A /[ L L /C C C C= +1 7 24 2 4 2. ( )( ) ( ) ]

Population-based studies suggest LA volumes of 41.9 ± 
11.9 mL or when normalized for body surface area, 22 ± 5 mL/
m2.10 Increasing LA volume predicts development of AF in the 
general population11 as well as after cardiac surgery12 and in 
hypertrophic cardiomyopathy.13,14 Biplane and Simpson’s 
methods compare closely.9 In situations in which there is focal 
atrial asymmetry, such as distortion of the LA from an extrinsic 
structure (e.g., mediastinal tumor, hiatal hernia, or descending 
thoracic aortic aneurysm), accurate calculation of LA volume 
may be improved by using a Simpson approach.
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Figure 42-1  Transthoracic echo (TTE). Parasternal long-axis view. A, TTE image from parasternal long axis demonstrating measurement of the 
LA dimension from 2D and M-mode data. B, TTE from apical four-chamber view demonstrating measurement of LA length and LA area. 

A B

Figure 42-2  Left atrial appendage thrombus. A, TTE image taken from the apical two-chamber view demonstrating a thrombus (arrow) in the 
LA appendage. B, TEE in the same patient confirming the LA appendage thrombus. C, TEE in another patient demonstrating multiple thrombi in 
the LA appendage. 

LA

LA

LV

A B C

TEE is a well-tolerated but moderately invasive diagnostic 
imaging technique that allows for superior visualization of pos-
terior structures such as the LA and LA appendage. Although 
TEE may be used to assess the body of the LA from orientations 
analogous to TTE imaging,15 its greatest advantage over TTE is 
in evaluation of the anatomy and function of the left and right 
atrial appendages, structures poorly seen by TTE.

IDENTIFICATION OF LEFT ATRIAL THROMBI

Anatomic imaging of the body of the LA may be readily obtained 
from 2D TTE, but identification or exclusion of LA and LA 
appendage thrombi is best performed by TEE. The sensitivity 
of TTE for detection of LA thrombi (Fig. 42-2, A) is only 39% 
to 63%,16-18 with very limited success for identifying thrombi in 
the LA appendage. Even with modified views,19 visualization of 
the LA appendage may be accomplished in less than 20% of 
patients.20 Although identification of LA appendage thrombi 

using state-of-the-art TTE equipment has been described (see 
Fig. 42-2, A),21 and echocardiographic contrast may be useful,22 
this has not been confirmed in a large series.

Imaging of the LA appendage is readily accomplished with 
multiplane TEE (Fig. 42-2, B). The normal length and neck 
width of the adult LA appendage in the horizontal and vertical 
imaging planes are 28 ± 5 mm and 16 ± 5 mm, respectively.23 
LA appendage anatomic indexes are dependent on imaging 
plane, with greater neck width and cross-sectional area when 
observed at a 135° imaging plane as compared with a 45° or 90° 
plane,24 consistent with its shape idealized as a special ungula 
of a right circular cylinder.25 The LA appendage commonly has 
multiple lobes and trabeculations (Fig. 42-3).

The accuracy of TEE for the identification of LA thrombi has 
been reported by several investigators and was initially based on 
older monoplane technology.20,25-27 For nearly two decades, 
multiplane TEE technology has been the standard with superior 
visualization of the LA appendage. In our experience of nearly 
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comprehensive assessment of right atrial (RA) volume. The 
primary transthoracic window is the apical four-chamber 
view, with RA area estimated using a length-diameter ellipsoid 
formula. Parasternal short-axis and subxiphoid windows 
provide complementary data. The RA appendage is rarely 
appreciated from TTE, but TEE at 90° (see Fig. 42-3) and 135° 
imaging orientations readily allow for visualization of this 
structure (Fig. 42-4).33 RA appendage area and length are 
independent of transducer orientation with areas of 5.4 ± 
2.4 cm2 and lengths of 4.0 ± 0.9 cm reported for those in sinus 
rhythm.33 Care must be taken to avoid mistaking normal 
structures (such as the Eustachian valve or Chiari network) for 
thrombi.34

TTE and TEE sensitivity and specificity data for identifica-
tion of RA thrombi are relatively sparse. Schwartzbard and col-
leagues35 reported on 20 patients with TEE evidence of RA 
thrombus, including 7 confirmed at surgery. TTE identified 
thrombus in only 6 patients (30%). All RA appendage thrombi 
were missed by TTE.

200 consecutive patients undergoing intraoperative TEE imme-
diately before mitral valve surgery, TEE sensitivity and specific-
ity for LA thrombi were 100% and 99%, respectively.28 We have 
found the 90° imaging plane particularly advantageous for 
assessing the LA appendage for thrombus. Real-time three-
dimensional (3D) TEE has been used to characterize LA 
appendage anatomy.29 The accuracy of this technology for iden-
tification of LA appendage thrombus is currently unknown, 
though case reports and small series suggest a benefit (versus 
2D multiplane TEE) when the appendage is heavily trabecu-
lated.30 For patients who are not candidates for conventional 
TEE, microprobe TEE or intracardiac echo31,32 may be options, 
but these technologies have not been as well studied and few 
data are available on comparative accuracy.

RIGHT ATRIAL ANATOMY

The right atrium has not been as well studied by either TTE or 
TEE. As is the case with the LA, 2D TTE provides a reasonably 

Figure 42-3  TEE of LA appendage. A, Single-lobed LA appendage (LAA). B, LA appendage with an accessory lobe (arrow). 

LAA

A B

Figure 42-4  TEE of normal right atrial appendage (RAA). A, 92° imaging plane. B, 137° imaging plane. SVC, Superior vena cava. 

RA
RAA

RAA

SVC

A B
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LEFT ATRIAL APPENDAGE FUNCTION

Because the LA appendage is a blind pouch, volumetric ejection 
must equal inflow during each cardiac cycle. Pollick and Taylor40 
noted that patients with sinus rhythm who were free of atrial 
thrombus had a characteristic contractile LA appendage apex 
and a noncontractile base. 2D TEE-guided pulsed Doppler has 
allowed for further characterization of LA appendage systolic 
performance. The pulsed Doppler profile taken at the mouth of 
the LA appendage displayed characterizing ejection and filling 
phases (Fig. 42-7, A). In a healthy adult population, peak LA 
appendage ejection and filling velocities are 46 ± 18 cm/s and 
46 ± 17 cm/s, respectively.41 Investigators have subsequently 
characterized LA appendage flow patterns as having four dis-
tinct morphologic types (see Fig. 42-7): type I, sinus; type II, 
flutter (regularized sawtooth); type III, fibrillatory (irregular 
sawtooth) with ejection velocity greater than 0.2 m/s; and type 
IV, stagnant/absent flow with peak ejection velocity of greater 
than 0.2 m/s. In rare instances, there may be a discontinuity 
between the body of the atrium and appendage42,43 with sinus 
pattern on transmitral flow but a fibrillatory pattern in the 
appendage or even a discrepancy among LA appendage lobes.44 
Although anatomic indexes appear to be dependent on imaging 
plane, Doppler indexes of LA appendage ejection and inflow are 
independent of imaging plane.24 Spontaneous echocardio-
graphic contrast, a marker for stasis, is typically seen with type 
III or IV appendage flow, whereas LA appendage thrombi are 
most commonly seen with type IV flow.45,46 As with transmitral 
Doppler data, LA appendage flow velocities are dependent on 
Doppler sample position and loading conditions.47

RA appendage function has not been as well studied, but can 
also be readily assessed by TEE using pulsed Doppler in the 90° 
or 180° orientations. One report indicated normal RA append-
age ejection velocity of 40 ± 16 cm/s, significantly lower than 
LA appendage ejection velocity.33

Echocardiography and Atrial Fibrillation
PREVALENCE OF ATRIAL FIBRILLATION

AF is a common arrhythmia, with an overall prevalence of 0.4% 
in the United States,48 and is responsible for more than 180,000 
hospital admissions annually.48 Its prevalence increases sharply 

ATRIAL MECHANICAL FUNCTION

In addition to atrial anatomy, echocardiography is a powerful 
tool for evaluation of atrial systolic function. The atria are tra-
ditionally believed to have two primary functions: as passive 
conduits or reservoirs for oxygenated blood passing from the 
vena cava or pulmonary veins to the ventricles, and as booster 
pumps to augment passive diastolic ventricular filling.

Before the advent of echocardiography, assessment of atrial 
mechanical function had been limited to invasive catheter-
based techniques,36 an impractical approach for serial assess-
ments. M-mode echocardiographic assessment of mitral valve 
motion (Fig. 42-5) can be used in patients with cardiac arrhyth-
mias.37 Normal anterior mitral leaflet excursion is 13 mm,37,38 
with depressed excursion seen with mitral stenosis, with low 
cardiac output, and with atrial mechanical dysfunction.

Transmitral Doppler has become recognized as an accurate 
technique for quantifying atrial mechanical function. In the 
absence of aortic regurgitation, left ventricular (LV) filling may 
be divided into passive and active phases. The initial (early, or 
E) wave in the transmitral Doppler flow profile represents 
passive ventricular filling, and the final (atrial, or A) wave rep-
resents active filling during atrial systole (Fig. 42-6). This trans-
mitral Doppler flow profile can be influenced by a number of 
factors, including heart rate, loading conditions, and sample 
volume position. The most common indexes of interest include 
peak A-wave velocity, percent A-wave filling, and peak and 
percent E/A ratios. Peak E- and A-wave velocities vary consider-
ably with sample position. In our laboratory, we assess the 
transmitral profile at its maximum (between the tips of the 
mitral leaflets).

In addition to the previously described quantitative measures 
of transmitral Doppler data, the transmitral Doppler profile 
may also be used to calculate atrial ejection force, defined as 
that force which the atrium exerts to propel blood into the left 
ventricle (LV).39 The atrial ejection force is based on Newtonian 
mechanics and is proportional to the mitral orifice area and the 
square of the peak A-wave velocity. As with more traditional 
E-wave and A-wave indexes, atrial ejection force may be depen-
dent on loading parameters. If calculation of atrial ejection 
force is desired, a pulsed Doppler sample position at the  
level of the mitral annulus would be geometrically more 
appropriate.

Figure 42-5  TTE 2D guided M-mode demonstrating the normal 
motion of the mitral valve and atrial systole.  The  height  of  the 
M-mode anterior  leaflet A wave has been used as a measure of atrial 
mechanical function. 

Figure 42-6  TTE 2D guided spectral display of transmitral pulsed 
Doppler echocardiographic flow velocity.  A,  Atrial  filling  wave;  E, 
early filling wave. 
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appears to be less severely impaired in atrial flutter, but throm-
bus formation remains a concern, particularly among patients 
with alternating AF and flutter or flutter in the setting of mitral 
stenosis or LV systolic dysfunction.

Important clinical issues related to AF include the 
following:
1. Thromboembolism, including cerebral and other systemic 

emboli and pulmonary emboli. These events are likely due 
to the migration of atrial thrombi during the period of AF 
or may relate to new thrombus formation during the peri-
conversion period as a result of atrial stunning (see later). 
Among patients with nonvalvular AF, the vast majority 
(more than 90%) of atrial thrombi reside in the LA append-
age (a structure best visualized by TEE). TEE evidence of 
spontaneous echocardiographic contrast and depressed 
atrial appendage ejection velocity (less than 0.2m/s) are 
markers for increased risk for both thrombus formation and 
for clinical thromboembolism.46,53-55 Clinical markers for 
thromboembolism among patients with AF have been sum-
marized by the CHADS2 scoring system (C = congestive 
heart failure, H = hypertension, A = age greater than 74 years, 
D = diabetes, S = stroke/neurologic event).56 These same 
clinical risk factors have also been associated with increased 
risk of TEE evidence of LA thrombus.57

2. Hemodynamic decompensation, which may include 
depressed cardiac output, congestive heart failure, fatigue, 
and pulmonary edema. Decompensation is particularly 
common among patients with a noncompliant ventricle. 
Such a situation may occur with normal aging and with LV 
hypertrophy related to systemic hypertension or aortic ste-
nosis. This hemodynamic deterioration is particularly 
common in the setting of a rapid ventricular rate, during 
which the diastolic filling period is preferentially shortened.

3. Palpitations, most commonly associated with AF and a rapid 
(greater than 100/min) ventricular response. Patients with 
controlled ventricular rates (less than 100/min) are often 
asymptomatic.

4. Tachycardia-induced cardiomyopathy, which may occur in 
patients with poorly controlled, rapid ventricular rates.

ATRIAL SIZE AND ATRIAL FIBRILLATION

LA enlargement is common among patients with AF, particu-
larly those with mitral valve disease and/or systemic hyperten-
sion. In addition, LA enlargement decreases the likelihood of 
long-term maintenance of sinus rhythm.58,59 Aronow and 
co-workers60 studied 588 patients and found LA enlargement in 
57% of patients with permanent AF as compared with only 8% 
of those with sinus rhythm. Data from the Framingham Heart 
Study suggest that among those without a history of AF, LA 
enlargement is among the strongest predictors for the subse-
quent development of nonvalvular AF.51 Several groups have 
reported that LA size increases with sustained AF.61-63

Although AF promotes further LA enlargement, data suggest 
that cardioversion of AF and long-term maintenance of sinus 
rhythm may reverse this process. Using M-mode techniques, 
DeMaria and associates38 reported a decrease in LA dimension 
within 1 hour of cardioversion. We studied a group of 21 
patients with AF of 5 months’ duration.64 Patients with persis-
tent sinus rhythm had significantly smaller left atria 3 months 
after cardioversion as compared with precardioversion data. In 
contrast, the group of patients who reverted to AF had no 
change in LA size. Similarly, Gosselink65 and Van Gelder,66 with 

with advancing age and is found in up to 4% of those over  
60 years.49 Data from the Framingham Heart Study suggest that 
an increased transmitral E/A was associated with an increased 
risk for the subsequent development of AF.50 In an earlier Fram-
ingham Heart Study, the presence of permanent AF is associated 
with a near doubling of both overall and cardiovascular mortal-
ity.51 Atrial flutter is a far less common sustained arrhythmia. 
Analogous detailed epidemiologic studies are not available.

SYMPTOMS AND CLINICAL IMPACT

AF is characterized by a lack of organized atrial mechanical and 
electrical activity. This condition promotes stasis of blood 
within the atria and increases the risk of atrial thrombus forma-
tion. Thromboembolism associated with AF is believed to 
account for nearly half of all cardiac sources of emboli. In addi-
tion to the risk of thrombus formation, loss of organized atrial 
mechanical activity impairs the atrium’s ability to act as a 
booster pump and thus impairs ventricular filling (and conse-
quently cardiac output).52 The mechanical function of the atria 

Figure 42-7  TEE spectral display of pulsed Doppler echocardio-
graphic flow velocity with the sample volume at the mouth of the 
LA appendage. A, Patient in sinus rhythm. B, Patient with atrial fibril-
lation  with  minimal  atrial  appendage  mechanical  function.  C,  Patient 
with  atrial  flutter.  Vertical  calibration  markings  for  each  represent 
0.1-m/s intervals. 
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spontaneous echocardiographic contrast and complex aortic 
debris.55,91 Duration of AF and LA dimension are not predictive 
of LA thrombi.71,72 The CHADS2 scoring system has also been 
associated with increased risk of TEE evidence of LA throm-
bus57,93: LA thrombi and spontaneous echocardiographic con-
trast are very rarely found in patients with a CHADS2 score of 
0 with a progressive increase in atrial thrombi with increasing 
CHADS2 score (Fig. 42-8). Despite these provocative data, 
expedited cardioversion (without anticoagulation and screen-
ing TEE) or without a month of therapeutic warfarin is cur-
rently not recommended for the CHADS2 = 0 group. Similarly, 
preliminary data suggest that TEE evidence of LA appendage 
thrombi is not seen among those with a totally normal TTE.94 
In contrast to data suggesting that at least moderate mitral 
regurgitation is protective against clinical thromboembo-
lism,95,96 we have found that mitral regurgitation is not protec-
tive against LA thrombi (see Table 42-1) among those with 
new-onset AF.77

their co-workers, reported on atrial size in 41 and 120 patients, 
respectively, with permanent AF undergoing precardioversion. 
At 6 months after cardioversion, both LA and RA volumes 
decreased among patients with persistent sinus rhythm, with no 
change in the group who reverted to AF. Similar results have 
also been seen 6 to 12 months after pulmonary vein isolation 
using 2D67 and real-time 3D TEE LA volume methods.68 These 
data strongly suggest that restoration of sinus rhythm may 
reverse the process of progressive LA and RA enlargement.

Because atrial enlargement may be deleterious and cardiover-
sion to sinus rhythm may prevent or reverse such dilation, we 
think that avoidance of cardioversion should not be based solely 
on an absolute LA dimension or volume. Patients with perma-
nent (more than 1 year) AF, rheumatic mitral valve disease, and 
prominent LA enlargement (dimension greater than 6.0 cm; 
volume greater than 44 mL/m2), however, are far less likely to 
have long-term maintenance of sinus rhythm.69

DETECTION OF ATRIAL THROMBI IN ATRIAL 
FIBRILLATION

AF is believed to be responsible for almost half of cardiogenic 
thromboembolism. Several large, multicenter, prospective ran-
domized studies have confirmed the beneficial effect of chronic 
warfarin anticoagulation (international normalized ratio [INR] 
2.0 to 3.0) or the oral thrombin inhibitor dabigatran (110 or 
150 mg twice daily) in patients with nonvalvular AF70-75 for 
clinical stroke prevention, with one retrospective study suggest-
ing an INR of greater than 2.5 immediately before cardioversion 
to be particularly beneficial.76 Because TTE is so limited for the 
assessment of atrial thrombi,16-18 data on the prevalence of LA 
thrombi were not available until the introduction of TEE. 
Among patients presenting with AF of greater than 2 days’  
or unknown duration, we found atrial thrombi in 13%,77,78 
of which more than 92% were LA thrombi and nearly all 
involved the LA appendage. These data are similar to those 
reported by others,79-85 but higher than the approximately 6% 
incidence of clinical thromboembolism following cardioversion 
without prolonged anticoagulation.86-89 This apparent discrep-
ancy may be because some thrombi may not migrate and some 
embolic events may be clinically silent.90,91 Patients at particu-
larly high risk for atrial thrombi (Table 42-1) include those with 
rheumatic mitral valve disease, depressed LV systolic function, 
recent thromboembolism,92 and TEE evidence of severe LA 

Figure 42-8  Progressive relationship between both TEE evidence 
of LA appendage thrombus and severe spontaneous echocardio-
graphic contrast (SEC ) and increasing CHADS2 score. (Adapted from 
Puwanant S, Varr BC, Shrestha K, et al: Role of the CHADS2 score in the 
evaluation of thromboembolic risk in patients with atrial fibrillation 
undergoing transesophageal echocardiography before pulmonary vein 
isolation. J Am Coll Cardiol 54:2032, 2009.)
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Characteristics of Patients at Risk for Atrial Thrombi*

Entire Group LA Thrombus No LA Thrombus p Value

Total number 533† 70 463

Age (yr) 71.6 ± 13.0 70.7 ± 14.0 71.7 ± 13.2 .55

Gender (% female) 45.9 54.3 44.4 .16

First episode of AF (%) 60.0 64.3 59.1 .49

Duration of AF (wk) 4.4 ± 9.3 5.8 ± 15.4 3.9 ± 8.0 .18

History of thromboembolism (%) 8.3 28.9 7.3 .003

LA SEC (%) 48.0 85.5 36.9 .0001

LA dimension (cm) 4.6 ± 0.7 4.7 ± 0.7 4.6 ± 0.7 .29

Mitral regurgitation (0-3+) 1.3 ± 0.9 1.2 ± 0.6 1.3 ± 0.9 .35

LV dysfunction (%) 40.9 60.7 38.1 .002

Adapted from The Stroke Prevention in Atrial Fibrillation Investigators: Predictors of thromboembolism in atrial fibrillation: II. Echocardiographic features of patients at risk. Ann Intern 
Med 116:6-12, 1992.

AF, Atrial fibrillation; SEC, spontaneous echocardiographic contrast.
*Data presented are mean value ± SD.
†TEE could not be completed in six patients. Data for these six are excluded.

TABLE 
42-1 
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Immediate cardioversion is generally advocated for patients 
with AF of less than 2 days’ duration,97 under the assumption 
that the prevalence of atrial thrombi in this group was very 
low. This common teaching was challenged when Stoddard 
and colleagues98 reported a 14% prevalence of atrial thrombi 
among patients with AF of less than 3 days’ duration and a 
prevalence of 27% in those with a duration of at least 3 days 
in a predominantly male population. In contrast, we found 
clinical thromboembolism following cardioversion (without 
antecedent TEE or prolonged warfarin anticoagulation) of less 
than 1% among patients with AF of less than 2 days’ dura-
tion.99 Thus, prolonged warfarin or screening TEE is likely not 
needed in this group (unless there is a history of thromboem-
bolism, severe LV systolic dysfunction, or mitral stenosis). 
Although we perform cardioversion of AF of less than 48 
hours’ duration without prolonged warfarin or screening TEE, 
we do initiate therapeutic anticoagulation at presentation 
(intravenous unfractionated heparin or low molecular weight 
heparin) rather than delaying anticoagulation until the patient 
has been in AF for 48 hours. If TEE is performed in this short-
duration AF group, evidence of LA appendage thrombi is 
found in 1.4% to 4% of the group,100 with thrombus and 
spontaneous echocardiographic contrast associated with 
depressed LV systolic function and enlarged LA.

As might be expected, atrial thrombi are more common 
among AF patients who present with acute thromboembolism. 
In our experience, residual LA thrombi are found in nearly 50% 
of these patients.101 Because this group represents a very high 
clinical risk for whom chronic warfarin (or dabigatran) is indi-
cated, we do not perform TEE to search for thrombi unless 
cardioversion is desired.

RA thrombi are far less common among patients with AF and 
represent less than 5% of all atrial thrombi identified by 
TEE.77,78,102 RA spontaneous echocardiographic contrast is also 
distinctly unusual, seen in only 10% of AF patients,77 and is 
highly predictive for RA thrombi.

Atrial Fibrillation and Predictors of 
Thromboembolism
Compared with patients who present with new-onset AF and 
undergo TEE before cardioversion, risk factors of thromboem-
bolism differ in patients with nonvalvular AF. Prior thrombo-
embolism and LV systolic dysfunction are among the strongest 
independent predictors of clinical thromboembolism in patients 
with nonvalvular AF.103 The TEE substudies of the Stroke Pre-
vention in Atrial Fibrillation Investigators Committee (SPAF) 
III study55 have extended echocardiographic indexes known to 
be associated with thromboembolism to include dense sponta-
neous echocardiographic contrast, depressed (less than 20 cm/s) 
LA appendage ejection velocity, LA thrombus, and complex 
(more than 4 mm thick and/or with mobile components) aortic 
atheroma. Importantly, the SPAF-III data suggest that these TEE 
indexes may identify high- and low-risk subgroups from among 
clinically high-risk patients (age, female gender, systemic hyper-
tension, LV dysfunction, prior thromboembolism).55 A subse-
quent study by Bernhardt and co-workers104 confirmed the 
predictive power of these TEE measures for stroke.

Guidance of Early Cardioversion
Cardioversion of AF is performed in an effort to improve 
cardiac function, relieve symptoms, and potentially decrease 
thrombus formation. However, data from several large pro-
spective studies demonstrate no mortality or thromboembolic 

Figure 42-9  Timing of thromboembolic events after cardioversion 
in patients receiving warfarin, dabigatran 110 mg twice daily 
(D110), and dabigatran 150 mg twice daily (D150).  Note  that  the 
vast majority of events are within  the first 10 days after cardioversion. 
(Reprinted from Nagarakanti R, Ezekowitz MD, Oldgren J, et al: Dabiga-
tran versus warfarin in patients with atrial fibrillation: an analysis of 
patients undergoing cardioversion. Circulation 123:131, 2011.)
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advantage to aggressive cardioversion and maintenance of 
sinus rhythm (versus chronic anticoagulation and rate 
control).105-107 (For symptomatic patients who are difficult to 
rate control, however, cardioversion is still advocated.) Unfor-
tunately, successful cardioversion of nonvalvular AF is associ-
ated with an approximately 6% incidence of clinical 
thromboembolism among patients who are not systematically 
anticoagulated for several weeks before cardioversion.86-89 
Because atrial thrombi are poorly detected by TTE, conven-
tional care of patients with AF of unknown or prolonged 
(more than 2 days) duration had demanded that these patients 
receive several weeks of anticoagulation before cardioversion, 
with one study suggesting that an INR greater than 2.5 imme-
diately before cardioversion further reduces risk.76 Cardiover-
sion is then followed by several weeks of anticoagulation while 
atrial mechanical function recovers108 and for prophylaxis 
should the patient revert to AF. Although no randomized and 
only two prospective studies79,82,109 have been reported, a 
month of precardioversion warfarin therapy decreases the risk 
of a clinical embolic event following cardioversion to less than 
1.6%.76,79,82,88,89 The majority of these clinical embolic events 
occur within the first 10 days after cardioversion (Fig. 
42-9).109,110 Use of warfarin, however, carries a risk of major 
(2%) and minor (10% to 20%) hemorrhagic complica-
tions.79,82,111 In addition, many patients have a subtherapeutic 
INR during the month before cardioversion. For these indi-
viduals, the warfarin dose is increased and the “1-month 
clock” restarted, an approach supported by TEE studies dem-
onstrating LA appendage thrombi in patients with a transient 
subtherapeutic INR.112,113 Finally, conventional therapy leads to 
a delay in cardioversion for the large majority of patients who 
do not have an atrial thrombus, and a second hospitalization 
is needed for cardioversion.

Rationale and Advantages
A TEE-guided approach to early and safe cardioversion (Fig. 
42-10) has several advantages over traditional strategies for hos-
pitalized patients with AF (Box 42-1). Currently, up to 8 weeks 
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of oral anticoagulation is recommended with cardiover-
sion,97,114,115 including 1 month before and 1 month after car-
dioversion. This period of anticoagulation exposes patients to 
a significant risk of a hemorrhagic complication79,82,111 by dou-
bling the exposure to systemic anticoagulation (versus an expe-
dited TEE approach). For uncertain reasons, the AF population 
appears to be at increased risk of hemorrhagic complications 
during the second month of anticoagulation.79

Early cardioversion offers physiologic advantages over tradi-
tional therapy. A shorter duration of precardioversion AF is 
among the strongest predictors for long-term maintenance of 
sinus rhythm.59 Almost 60% of patients hospitalized for AF at 
our hospital77,78 have been in AF for less than 1 month. For these 
individuals, traditional treatment of a month of precardiover-
sion anticoagulation serves to more than double the total period 
of AF before cardioversion. The TEE-guided approach has been 
shown to be associated with fewer recurrences of AF78 and to 
increased prevalence of sinus rhythm at 6 months 
postcardioversion.116

Early cardioversion may also lead to a more rapid return to 
normal atrial function. The recovery time for return of atrial 
mechanical function is directly related to the duration of pre-
cardioversion AF (Fig. 42-11).108,117 Patients with AF for less 
than 2 weeks before cardioversion have complete return of atrial 
mechanical function within 24 hours of cardioversion, whereas 
those with AF of 2 to 6 weeks require a week. Those with  

Box 42-1 

BENEFITS AND RISKS OF TEE-GUIDED 
CARDIOVERSION

Benefits
Shorter initial duration of atrial fibrillation (AF)

Enhanced recovery of atrial mechanical function
More rapid resolution of symptoms of congestive heart 

failure
Increased likelihood that sinus rhythm will be maintained

No need to return for elective cardioversion after 1 month 
of warfarin or dabigatran anticoagulation

Shorter total duration of AF before cardioversion
Fewer hemorrhagic complications
Lower cost for warfarin medication and monitoring

Similar thromboembolic events than conventional 
therapy(?)

More cost-effective than conventional therapy (if TTE is 
not performed)

Identify high-risk population that requires lifelong warfarin 
or dabigatran regardless of clinical risk factors(?)

Risks
TEE may miss clinically relevant thrombi that subsequently 

migrate and cause stroke/thromboembolism
Morbidity associated with TEE
Cost of TEE

Figure 42-10  Schematic of TEE-guided approach to early cardioversion. Long term, either chronic warfarin or dabigatran can be used as guided 
by CHADS2 score. AF, Atrial fibrillation; LAA, left atrial appendage; PTT, partial thromboplastin time. 
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warfarin with a strategy of therapeutic anticoagulation followed 
by TEE and early cardioversion if no atrial thrombi are seen. At 
8 weeks, equivalence was found for both approaches, though 
with 0.5% thromboembolic events in the conventional arm and 
0.8% in the TEE arm. A subsequent prospective study by 
Strandberg and colleagues83 using subcutaneous low molecular 
weight heparin and warfarin before TEE in 274 patients had a 
clinical stroke rate of 0.3%. Of note, nearly all of the adverse 
events in the ACUTE TEE arm occurred while the patient had 
either a subtherapeutic (less than 2.0) INR or was in AF. In 
contrast, the adverse events in the conventional therapy arm 
occurred in patients in sinus rhythm and with a therapeutic 
INR. These data highlight the importance of therapeutic post-
cardioversion anticoagulation. Interestingly, the absence of an 
atrial thrombus on a prior TEE while in AF does not appear to 
preclude the need for a TEE if a patient returns with AF in the 
absence of chronic anticoagulation.120 Six-month ACUTE 
data121 showed that hemorrhagic complications were lower in 
the TEE arm (4.4% versus 7.5%, P = 0.04), but maintenance of 
sinus rhythm was similar (62.2% versus 58.1%).

Although these reports supporting an expedited TEE-guided 
approach using short-term precardioversion anticoagulation 
are encouraging, several adverse events have occurred among 
patients with a negative TEE for atrial thrombi who have under-
gone early cardioversion using monoplane TEE or in the 
absence of systemic anticoagulation.122 Many underwent elec-
trical cardioversion several days or weeks following TEE with 
no anticoagulation during the intervening period. For these 
patients, it is impossible to exclude the possibility that atrial 
thrombi may have formed between the TEE and cardioversion, 
or even after cardioversion. Impaired atrial mechanical func-
tion,108,123 impaired atrial appendage function,124,125 or new 
spontaneous contrast81,125 have all been documented following 
cardioversion.

Although no data have been reported for conventional car-
dioversion approaches, a prospective study of 127 patients 
undergoing TEE-guided cardioversion reported no clinical 
embolic events, but cerebral magnetic resonance imaging (MRI) 
demonstrated that 4.7% of patients had new embolic lesions 
suggestive of a silent embolic event.126

As in our original report,102 we strongly recommend that all 
patients undergoing a TEE-guided early cardioversion strategy 
be therapeutically anticoagulated with intravenous unfraction-
ated heparin or warfarin at the time of TEE, continuing through 
cardioversion, and that warfarin (or dabigatran) anticoagula-
tion be continued for at least 1 month after cardioversion. TEE 
should be performed (without preceding TTE to reduce costs118) 
immediately before cardioversion to adequately visualize the 
atria and appendages and to exclude the presence of atrial 
thrombi. Heightened vigilance for thrombi is necessary if there 
is prominent spontaneous echocardiographic contrast or poor 
(less than 0.2 m/s) atrial appendage ejection velocity or an 
increased CHADS2 risk score. Though of unproven efficacy,127 
if a thrombus is seen on TEE, we think that cardioversion 
should be deferred and the patient maintained on warfarin (or 
dabigatran 150 mg twice daily) for 4 weeks followed by repeat 
TEE to document thrombus resolution before cardioversion.128 
Patients with RA appendage thrombi should be treated in a 
similar manner. If the atrial appendage cannot be adequately 
cleared of thrombus, the patient should be treated conserva-
tively with a month of therapeutic warfarin (or dabigatran) 
before cardioversion. The use of low-molecular-weight heparin 
or dabigatran precardioversion anticoagulation or as a bridge 

precardioversion AF for more than 6 weeks require up to  
3 weeks for full atrial mechanical recovery.108 With elimination 
of TTE, a TEE-guided procedure is cost effective.118,119 The costs 
of the TEE approach include the cost of and morbidity of TEE 
and the risk that TEE will not be adequate to identify clinically 
relevant atrial thrombi.

TEE-Guided Cardioversion Safety Data
We reported on our experience with a TEE-guided approach 
(see Fig. 42-6) to early cardioversion among 533 patients with 
AF of unknown or prolonged duration who underwent precar-
dioversion TEE in the absence of prolonged chronic anticoagu-
lation.77,78,102 Seventy-six atrial thrombi were identified in 70 
patients (13%). Of the 463 without TEE evidence of thrombi, 
413 (89%) were successfully cardioverted, all without prolonged 
anticoagulation, and 1 (0.2%; 95% CI, 0 to 0.8%) experienced 
a clinical thromboembolic event. The only adverse event 
occurred in an elderly woman with mild rheumatic mitral ste-
nosis who presented 1 week after cardioversion with a brachial 
artery embolus. She had been therapeutically anticoagulated 
between TEE and presentation with the adverse event.78 None 
of the 70 patients with atrial thrombi were cardioverted, but 5 
(7%) died during the index hospitalization. Repeat TEE to 
document resolution of atrial thrombi was recommended for 
all with atrial thrombi, with cardioversion only after documen-
tation of thrombus resolution.

Other prospective studies using a similar anticoagulation 
regimen have shown similar results. Stoddard and co-workers81 
reported on 82 patients undergoing elective cardioversion of AF. 
Atrial thrombi were identified in 13% of patients. Of 71 patients 
without atrial thrombi, 66 underwent successful cardioversion, 
and no patient experienced a clinical embolic event. The pilot 
study data from the Assessment of Cardioversion Using Trans-
esophageal Echocardiography (ACUTE) trial reported no 
thromboembolic complications among 47 patients treated with 
an anticoagulation strategy similar to ours.79 The larger 1222-
patient, multicenter, randomized ACUTE trial82 directly com-
pared conventional therapy of 4 weeks of precardioversion 

Figure 42-11  Comparison of transmitral pulsed Doppler peak 
A-wave velocity among patients with brief (<2 weeks), moderate 
(2-6 weeks), and prolonged (>6 weeks) atrial fibrillation (AF ) imme-
diately after, at 24 hours, and at 1 week after cardioversion. 
*P <.05 vs. brief duration. †P <.05 vs. moderate duration. (From Manning 
WJ, Silverman DI, Katz SE, et al: Impaired left atrial mechanical function 
after cardioversion: Relationship to the duration of atrial fibrillation. 
J Am Coll Cardiol 23:1537, 1994.)
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Consistent with this hypothesis, several investigators have 
reported that atrial thrombi in patients with rheumatic mitral 
valve disease may not resolve even after several months of war-
farin.134,135 In nonrheumatic, new-onset AF, a different mecha-
nism appears responsible. We have found that after 4 weeks of 
warfarin, more than 80% of atrial thrombi have completely 
resolved136 (Fig. 42-12). Similar data have been reported by 
others.80,85,127,137,138 These data support the hypothesis that the 
mechanism of warfarin’s benefit is related to thrombus resolu-
tion or silent migration and prevention of new thrombus for-
mation (rather than thrombus organization and adherence). 
Although randomized data are not available and clinical reports 
in small groups are inconclusive,127 we interpret these data as 
supportive of the need for follow-up TEE examination for doc-
umentation of thrombus resolution before cardioversion.128

MECHANISM OF THROMBOEMBOLISM AFTER 
CARDIOVERSION

Although usually occurring within 72 hours, clinical thrombo-
embolism has been reported up to 10 days following successful 
cardioversion in patients with maintained sinus rhythm.109,110 
Such adverse events have classically been attributed to migra-
tion of LA thrombi that were present at the time of cardiover-
sion.97,140 TEE has documented the new appearance of, or more 
pronounced, spontaneous echocardiographic contrast in the 
LA following electrical cardioversion.81,125 In addition, more 

to therapeutic warfarin to expedite patient discharge has been 
less extensively studied, but appears to be a reasonable option 
with regards to safety and shortens hospitalization.7,109,129,130 
Further support for the use of pre-TEE anticoagulation comes 
from data demonstrating that clinical thromboembolism is less 
common among those with TEE evidence of a LA appendage 
thrombus if warfarin was initiated before the TEE.131

Although not directly supported by prospective clinical trials, 
it is our clinical practice to treat patients with AF who have TEE 
evidence of atrial thrombi with lifelong warfarin (INR 2 to 3) 
or dabigatran (150 mg twice daily), even if thrombus resolution 
has been documented and independent of CHADS2 score. We 
think that such an approach is prudent, given that the overall 
recurrence rate of AF is high, and these patients have already 
selected themselves as being at increased risk for atrial throm-
bus formation. 55 One prospective study with serial cranial MRI 
scans reported that more than half of patients with LA append-
age thrombi on TEE suffered cerebral embolism and/or death 
during the succeeding 3 years.132

Resolution of Atrial Thrombi
The use of several weeks of anticoagulation before cardiover-
sion results in a reduction of cardioversion-related thrombo-
embolism from 6% to <1%. The mechanism by which warfarin 
conveys this beneficial effect had been presumed to be throm-
bus organization and adherence to the atrial endocardium, thus 
reducing the likelihood of postcardioversion migration.133 

Figure 42-12  Serial TEE studies showing the LA and LA appendage (LAA) viewed in the vertical plane with a 5-MHz biplane probe. The 
thrombus (arrow) is in the body of the LA, closely associated with the mitral annulus in the posterior portion of the LA. A, Initial study demonstrating 
a mobile 12-mm thrombus. B, Thrombus persists but is smaller after 1 week of warfarin therapy. C, After 3 weeks of warfarin, the thrombus continues 
to be seen (arrow). D, Complete resolution of thrombus is seen after 5.5 weeks of warfarin. (From Collins LJ, Silverman DI, Douglas PS, Manning 
WJ: Cardioversion of non-rheumatic atrial fibrillation: Reduced thromboembolic complications with 4 weeks of pre-cardioversion anticoagulation 
are related to atrial thrombus resolution. Circulation 92:162, 1995, with permission.Copyright 1995 American Heart Association.)
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there were significant increases in both peak A-wave velocity 
and percent atrial contribution to total LV filling. Neither index 
returned to normal until 3 weeks after cardioversion (see Fig. 
42-11). Additional studies have confirmed that transmitral 
Doppler data are not predictive of the long-term maintenance 
of sinus rhythm.144,147 Thus it appears that return of atrial 
mechanical function is not sufficient to allow for premature 
discontinuation of postcardioversion anticoagulation.

Atrial compartment surgery, or the maze procedure, has 
received considerable interest as an approach to prevent recur-
rent AF. Shyu and colleagues148 studied 22 patients with chronic 
AF who underwent maze surgery. Over 70% of their group had 
no transmitral A wave 1 week after surgery, despite sinus rhythm 
on electrocardiography. Even after 2 months, 40% of their 
patients had not regained evidence of A waves. Of note, RA 
function appeared to recover more rapidly than LA function. 
Transient depression and then improvement in atrial mechani-
cal function has also been demonstrated after pulmonary vein 
isolation.149 Shortly after ablation for paroxysmal AF, LA 
minimal volumes increase, whereas maximal volumes are 
unchanged, resulting in a short-term decrease in LA ejection 
fraction. Subsequently, volumes and ejection fraction improve150 
with a 23% decline in LA area at 1 year.151,152 Tissue Doppler 
myocardial (A′) velocities were similarly relatively depressed 
early after ablation.150

Studies of atrial mechanical function in patients with AF of 
an intermediate (3 days to 4 weeks) duration had been previ-
ously limited by the relative scarcity of such patients. This was 
due to the recommendation that patients with AF of more 
than 2 days’ duration receive anticoagulation for a month 
before cardioversion. Our TEE cardioversion trial allowed us 
to evaluate atrial function among patients with this intermedi-
ate duration of AF. We found that both the immediate peak A 
velocity and the percentage A-wave filling were significantly 
lower in the groups with AF of moderate (more than 2 up to 
6 weeks) and prolonged (more than 6 weeks) duration as 
compared with the patients only brief (2 weeks or less) dura-
tion of AF.108 This depression in peak A velocity persisted until 
at least 1 week following cardioversion. In addition, 1 week 
after cardioversion, both peak A velocity and percentage 
A-wave filling were depressed in the group with prolonged 
duration as compared with the group with moderate-duration 
AF. As compared with 3-month postcardioversion data, full 
recovery of atrial mechanical function was achieved within  
24 hours for patients with brief (less than 2 weeks) duration, 
within 1 week for moderate (2 to 6 weeks) duration, and 
within 1 month for prolonged (more than 6 weeks) duration 
AF. Twenty-seven patients (45%) reverted to AF during 
follow-up. Those reverting to AF had a longer AF duration 
before cardioversion (10.2 versus 5.3 weeks; P = .04). There 
were no differences between groups in LA dimension, patient 
age, mode of cardioversion, peak A-wave velocity, or percent-
age of A-wave filling.

Data suggest early atrial mechanical function post-electrical 
cardioversion may be modulated by angiotensin receptor  
blockers. Dagres and colleagues153 studied 50 patients with AF 
of more than 4 weeks’ duration undergoing elective electrical 
cardioversion, randomizing half to receive irbesartan. Immedi-
ately after cardioversion, LA appendage ejection velocities were 
less depressed in the irbesartan group and the prevalence of 
spontaneous echocardiographic contrast was lower (32% irbe-
sartan versus 64% of controls). The clinical impact remains to 
be further explored.

depressed LA appendage ejection velocity is common after 
spontaneous or electrical cardioversion.124,125 These findings 
have led to the hypothesis that atrial thrombi may form in the 
immediate postcardioversion period because of atrial injury or 
stunning. Indeed, LV stunning as a result of electrical cardiover-
sion has been previously described,141,142 and relatively impaired 
atrial mechanical function is seen after electrical (as compared 
with pharmacologic) cardioversion.118,143 Finally, in rare 
instances, there may be a discontinuity between the body of the 
atrium and the appendage,42,43 with a sinus pattern on the 
surface electrocardiogram and transmitral Doppler echocardio-
gram but a fibrillatory pattern in the appendage. Discordance 
among LA appendage lobes has also been reported.44 Premature 
(less than 1 month postcardioversion) discontinuation of war-
farin may thereby lead to new thrombus formation. These data 
all emphasize the importance of therapeutic (INR 2.0 to 3.0) 
warfarin (or dabigatran) anticoagulation during the pericardio-
version and postcardioversion period. For patients who are not 
considered candidates for out-of-hospital warfarin or dabiga-
tran, we recommend therapeutic anticoagulation with heparin 
for at least 24 hours after cardioversion.

ASSESSMENT OF RETURN OF ATRIAL  
MECHANICAL FUNCTION AFTER 
CARDIOVERSION

The noninvasive nature of echocardiography makes it the ideal 
modality for the serial assessment of atrial function after car-
dioversion. DeMaria and colleagues38 reported serial M-mode 
data of anterior mitral leaflet excursion before and after cardio-
version among 35 patients with AF of 14 months’ duration. One 
hour after cardioversion, prominent mitral “A” waves were 
found in 94% of subjects, although anterior leaflet excursion 
was less than that seen in normal subjects (7.5 mm versus 
13 mm). These early data suggested that atrial mechanical con-
traction was reduced after cardioversion despite normal atrial 
depolarizations on electrocardiography. Two patients had no 
discernible atrial anterior mitral leaflet motion, and both of 
these patients reverted to AF within 1 week. They also found an 
increased LV end-diastolic dimension, with unchanged end-
systolic dimension, consistent with an improvement in LV ejec-
tion fraction. Similarly, Orlando and co-workers144 used 
M-mode echocardiography 5 hours after cardioversion and 
found that 4 of their 15 patients (27%) had no transmitral A 
wave. In their experience, neither the presence of an A wave nor 
its amplitude correlated with long-term maintenance of sinus 
rhythm.

Pulsed Doppler echocardiography permits serial noninvasive 
evaluation of flow across the mitral valve and accurately reflects 
the LA contribution to total LV filling. As reported by van 
Gelder and associates145 and Viswanahan and colleagues,146 
these temporal changes in transmitral Doppler spectra parallel 
improvements in LV ejection fraction148 and peak oxygen 
consumption.145

Shapiro and co-workers123 reported transmitral Doppler data 
from a group of patients with AF of less than 2 days’ duration. 
Peak A-wave velocities immediately after cardioversion were 
similar to those in a control (sinus) population. In contrast, 
patients with AF of more than 1 year before cardioversion had 
significantly smaller A-wave amplitude after cardioversion. We 
performed serial transmitral pulsed Doppler examination in 21 
patients undergoing elective conventional cardioversion, with a 
duration of AF of 5 months.60 Over 3 months of follow-up, 
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relatively preserved atrial mechanical function (see Fig. 42-7, C) 
with atrial flutter results in a lower risk of thromboembolism 
(as compared with AF). In a retrospective review, Arnold and 
colleagues89 reported on 122 patients with atrial flutter at the 
time of cardioversion, including 74% who were not receiving 
anticoagulation. No patient experienced a clinical thromboem-
bolic event. These data support the concept that patients with 
atrial flutter do not require anticoagulation before cardiover-
sion. However, there have been reports of atrial thrombus iden-
tified during TEE study among patients with atrial flutter85,158,159 
and postcardioversion thromboembolism. A limitation of 
interpreting the literature on atrial flutter is the definition of 
the arrhythmia. For many studies, a patient is defined as having 
atrial flutter if it is the rhythm during the intervention or period 
of observation (e.g., at the time of TEE or cardioversion). Many 
patients may have alternating periods of AF and flutter, making 
clinical distinction of pure atrial flutter difficult. Irani and 
co-workers160 performed TEE in 47 consecutive patients with 
atrial flutter (and without AF by history or Holter monitoring). 
They found that 11% of patients had LA thrombus, and 31% 
had LA spontaneous echocardiographic contrast, values similar 
to those found in patients with AF. Similar to our findings for 
AF, moderate or severe mitral regurgitation was not protective 
against thrombus formation for this group.

Jordaens and associates161 studied 22 patients with atrial 
flutter with serial transmitral Doppler echocardiography after 
cardioversion. Analogous to data on AF, they found that 20% 
of patients had Doppler evidence of atrial standstill immedi-
ately after cardioversion. There was a progressive increase in 
peak A-wave velocity and percentage of A-wave filling over a 
6-week period. Based on these data, our recommendation  
is to treat patients with atrial flutter in the same manner as  
those with isolated AF. We would generally treat conservatively 
patients who had atrial flutter in the setting of rheumatic  
mitral valve disease, a history of thromboembolism, or LV  
systolic dysfunction, with short-term anticoagulation and 
screening TEE or 1 month of anticoagulation before elective 
cardioversion.

Echocardiography and Guidance  
of Therapeutic Interventions  
in Atrial Fibrillation
More than a decade ago, Haissaguerre and colleagues162 dem-
onstrated that the origin of AF was rapid electrical discharges 
originating in the pulmonary veins. Subsequently, pulmonary 
vein isolation has evolved as a moderately invasive percutane-
ous approach for primary antiarrhythmic therapy for AF by 
promoting long-term maintenance of sinus rhythm.163 TEE is 
often used immediately before pulmonary vein isolation to 
exclude atrial thrombi as well as to guide transseptal punc-
ture.164,165 Intracardiac echocardiographic is a viable alternative 
for guiding transseptal puncture.166 TEE studies demonstrate a 
5% reduction in pulmonary vein diameter and an increase in 
peak velocity.167 Decision analysis models suggest that it is cost 
effective with an absolute stroke risk reduction of 1.2%.168 
Other than LA appendage thrombus, TEE parameters do not 
appear to be predictive of stroke complications.169 Postproce-
dure TTE is often performed to exclude pericardial effusion 
before resuming anticoagulant therapy.170 Although TEE can 
also be used to monitor for pulmonary vein stenosis using both 
color and pulsed-wave Doppler,171,172 this complication is 

EVIDENCE OF ELECTRICAL INJURY TO THE 
ATRIA

LV myocardial injury as a result of electrical cardioversion has 
been previously described.141,142 TEE data acquired with electri-
cal cardioversion have shown new or more pronounced LA 
spontaneous echocardiographic contrast following electrical 
cardioversion81,125 as well as depressed LA appendage ejection 
velocity.124 We reported on transmitral Doppler data from 
33 patients with AF of less than 5 weeks’ duration following 
elective electrical or pharmacologic (primarily quinidine or 
procainamide) cardioversion.143 Immediately following cardio-
version, patients who underwent electrical cardioversion dem-
onstrated lower transmitral peak A-wave velocity. This relative 
depression in atrial systolic function persisted at the 24-hour 
study but had resolved at 1 week. Similarly, Mattioli and col-
leagues154 randomized 64 patients with AF (duration 1 day to 
6 months) to either direct-current shock or pharmacologic car-
dioversion. Recovery of atrial mechanical function occurred 
sooner with pharmacologic cardioversion. Finally, Pollak and 
Falk155 performed electrical cardioversion in 37 patients receiv-
ing sotalol or placebo. They found relatively depressed atrial 
function among the group receiving sotalol as compared with 
placebo.

SPONTANEOUS ECHOCARDIOGRAPHIC 
CONTRAST

Spontaneous echocardiographic contrast, or smoke, refers to the 
presence of dynamic smokelike echoes in a cardiac cavity and 
is occasionally seen in the LA by TTE with mitral stenosis and 
AF. More commonly, TTE evidence of spontaneous echocardio-
graphic contrast is seen in the LV apex with a high-frequency 
transducer in patients with an apical aneurysm. Spontaneous 
echocardiographic contrast likely represents stasis of blood 
within the cavity, but it may also reflect alterations in blood 
components such as platelets, red cells, and fibrinogen. Black 
and associates156 found an association between spontaneous 
echocardiographic contrast and erythrocyte aggregation in low 
shear rate conditions. Aspirin and warfarin therapy do not 
appear to affect the presence of LA spontaneous echocardio-
graphic contrast.156 At least mild spontaneous echocardio-
graphic contrast may be seen in over half of patients with 
AF55,77,102 and in over 80% of patients with AF and LA append-
age thrombi.77 Among patients with nonvalvular AF, Chimowitz 
and co-workers157 found that LA spontaneous echocardio-
graphic contrast was associated with an increased risk of stroke, 
a finding also confirmed by Bernhardt for both clinical and 
silent strokes.91 Black and associates156 found that spontaneous 
echocardiographic contrast by TEE was an independent predic-
tor of LA thrombus among patients with suspected cardioem-
bolism. Although unproved, it seems likely that recovery of 
atrial mechanical function would decrease or abolish spontane-
ous echocardiographic contrast. The SPAF-III TEE substudy55 
suggests that warfarin anticoagulation decreases the risk of 
thromboembolism in patients with spontaneous echocardio-
graphic contrast.

Echocardiography and Atrial Flutter
Sustained atrial flutter is far less common than AF. As a result, 
there are fewer data regarding atrial function at baseline and 
following cardioversion. It has generally been accepted that the 
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2. Randomized prospective studies to further define the resolu-
tion of atrial thrombi using warfarin versus dabigatran (and/
or other warfarin alternatives).

3. Prospective studies examining the frequency of silent cere-
bral embolism after cardioversion using conventional 
therapy (warfarin versus dabigatran).

4. Assistance in localization of structural abnormalities and 
foci of abnormal electrical activity, including assistance in 
radiofrequency ablation of arrhythmic foci.

5. Comparison of 2D and 3D TEE and intracardiac echocar-
diography for the identification of atrial appendage thrombi.

6. Identification of clinical or echocardiographic indexes that 
predict recurrence of AF or identify a group at low risk for 
thromboembolism so as to minimize postcardioversion 
anticoagulation.

fortunately far less common today with use of ablation in the 
body of the atria (rather than within the pulmonary vein). In 
addition, use of TEE for identification of pulmonary vein ste-
nosis has largely been supplanted by cardiac CT and/or mag-
netic resonance angiography because of their less invasive 
benefits.

Given the close association of LA appendage thrombi and 
clinical thromboembolism in AF, LA appendage surgical exci-
sion, suturing, and stapling173 are being examined as potential 
alternatives for patients who are not candidates for warfarin (or 
dabigatran). Overall, surgical excision is more successful at fully 
excluding the LA appendage, with a success rate of 73% as 
compared with only 23% and 0% for suture and stapling, 
respectively (Fig. 42-13). LA appendage thrombus is common 
(up to 40%) among those with unsuccessful obliteration of the 
LA appendage.173 LA appendage occlusion174 is another alterna-
tive being explored. Each of these procedures is often intraop-
eratively guided (or confirmed) using 2D or 3D TEE or 
intracardiac echocardiography.143

Current and Future Areas of 
Investigation
As the ability of echocardiography to provide detailed structural 
and functional information about the heart continues to grow, 
so likely will its role in the evaluation and optimal management 
of patients with AF. Among the areas of current and future 
investigation are:
1. Improved methods of assessment of atrial mechanical func-

tion with applications of tissue Doppler imaging.

Figure 42-13  TEE in a patient several months following surgical 
excision of the LA appendage. Note the residual LA appendage with 
thrombus (arrow). 

LA

KEY POINTS

 LA volume (normalized for body surface area) is pre-
ferred for characterization of atrial size.

 Increased LA size is a risk factor for the development of 
AF.

 TEE is highly accurate for identification of atrial thrombi 
and superior to TTE.

 For patients with AF, TEE risk factors for clinical throm-
boembolism include LA appendage thrombus, severe 
spontaneous echocardiographic contrast, depressed 
(≤0.2 m/s) atrial appendage ejection velocity, and 
complex aortic plaque. The clinical CHADS2 risk score 
also correlates with thrombus risk.

 TEE will identify atrial thrombi in approximately 13% 
of patients presenting with new-onset AF of more than 
2 days’ duration. The vast majority of thrombi are within 
or involve the LA appendage.

 In concert with precardioversion therapeutic anticoagu-
lation with unfractionated heparin, low molecular 
weight heparin, warfarin, or dabigatran, a TEE-guided 
strategy of early cardioversion is comparable to 1 month 
of precardioversion warfarin (INR 2.0-3.0) with a risk of 
clinical thromboembolism of <1%.

 After cardioversion, LA appendage mechanical function 
may be even more depressed. Depression of LA and LA 
appendage mechanical function may persist for several 
weeks after cardioversion, emphasizing the need for 
therapeutic warfarin (INR 2.0-3.0) or dabigatran for at 
least 1 month after cardioversion.

 For patients with new-onset, nonvalvular AF who have 
TEE evidence of atrial thrombi, more than 80% of the 
thrombi will resolve after 1 month of therapeutic 
warfarin.

 Recovery of atrial mechanical function after cardiover-
sion is related to the duration of AF before 
cardioversion.

 Data for atrial flutter suggest that the incidences of atrial 
thrombi and thromboembolism are slightly reduced 
compared with AF, but that these patients should likely 
be treated with AF guidelines.

 TEE is increasingly used to guide interventional thera-
peutic procedures in the AF population, including pul-
monary vein isolation and LA appendage exclusion.
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The population of adults with congenital heart disease (CHD) 
is growing rapidly in the United States.1-3 Adult patients with 
CHD have a variety of heart conditions, from simple “holes  
in the heart” to complex single ventricle anatomy. Some of 
these patients have undergone palliation or complete surgical 
repair, and others remain with their native heart condition  
or present de novo in adulthood. Many childhood patients 
have a long lapse in medical follow-up examinations and then 
present later in adulthood with complications of their under-
lying condition.4-7 In all of these situations, echocardiography 
remains the mainstay of diagnosis for patients with CHD.8-10 
There are many approaches to echocardiographic imaging for 
adult patients with CHD; one of these methods is discussed in 
this chapter.

First, the positioning of the heart within the chest is addressed, 
followed by the definition and morphology of the cardiac 
chambers, valves, and great vessels. Further analysis is based on 
the segmental approach, which describes the alignments and 
relationships of the atria, ventricles, and great arteries. These 
fundamentals are necessary for recognition of the different 
morphologic cardiac components in the either usual or unusual 
anatomic arrangements. Next, the chapter reviews the more 
common anatomic arrangements that create normal hearts and 
congenital heart anomalies. This review is followed by a review 
of issues surrounding the assessment of the univentricular 
heart. Finally, there is a brief discussion on the use of color and 
spectral Doppler imaging for identification of shunts and val-
vular lesions in CHD.

Regardless of the specific disease, repair, technology, or tech-
nique at hand, the practitioner must keep certain general prin-
ciples in mind in the imaging of patients with CHD.

• First, the presence of one congenital abnormality often 
means that more may exist. Completion of a comprehensive 

two-dimensional (2D) and Doppler evaluation is crucial in 
view of the possibility of more than one anomaly.

• Second, there may be exceptions to the “rules” of CHD and 
cardiac development. Thus, the physician must always 
describe what is present, even if that information seems 
inconsistent with what is known about conventional CHD 
lesions.

• Third, no physician or sonographer should hesitate to get a 
second opinion. Even the best congenital echocardiogra-
phers need assistance at times.

• Fourth, the larger body habitus of adults makes echocar-
diography more difficult than in children. Imaging may 
require other strategies to complement the echocardiogra-
phy. These often include transesophageal echocardiography, 
magnetic resonance imaging, computerized tomography 
scanning, and cardiac catheterization.11-15

Basic Principles
The cardiologist should expect that adult patients with CHD 
may not know specific information regarding their heart disease. 
Many of the patients may not familiar with the name of their 
heart condition or the particular aspects of surgical or catheter-
based interventions. Some may understand it was a “hole in the 
heart” or a “narrow valve” or a “single pumping chamber,” but 
many may not be able to describe it in any detail.16,17

The clinician, however, can derive a number of clues from 
basic patient information, and that information can help guide 
the physician and sonographer. This information includes:

1. Has the patient had surgery?
2. If so, how many surgeries? Were they sternotomies, tho-

racotomies, or both?
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3. Is the patient’s condition cyanotic?
4. Has the patient had any catheter-based interventional 

procedures?
For example, if the patient reports a “narrow valve,” has had 

no surgeries but a catheter-based procedure, and has an acya-
notic condition, one might expect aortic or pulmonary stenosis 
with a small chance of mitral valve disease. Of course, even with 
this information, the clinician has to keep an open mind in 
diagnosis of CHD because patients with CHD may have more 
than one condition. The echocardiography laboratory needs to 
be familiar with anatomic variations of CHD. However, although 
most congenital heart anomalies are well described in the pedi-
atric cardiology literature, the nomenclature for some complex 
anatomic lesions remains disputed. For example, the segmental 
relationships of the cardiac structures have been variously clas-
sified from an embryologic perspective, a physiologic perspec-
tive, and even a surgical or interventional perspective.18-21 In 
some cases, no universal agreement exists as to the definition of 
a ventricle, let alone complete segmental anatomy of certain 
conditions. Some of these controversies are discussed further 
this chapter. With these terminology disagreements in mind, 
this text focuses on identification and description of the cardiac 
chambers and great vessels, their anatomic alignment, and the 
position of the heart relative to the systemic venous system and 
other organs.

Cardiac Position
The heart is normally positioned in the left chest with the 
apex pointing leftward. Depending on cardiac rotation in 
development, the heart may take other positions (or malposi-
tions) that include location in the mid chest, the right chest, 
or even outside the chest (ectopia cordis).22,23 The spatial posi-
tion of a particular structure or organ in the body is known as 
the situs. The condition in which the heart and the other body 
organs are found in a usual arrangement is termed situs 
solitus. This includes a left-sided heart, left-sided stomach and 
spleen, and a right-sided liver. Departures from this normal 
organ arrangement are specially defined. For example, a com-
plete inversion of the viscera, which results in a heart posi-
tioned in the right side of the thoracic cavity, with a 
rightward-pointing apex, and inversion of the abdominal 
organs and lungs, is called situs inversus totalis (Fig. 43-1).18,20,21 
Several other combinations can and do occur. For example, 
patients might have the heart positioned in the right chest but 
situs solitus of other organs or the heart positioned in the left 
chest with situs inversus of the other organs. Both of these 
situations are often associated with a structurally abnormal 
heart.24 A small percentage of patients have an unusual and 
inconsistent arrangement of the viscera, with the heart posi-
tioned in either the mid chest or right or left thorax. This is 
often referred to as heterotaxy syndrome or asplenia and poly-
splenia syndromes.25

THE LEFT-SIDED HEART

The normal position of the heart is in the left chest with an apex 
pointing leftward. In certain cases, because of anatomic abnor-
malities such as hypoplasia of the left lung, the heart may be 
located in the extreme left chest. This condition is called levo-
position. In this situation, however, the heart usually maintains 
normal segmentation and connections. In some cases of situs 
inversus or heterotaxy, the heart may remain positioned in the 

Figure 43-1  Chest radiograph of a patient with situs inversus 
totalis.  The  cardiac  apex  points rightward.  The  air  bubble  of  the 
stomach is visualized in the upper right abdomen. The bronchi are also 
reversed,  with  a  trilobed  lung  on  the  left  and  a  bilobed  lung  on  the 
right. A pacemaker is seen in the abdomen with leads to the atrium and 
ventricle. Of note, vascular coils are also noted in the right upper chest. 

left side of the chest but is then commonly associated with 
congenital heart defects.24,25

THE RIGHT-SIDED HEART

Anatomy
A right-sided heart is known as dextrocardia with three basic 
types: dextroposition, mirror-image dextrocardia, and dextro-
version (Fig. 43-2).22,26

Dextroposition occurs when mechanical considerations, 
such as right lung hypoplasia or severe scoliosis, displace the 
heart to the right side of the thorax. In these cases, the heart 
retains a leftward-pointing apex. The visceral and atrial  
positioning is most often situs solitus in this situation. The 
condition is usually not associated with intracardiac CHD. 
Mirror-image dextrocardia may be seen with complete situs 
inversus. In this condition, the heart is positioned in the right 
thorax with a rightward-pointing apex. The chamber and vessel 
relationships within the heart are usually normal, but the rela-
tive positions of the anatomic components are reversed or 
“mirror-image” in relation to the normal left-sided heart. A 
heart with mirror-image dextrocardia often has a right aortic 
arch and descending thoracic aorta.23,27 Dextroversion describes 
a heart that has not rotated the cardiac apex to the left during 
embryologic development, resulting in a rightward apex with 
situs solitus or with unusual arrangements of the viscera. As 
with a leftward heart with situs inversus, these cases have an 
increased rate of intracardiac congenital heart defects. In some 
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thorax. In dextroposition, the heart and its segmental connec-
tions usually remain normally positioned, albeit located to the 
right of the midline. The usual echocardiographic views can be 
used, but they should be adjusted for the rightward positioning 
and are frequently displaced to the right of the sternum.23 In 
mirror-image dextrocardia with visceral and atrial situs inver-
sus, the apex of the heart points toward the right leg and the 
long axis of the heart is oriented from left shoulder to right leg 
(Fig. 43-4). The intracardiac connections are often normally 
related; however, the morphologic right atrium and ventricle 
are positioned leftward of the morphologic left atrium and 
ventricle. The apex of the heart is usually positioned as inverted 
from normal and can be found in the right fifth or sixth inter-
costal space in the anterior axillary line.

Although further cardiac imaging in this condition can be 
confusing, the result is that the images either appear normal or 
are the mirror image of a normally positioned heart. For 
example, the parasternal long-axis view is obtained with the 
transducer oriented along the long axis of the heart from left 
shoulder toward right leg. Once recorded, the images look like 
those obtained in the usual parasternal long-axis view because 
there is no right-left orientation, only superior-inferior and 
anterior-posterior. The parasternal short-axis views are obtained 
in the orthogonal plane. In the short-axis view, right-left and 
anterior-posterior orientation is obtained so the image in a 
patient with dextrocardia looks like the “usual” view, only back-
wards or right-left inverted. The images obtained in the apical 
four-chamber view look “backward appearing,” similar to the 
parasternal short-axis view, and they are obtained with the 
transducer positioned at the apex of the heart. The sonographer 
or physician should be careful not to invert the image so that it 
appears normal; this is confusing on later review of the study 
and misleading regarding the relationship of the heart within 
the thorax. The imaging positions for dextroversion are similar 
to that for mirror-image dextrocardia. Often, however, the heart 

studies, that correlation reaches 90% of patients with dextrover-
sion having associated congenital heart defects.25,28

Imaging Approach
In imaging of the patient with suspected dextrocardia or cardiac 
malposition, the first step is determination of abdominal situs 
and cardiac positioning. This is best done by starting with the 
subcostal view. In the normal subcostal short-axis view, the 
spine is positioned in the middle with the pulsatile aorta in 
cross section to the patient’s left, just anterior to the spine. The 
collapsible inferior vena cava is seen in cross section to the 
patient’s right and further anterior of the spine (Fig. 43-3). 
Ideally, before referral for an echocardiogram for suspected 
CHD, the patient has had a chest radiograph that shows the liver 
and stomach bubble and the positioning of the heart within the 

Figure 43-3  Subcostal short-axis view in a patient with abdominal 
and atrial situs solitus. The aorta is leftward and anterior of the spine. 
The inferior vena cava (IVC ) is rightward and slightly more anterior. 

IVC

Spine

Aorta

Figure 43-2  Diagrammatic representation of the types of dextrocardia.  In dextroposition  (in situs solitus),  the entire heart  is shifted  to  the 
right chest, either because of a space-occupying mass  in  the  left chest or because of absence of  the normal  lung volume filling the right chest. 
Usually,  the alignment of the major axis of  the heart  is normal  (pointed toward the  left) or rotated slightly vertically; however,  the entire heart  is 
shifted to the right of midline or to the retrosternal area. The parasternal long-axis and short-axis views are obtained with the usual orientation of 
the plane of sound but with the transducer positioned just to the right of the sternum. The apical views are also obtained with the usual orientation 
of  the plane of sound but with  the  transducer positioned  just  to  the  right of  the  lower sternal border.  In dextroversion  (in situs solitus),  there  is 
failure of apical pivoting. The cardiac apex is to the right of midline, and the atria are usually in their normal positions or shifted slightly to the right. 
The major axis of the heart is aligned from the left shoulder toward the right hip. The parasternal long-axis view is obtained with the plane of sound 
oriented in the mirror-image direction of normal. Because the atria are usually normally positioned and the great arteries arise normally from the 
ventricles, the parasternal short-axis view is obtained with a normal orientation of the plane of sound. In mirror-image dextrocardia (situs inversus 
totalis), the heart is located in the mirror-image position of normal. Both atria are usually entirely to the right of the sternum, and the cardiac apex 
is usually in the right fifth or sixth intercostal space at the anterior axillary line; thus, the major axis of the heart is aligned between the left shoulder 
and right hip. The parasternal  long-axis view  is obtained  from the right second or  third  intercostal space, with  the plane of sound oriented  in a 
mirror-image direction of normal  (from left shoulder to right hip). The parasternal short-axis view is obtained from the same transducer  location, 
with the plane of sound also oriented in the mirror-image direction of normal (from right shoulder to left hip). The apical views are obtained with 
the transducer positioned in the right fifth or sixth intercostal space in the anterior axillary line and with the plane of sound oriented in a mirror-
image direction of normal. 
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is not positioned as far rightward in the chest; moreover, this 
condition carries a much higher incidence rate of intracardiac 
congenital heart abnormalities. In any patient with dextrocar-
dia, views of the aortic arch are obtained in the usual fashion 
in the suprasternal notch. In these conditions, identification of 
the presence of right-sided or left-sided arch, descending aorta, 
and the branching pattern of the head and neck vessels is 
important.

Cardiac Morphology
GENERAL

The heart’s anatomic position and function do not always 
reflect the morphology of a chamber. For example, a left-sided 
ventricular chamber connected to an aortic outflow is not 
always a morphologic left ventricle (LV). In certain congenital 
heart defects, there are absent or atretic valves, chambers, or 
great vessels. In these cases, identification of the morphology of 
each chamber becomes more challenging. However, once one is 
familiar with the usual morphologic landmarks of the cardiac 
chambers and great arteries, the abnormal anatomic variants 
and unusual anatomic relationships found in many CHDs 
become easier to differentiate and recognize (Table 43-1).

ATRIA

The right atrium is most easily characterized by its appendage, 
which is a broad-based and triangular structure that lies ante-
rior to the chamber. Often a visible Eustachian valve arises from 
the orifice of the inferior vena cava, directed toward the mid 
portion of the interatrial septum. More specifically, the tissue 
of the valve runs along the inferior portion of the atrium and 
is directed toward the limbus or the inferior portion of the fossa 
ovalis (Fig. 43-5). The right atrium is also identified by connec-
tions with the suprahepatic portion of the inferior vena cava. 

Figure 43-4  Subcostal four-chamber view of a patient with mirror-
image dextrocardia.  The  left-sided  ventricle  has  an  inferiorly  placed 
atrioventricular valve and is triangular in shape with a trabeculated apex, 
reflecting  a  morphologic  right  ventricle.  The  right-sided  ventricle  is 
more bullet-shaped and smooth walled and consistent with a morpho-
logic left ventricle. The right-sided atrium appears to receive pulmonary 
veins and is consistent with a morphologic left atrium. 

LA

LV RA

RV

Figure 43-5  Subcostal sagittal view in a patient with normal return 
of the superior vena cava (SVC) and inferior vena cava (IVC) to the 
right atrium. The Eustachian valve (EV ) is visualized near the origin of 
the inferior vena cava. The left atrium is also shown. 
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Morphologic Characteristics of Cardiac Chambers, Valves, 
and Great Arteries

Morphologic Chamber Identifying Features

Right atrium Receives inferior vena cava and has Eustachian 
valve

Broad-based and trabecular appendage

Left atrium Receives pulmonary veins (usually)
Long and finger-like appendage

Tricuspid valve and RV Atrioventricular valve is trileaflet and has 
septal attachments

Heavily trabeculaed chamber with moderator 
band

Discrete inflow and outflow portions

Mitral valve and LV Atrioventricular valve is bileaflet and attaches 
to papillary muscles, not septum

Chamber is smooth walled

Aorta and aortic valve Trileaflet semilunar valve
Gives rise to coronaries, head and neck vessels

Pulmonary artery and 
pulmonary valve

Trileaflet semilunar valve
Vessel bifurcates early into right and left 

branches

TABLE 
43-1 

Even with abnormal connections of the superior vena cava, the 
suprahepatic portion of the inferior vena cava rarely connects 
anywhere except the morphologic right atrium.29,30 Finally, the 
abdominal situs may also help identify atrial anatomy. The 
atrial situs usually follows the abdominal situs; in situs solitus, 
with the liver on the right and the stomach on the left, one 
expects a right-sided morphologic right atrium.25,28 The left 
atrium is also best characterized by its appendage, which is a 
narrow and finger-like or windsock structure that lies anterior 
to the left atrium. The flap-valve of the foramen ovale, if present, 
should be found on the left surface of the interatrial septum 
and is a useful landmark. Finally, the practitioner should look 
for the connections of at least three individual pulmonary veins, 
with a minimum of at least one each from the right and left 
sides, entering an atrial chamber. This finding most always indi-
cates a left atrium.29,30 However, if the pulmonary veins come 
to a confluence and empty into an accessory vertical vein before 
entering an atrial chamber, that chamber is not necessarily a 
morphologic left atrium.
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muscles. Unlike the situation with the tricuspid valve, neither 
of the papillary muscles arises from the interventricular septum. 
The LV chamber itself is smooth walled and bullet shaped in 
comparison with the trabeculated and somewhat triangular RV. 
There is no separation of inflow and outflow, so there usually 
should be continuity between the mitral valve and the LV 
outflow valve (Fig. 43-7).29,30

SEMILUNAR VALVES AND GREAT ARTERIES

The pulmonary valve is a trileaflet semilunar valve associated 
with a pulmonary artery (PA). The PA is identified as the great 
artery that arises from the heart and bifurcates early into right 
and left branches (Fig. 43-8). In the normal heart, the PA is 

ATRIOVENTRICULAR VALVES AND VENTRICLES

When two atrioventricular valves and two ventricular chambers 
are found, the valves travel with the morphologically appropri-
ate ventricle. Thus, identification of a tricuspid valve also iden-
tifies the right ventricle (RV); identification of a RV signals an 
associated tricuspid valve. The mitral valve likewise associates 
with the LV (Fig. 43-6). The tricuspid valve has three leaflets 
positioned as anterior, posterior, and septal. The leaflets are 
attached to a network of small papillary muscles on the RV free 
wall and the interventricular septum. Papillary muscles that 
arise from the septal surface are distinctive of the RV. As a result, 
papillary septal attachments are unique to the tricuspid valve 
and RV. If two distinct atrioventricular valves are present in the 
heart, then the tricuspid valve is usually the one more apically 
displaced.29,30 The RV is also identified by its coarse trabecula-
tions. A number of muscular bands within the chamber cross 
from the septal to the parietal surface. The most prominent of 
these is the moderator band, situated in the midcavitary portion 
of the ventricle (see Fig. 43-6). The relationship of inflow and 
outflow portions also differentiates the RV from the LV. The RV 
has a distinct outflow portion that consists of infundibular or 
conal muscular tissue. Consequently, the outflow semilunar 
valve and great artery are displaced from the inflow valve, unlike 
the morphologic LV. The mitral valve is the atrioventricular 
valve associated with the morphologic LV. The valve has two 
leaflets, one each in the anterior and posterior positions. Typi-
cally, little or no conal tissue separates the LV inflow and outflow, 
which allows for fibrous continuity of the mitral and LV outflow 
valve. The mitral valve apparatus is attached to two dominant 
papillary muscles: the superiorly positioned anterolateral papil-
lary muscles and the more inferior posteromedial papillary 

Figure 43-6  Apical four-chamber view shows the normal relation-
ships of the atria and ventricles.  The  moderator  band  is  well  seen 
toward  the apex of  the  trabeculated RV. The  tricuspid valve  is  shown 
with one  leaflet aimed  toward  the  septum and  is  slightly apically dis-
placed  from  the  mitral  valve.  The  LV  is  smooth  walled.  At  least  two 
pulmonary veins can be seen entering the left atrium. Ao, Aorta. 
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Figure 43-7  Parasternal long-axis view shows the mitral valve 
apparatus attaching to papillary muscles away from the interven-
tricular septum. The mitral annulus is shown in continuity with the aortic 
valve. Ao, Aorta. 

LA

LV Ao

Figure 43-8  Parasternal short-axis view shows the pulmonary valve 
anterior and slightly leftward of the aortic valve. The main pulmonary 
artery is shown bifurcating into right and left branch pulmonary arteries 
(RPA and LPA). PV, Pulmonary valve. 
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Cardiac Anatomy
GENERAL

Segmental Approach
The heart is anatomically described by the relationships of the 
atria, ventricles, and great arteries and the relationship of these 
to the systemic and pulmonary venous connections. Clinically, 
the segmental approach defines the heart by identifying these 
relationships within the patient (Table 43-2).

Generally, the easiest way to determine chamber and great 
vessel alignment is to follow the flow of blood through the 
heart. In the complete examination, three segments of the heart 
require description: the atria, the ventricles, and the great 
vessels. In the normal heart, the concordant arrangement has a 
right atrium aligned with a RV, the ventricle further aligned 
with a PA, and a left atrium aligned with LV, further aligned 
with the aorta. Any other alignment or arrangement between 
segments is considered discordant.18,20,21,35

In the segmental approach, the atria can take three possible 
configurations. Atrial situs solitus has a normal position, with 
a morphologic right atrium on the anatomic right side. Atrial 
situs inversus has reverse positioning, with a morphologic right 
atrium on the anatomic left side. Atrial situs ambiguous has 
atrial morphology too difficult to determine, which leaves the 
sidedness unclear. Often this involves what appears to be two 
right or two left atria. The atrial situs and abdominal visceral 
situs are usually similar.20,21,35

The ventricular segmental arrangement occurs in one of two 
positions determined embryologically by the bulboventricular 
looping of the heart. The first and normal orientation is the 
dextro-looped ventricles. In this case, the morphologic RV is 
located more anteriorly and on the anatomic right side. The 
second possibility is levo-looped, in which the morphologic RV 
is on the anatomic left side.20,21,35

The ventricles give rise to the outflow and great arteries. The 
description and segmentation of the great artery anatomy is the 
most confusing and somewhat controversial part of the seg-
mental approach. The usual alignment of the great arteries has 
the aorta arising from the morphologic LV and the PA arising 
from the morphologic RV. In that arrangement, the aortic valve 
is aligned posterior and rightward of the pulmonary valve. In 
abnormal relations of the great vessels, the aorta arises from a 

found anterior to the aorta as it arises from the heart. But in 
CHD, this is not always the case. Thus, the best identification is 
usually a morphologic description of bifurcation of a vessel. Be 
aware, however, that there are exceptions. For example, condi-
tions of isolated branch PA atresia are rare but do exist. The 
aortic valve is a semilunar three-leaflet valve associated with  
the aorta and aortic arch. The aorta gives rise to the origins of 
the right and left coronary arteries. The cusps or leaflets of the 
aortic valve are named right, left, and noncoronary: the right 
and left cusps are associated with the origins, respectively, of the 
right and left coronary arteries. About 1% to 2% of people in 
the United States are thought to have a bicuspid, or two-leaflet, 
aortic valve.31 The aorta itself is identified as the great vessel that 
does not bifurcate early and from which the coronary arteries 
and head and neck arteries originate (Fig. 43-9). It is a rare case 
in which the coronary arteries do not arise from the aorta. 
Although the aortic arch normally arises leftward, it also can be 
rightward. When the aortic arch arises rightward, it can be 
associated with mirror-image branching of the head and neck 
vessels. The sidedness of the arch is most easily identified with 
evaluation of the direction of the first bifurcating head and neck 
vessel. If this first artery bifurcates rightward, then the aortic 
arch is usually leftward; and if the first artery goes leftward, then 
the aortic arch is most commonly a right arch. If there is no 
bifurcation of the first head and neck vessel, more involved 
abnormalities, such as aberrant subclavian arteries that arise 
from the more distal aorta and vascular rings, should be 
sought.32-34 A number of variations on the positioning of the 
head and neck vessels can exist; they are best defined by tracing 
each vessel as far as possible in the suprasternal long-axis and 
short-axis views.

Figure 43-9  Aortic arch visualized from the suprasternal notch 
view. The head and neck vessels are shown arising from the transverse 
arch. Ao, Aorta. 

Ao

General Echocardiographic Approach

Abdominal situs Solitus (liver on right, stomach on left)
Inversus (liver on left/transverse, 

stomach on the right)

Atrial anatomy and systemic 
venous connections

Solitus (right atrium on right side)
Inversus (right atrium on left side)
Ambiguous or indeterminate

Atrioventricular connection Two atrioventricular valves
Common atrioventricular valve
Atrioventricular valve atresia
Straddling or overriding 

atrioventricular valve

Ventricular morphology and 
relationships

Dextro-loop (RV on right side)
Levo-loop (RV on left side)
Univentricular heart

Semilunar valves Two semilunar valves
Common semilunar valve (truncus)
Semilunar valve atresia

Great artery relationships and 
connections

Concordant
Discordant
Double outlet (LV or RV)
Common outlet (truncus arteriosus)
Single outlet (great artery atresia)

TABLE 
43-2 
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Other Nonsegmental Abnormalities
Apart from the segmental alignment of the heart, two areas of 
connections between these segments can also contribute to con-
genital abnormalities. The first is the atrioventricular connec-
tion, which consists of the atrioventricular valves and the inlet 
portion of the interventricular septum. The second is the ven-
triculoarterial connection, which consists of the semilunar 
valves and the outflow portion of the ventricular septum.

Abnormalities in the valves or the inlet and outflow regions 
of the heart require appropriate descriptions along with the 
segmental anatomy. For example, in common congenital heart 
anomalies such as a complete atrioventricular canal defect or 
tetralogy of Fallot, there is usually normal or concordant seg-
mental alignments, but there are inlet or outflow abnormalities. 
General guidelines regarding such abnormal segmental align-
ment and segment connections are discussed subsequently.

DETERMINATION OF ATRIAL SITUS AND 
VENOUS CONNECTIONS

In many patients with CHD, the segmental anatomy may be 
unclear or the diagnosis unknown. If so, the cardiac positioning 
in the thorax and apical direction are best analyzed beginning 
with the subcostal view. That view also helps determine the situs 

morphologic RV and the PA arises from a morphologic LV; both 
great vessels arise from a single ventricular chamber; or only a 
single outflow is present (truncus arteriosus or atresia of one of 
the great arteries).20,21,35 Some definitions of abnormally related 
or transposed great vessels rely on the orientation of the vessels 
in relation to each other, noting that transposition occurs when 
the aorta is anterior to the PA. Other accepted definitions 
describe transposition as an abnormal alignment of the great 
vessel with the ventricle. In this definition, vessels are consid-
ered transposed if the aorta arises from the morphologic RV 
and the PA from the LV. Any other relationships of the great 
vessels to the ventricles, such as double-outlet ventricles, are 
considered malposed.20,21,35 Because the morphology may depart 
in many ways from the normal arrangement, the clinician must 
describe the anatomy found in the patient, including the rela-
tionship of the great arteries to the ventricles and to each other.

Concordant and Discordant Arrangements
Four atrioventricular and ventriculoarterial anatomic or seg-
mental relationships are possible (Table 43-3). Concordance 
refers to the normal alignments, and discordance refers to 
abnormal alignments. First, there is normal cardiac alignment 
with atrioventricular and ventriculoarterial concordance. 
Second, there is atrioventricular concordance and ventriculoar-
terial discordance, or d-transposition of the great arteries  
(Fig. 43-10). Third, one can also have atrioventricular discor-
dance with ventriculoarterial discordance, which is known  
as congenitally corrected transposition of the great arteries  
or L-transposition of the great arteries (Fig. 43-11). Fourth, 
there is atrioventricular discordance with ventriculoarterial 
concordance. This arrangement is rare; it can occur with differ-
ent great artery arrangements and includes isolated ventricular 
inversion, isolated atrial noninversion, and anatomically cor-
rected malposition of the great vessels. As one example, in iso-
lated ventricular inversion, the morphologic right atrium is 
aligned with a morphologic LV, which is aligned with an aorta. 
Physiologically it is similar to D-transposition of the great 
arteries.18,21,36

Anatomic Alignments and Relationships

Atrioventricular 
Connection

Ventriculoarterial 
Connection Congenital Heart Defect

Concordant Concordant Normal heart

Concordant Discordant d-TGA

Discordant Discordant Congenitally corrected TGA

Discordant Concordant Isolated ventricular 
inversion or anatomically 
corrected malposition

TGA, Transposition of the great arteries.

TABLE 
43-3 

A B C

PA

RV

RA

Ao

PA

Ao

PA

Ao

LA

LV

Figure 43-10  The parasternal short-axis (A) and long-axis (B) views show the great arterial relationships in D-transposition of the great 
arteries. C, The pulmonary artery (PA) is shown posterior to the aorta (Ao). The great vessels are shown as side-by-side in the parasternal long-axis 
view, which is a typical finding in D-transposition of the great arteries. 
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of the liver, the position of the inferior vena cava and aorta in 
relation to the spine, and the relationship of the hepatic portion 
of the inferior vena cava drainage to the right atrium. In the 
subcostal short-axis view, the spine, liver, aorta, and inferior 
vena cava should be identified. In the usual arrangement, the 
aorta is on the patient’s left, whereas the inferior vena cava is 
noted further anteriorly and rightward (see Figure 43-3). The 
liver is usually visualized on the patient’s right, and often, the 
air of the stomach can be noted on the left. If the stomach and 
liver appear reversed, a diagnosis of complete situs inversus or 
heterotaxy syndrome should be considered. If the inferior vena 
cava is not present, an azygous or hemiazygous vein, positioned 
just to the right or left of the aorta, respectively, should be 
sought. Be aware that in certain cases the aorta may descend  
on the right side of the spine.37 The connection of the inferior 
vena cava to the atrial chamber is often visible with sweeping 
anteriorly in the subcostal short-axis view. When the hepatic 
portion of the inferior vena cava is present, the chamber is 
almost always a morphologic right atrium (see Figure 43-5).18,20,21 
Visualization of the right atrial appendage in the subcostal 
short-axis view can also help confirm the anatomy, but the 
appendage may be difficult to see in adults with larger body 
habitus. The superior vena cava usually is visualized draining 
into a morphologic right atrium after the transducer is rotated 
into the subcostal sagittal view. This view may be difficult to 
obtain in some adults. The right-sided superior vena cava may 
also be seen in the suprasternal short-axis view aimed rightward 
of the aorta (Fig. 43-12). If the superior vena cava is not seen 
in these views or appears small or an innominate vein is absent, 
consider the diagnosis of a persistent embryologic left-sided 
superior vena cava. If the right superior vena cava is not visual-
ized in any view entering the right atrium, and the patient has 
had heart surgery, the superior vena cava has possibly been 
attached directly to the right PA (Glenn shunt); this anatomy 
should be investigated. In some cases, particularly in patients 
with heterotaxy syndrome, both right and left superior vena 
cavas may be present.25,28 A persistent left superior vena cava is 

Figure 43-11  The apical four-chamber view (A) shows the anatomy of L-transposition of the great arteries. There is atrioventricular discor-
dance. B, The morphologic LV is on the anatomic right side and is associated with a mitral valve. The morphologic RV is on the anatomic right side 
and is associated with a tricuspid valve with a mild Ebstein-like malformation. 
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Figure 43-12  The superior vena cava is well seen to the right of 
the aorta in the suprasternal short-axis view angled rightward. The 
right pulmonary artery (RPA) is also visualized. Ao, Aorta; SVC, superior 
vena cava. 

SVC

RPA

Ao

seen with failure of the embryologic left superior vena cava to 
regress. This has been reported to occur in 0.3% to 0.5% in the 
general population and in up to 4% to 5% of those with 
CHD.24,38,39 A left superior vena cava often explains a coronary 
sinus that appears prominent in the apical view or is easily 
visualized in the parasternal long-axis view posteriorly in the 
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pulmonary venous confluence with a vertical vein connection 
to the systemic venous system should be sought. In this case of 
total anomalous pulmonary venous return, the confluence most 
often lies posterior to the left atrium and is visible in the para-
sternal long-axis, suprasternal, or subcostal view, depending on 
whether the drainage is intracardiac, supracardiac, or infracar-
diac, respectively. Pulmonary veins can also have mixed drain-
age, with individual veins seen draining to the left atrium, 
directly to the right atrium or the coronary sinus. In partial 
anomalous pulmonary venous return, usually two or three 
veins are seen entering the left atrium. The other veins, most 
commonly from the right side, usually enter the superior vena 
cava or the right atrium directly. This may occur in association 
with an atrial septal defect, particularly of the sinus venosus 
type. However, the partial anomalous pulmonary venous return 
is an isolated finding in 20% of cases.40-42 Patients with partial 
anomalous pulmonary venous return often present as having 
right atrial and ventricular enlargement of uncertain etiology.

In rare cases, the pulmonary veins can drain to the left atrium 
but have incomplete integration with it. This condition is 
known as cor triatriatum and occurs when a membrane is 
present in the left atrium that separates and prevents some or 
all of the pulmonary veins from draining through the corre-
sponding atrioventricular valve. Physiologically, this condition 
can be asymptomatic until adulthood if mild. However, the 
condition may mimic mitral stenosis and be symptomatic in 
childhood if severe.43,44

One further distinction regarding atrial anatomy should be 
mentioned. In rare conditions known as heterotaxy syn-
dromes, the atrial and visceral situs are unusual and may be 
difficult to define. In some of these cases, the morphology of 
the two atria may look similar and the two chambers may 
resemble dual right or dual left atria. These findings are often 
associated with abnormal visceral anatomy. If dual atria are 
identified, other congenital heart defects should be sought. 
Abnormalities of the systemic and pulmonary veins and inflow 
and outflow anomalies, such as atrioventricular canal defect or 
double outlet RV, are commonly associated with heterotaxy 
syndromes.25,28

DETERMINATION OF ATRIOVENTRICULAR 
VALVES AND VENTRICLES

Once the atrial arrangement has been identified, the alignment 
with the ventricle or ventricles is next to be defined. This is 
simplest with two ventricular chambers and two atrioventricu-
lar valves. As mentioned, the atrioventricular valve follows the 
chamber morphology. If there are two well-formed ventricular 
chambers, attempts are then made to morphologically distin-
guish a RV from a LV. In identification of ventricles, the evalu-
ation for shape, trabeculations, and a moderator band is best 
done in the apical four-chamber view, with further use of the 
parasternal long-axis and short-axis views (see Fig. 43-6). If 
there are well-formed atrioventricular valves and interventricu-
lar septum, then the valve attachments to the interventricular 
septum may also help differentiate the morphology of the 
chambers. Only a morphologic RV has an atrioventricular valve 
with septal attachments. A single dominant ventricle or a uni-
ventricular heart poses further difficulties and is covered in 
more detail subsequently in the chapter. The atrioventricular 
valves require description and interrogation in their own right, 
not just in relation to the ventricles. The valves may be 

left atrium (Fig. 43-13). (If no left superior vena cava is present, 
the dilated coronary sinus may also be explained by anomalous 
pulmonary venous drainage into the coronary sinus.) Although 
the left superior vena cava typically drains to the coronary sinus, 
it occasionally drains directly to the left atrium.

The subcostal sagittal view with aim leftward or the paraster-
nal short-axis view often best shows the left superior vena cava 
draining into the coronary sinus near the level of the mitral 
annulus. In addition, the suprasternal short-axis view aimed to 
the left of the aorta, following inferiorly toward the coronary 
sinus, is also useful. Dual superior vena cavas are often best seen 
in the suprasternal short-axis view.38,39 Drainage of all four indi-
vidual pulmonary veins should be defined as well as possible to 
allow the clinician to evaluate a diagnosis of total or partial 
anomalous pulmonary venous return and to help determine the 
morphologic left atrium. Unrepaired total anomalous pulmo-
nary venous return in an adult or older teen is very unusual 
because this almost always must be diagnosed and fixed in 
childhood. However, other abnormalities of the pulmonary 
veins might be diagnosed in adulthood, including partial anom-
alous venous return (one or two pulmonary veins returning to 
the systemic venous system or right atrium directly) and cor 
triatriatum.40

Identification of all four pulmonary veins on transthoracic 
imaging often is not possible in adults; typically, transesopha-
geal imaging or another imaging modality is needed. In infants 
and children, the individual drainage of the pulmonary veins is 
best seen in the subcostal four-chamber view, the parasternal 
short-axis view, or a lower window in the suprasternal short-
axis view. Color Doppler imaging is very helpful in identifica-
tion of the orifice of the individual veins. If drainage of the 
individual pulmonary veins into the left atrium is not identi-
fied, and a right-to-left shunt is identified at the atrial level, a 

Figure 43-13  Parasternal long-axis view shows a prominent coro-
nary sinus (CS).  The  most  common  association  with  this  finding  is  a 
persistent left superior vena cava. Ao, Aorta. 
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ventricles. The most common leaflet arrangements of the single 
atrioventricular valve are: anterior and posterior bridging leaf-
lets, right and left lateral leaflets, and a right accessory leaflet. 
Because of the common atrioventricular valve, the right and left 
sides are notably situated at the same level in the inlet; this 
differs from the usual position of mild apical displacement of 
the tricuspid valve relative to the mitral. The common valve 
may have attachments at the crest of the septum, or there may 
be no septal attachments at all.47 In the adult, even if the atrio-
ventricular septal defect has been repaired, the left and right 
atrioventricular valves remain at the same level.

The partial atrioventricular canal defect, which consists of a 
primum atrial septal defect and cleft mitral valve, can present 
unrepaired in adults.48 The cleft can be best visualized with 
interrogation of the mitral valve in the parasternal short-axis 
view. Subaortic obstruction from the typical gooseneck defor-
mity of the LV outflow tract or from accessory septal attach-
ments should be considered in both repaired and unrepaired 
atrioventricular canal defects.

Other confusing atrioventricular alignments are presented  
by straddling, overriding, or atretic atrioventricular valves.  
With straddle or override, the affected atrioventricular valve is 
at least partially committed to the opposite ventricular 
chamber, either by the direction of the inflow (straddling) or 
by the alignment of the valve annulus (overriding).49,50 When 

morphologically abnormal or abnormally positioned even 
though the segments are concordant. The valve arrangements 
and attachments are well seen in the apical four-chamber, para-
sternal long-axis and short-axis, and subcostal sagittal views. 
Several arrangements or abnormalities of the atrioventricular 
valves can occur without corresponding abnormalities of seg-
mentation or other chamber alignments. For example, there 
may be imperfect closure of the leaflets or abnormalities in the 
chordal apparatus of one of the two valves. On the mitral side, 
this can result in cleft, parachute, and arcade valves. A cleft is a 
separation in the valve leaflet that does not allow for full coapta-
tion and results in mitral regurgitation. A parachute mitral 
valve involves a single dominant or asymmetric papillary muscle 
arrangement (Fig. 43-14). An arcade mitral valve is attached by 
short chords to multiple diminutive papillary muscle heads. 
The parachutes and arcades can be stenotic, regurgitant, or 
normally functioning.45 On the tricuspid valve side, apical dis-
placement and tethering of the septal and posterior leaflets 
results in Ebstein anomaly (Fig. 43-15).46

Another atrioventricular valve abnormality occurs when the 
patient has a common atrioventricular valve in place of two 
separate valves, as seen with atrioventricular septal defects. In 
that case, there is a primum atrial septal defect, an inlet ven-
tricular septal defect, and a single atrioventricular valve with 
usually five leaflets that separate the atria from the respective 

Figure 43-14  Parasternal short-axis view at the level of the mitral valve shows a small cleft in the anterior leaflet. Parasternal long-axis view 
shows mitral regurgitation through the cleft in the anterior leaflet. MV, Mitral valve. 
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Figure 43-15  Apical four-chamber view shows a patient with severe Ebstein anomaly of the tricuspid valve. There is apical displacement of 
the tricuspid valve. The second image is focused on the right-sided chambers and shows severe tricuspid regurgitation. 

A B

LA
RA RA

LV

RV RV



840 PART IX Adult Congenital Heart Disease and Cardiac Tumors

both ventricles. The single outflow divides into both the aorta 
and either a main PA or individual branch PAs. As before, this 
is best diagnosed by following the outflow vessel in the apical 
four-chamber or parasternal long-axis and short-axis views to 
determine the branching patterns. In most cases, by the time a 
patient has reached adulthood, the truncus arteriosus has been 
repaired in childhood or the patient has severe cyanosis and 
development of Eisenmenger physiology. Once the individual 
great arteries have been identified, they must be traced distally 
as far as possible for examination for additional extracardiac 
congenital malformations. The imaging of the bifurcation of 
the normally positioned branch PAs is best performed in the 
parasternal short-axis view. The pulmonary valve can be seen 
giving rise to a main PA and the bifurcation of the right and 
left branches (see Fig. 43-8). The individual branches can also 
be visualized in the suprasternal notch views, with the right PA 
best seen in the suprasternal short-axis view (see Fig. 43-12), 
and the left PA can be seen by tilting slightly leftward of the 
standard suprasternal long-axis view. The PAs should be inter-
rogated for absence or stenosis of a branch PA or other abnor-
malities such as a patent ductus arteriosus or aortopulmonary 
window. The aorta is visualized in multiple views to investigate 
as many of its segments as possible. The aortic valve and proxi-
mal ascending aorta are well seen in the usual parasternal long-
axis view. The more distal aortic arch should be visualized from 
the suprasternal notch long-axis view. Often the entire trans-
verse aortic arch and proximal portion of the descending tho-
racic aorta can be seen at this angle. It is an excellent view to 
interrogate for coarctation of the aorta or patent ductus arte-
riosus. When possible, the descending aorta should also be 
imaged from the subcostal views in both the short axis and long 
axis. Examination of abdominal aortic pulsatility can be helpful 
in determining a more distal coarctation or the severity of a 
more proximal coarctation.54 Other extracardiac congenital 
abnormalities can be seen when imaging the aorta and branch 
PAs, including a patent ductus arteriosus and an aortopulmo-
nary window. A patent ductus arteriosus is seen as a vascular 
connection that arises from the aorta, near the typical origin 
of a left subclavian artery, and enters the left PA. If the ductus 
is small, it may be difficult to see in 2D imaging but will be 
visible as continuous left to right shunting from the aorta to 
the PA with Doppler imaging. If the ductus is large and not 
discovered until adulthood, it is likely the patient will have 
elevated pulmonary vascular resistance or Eisenmenger physi-
ology and there may be little residual shunting. An aortopul-
monary window is usually seen as a connection between the 
main PA and the ascending aorta. It is best visualized in the 
parasternal short-axis view but may be difficult to discern in 
2D images; often color and spectral Doppler images are 
required. As with a large ductus arteriosus, an aortopulmonary 
window may be hard to diagnose, even with Doppler imaging 
in adulthood, because the patients with unrepaired conditions 
have elevated PA pressures and have developed Eisenmenger 
physiology.

Univentricular Heart
GENERAL

As with congenital malformations previously discussed, the 
univentricular heart engenders its own debate over nomen-
clature.18-21,29 Different terms are used to describe these hearts, 

only one atrioventricular valve is present, and it is not a 
common atrioventricular valve, the other valve is probably 
atretic or not fully formed. The most common form of this is 
atresia of the tricuspid valve with a resultant hypoplastic RV, 
usually known solely as tricuspid atresia. Congenital heart 
anomalies with atresia of one atrioventricular valve usually 
involve very complex anatomy and often a heart with a single 
dominant ventricular chamber.

With a very rare abnormality of criss-cross atrioventricular 
valves, the systemic and pulmonary venous flows cross to oppo-
site ventricles in the unoperated heart or the right-sided atrium 
flows into the left-sided ventricle (and vice versa) without 
mixing oxygenated and deoxygenated blood. This is an embryo-
logic rotational defect and can occur with atrioventricular and 
ventriculoarterial concordance or discordance. This defect 
should be suspected when two atrioventricular valves cannot be 
visualized in parallel in any of the routine views.51-53

DETERMINATION OF SEMILUNAR VALVES AND 
GREAT ARTERIES

The relationship of the ventricles to the outflow valve and arter-
ies is most easily described when there are two distinct ventricu-
lar chambers and two distinct arterial outflow vessels. In the 
normally positioned heart, the aortic valve and the origin of the 
aorta arise from the LV and are posterior and slightly rightward 
of the pulmonary valve and the PA origin arising from the  
RV outflow tract. The relationship of the great arteries to the 
ventricular chambers is well seen in the parasternal long-axis 
and short-axis views and in the apical four-chamber view (see 
Figs. 43-7 and 43-8).

From the parasternal long-axis view, the posterior vessel 
arising from the posterior ventricle should be followed to deter-
mine whether it gives rise to an aorta with head and neck vessels 
or a PA that turns further posteriorly and bifurcates early. These 
relationships can also be evaluated with sweeping anteriorly 
from the atrioventricular valves in the apical four-chamber 
view. The first vessel to come into view is the posterior great 
vessel; again, one can determine whether it is an aorta or PA 
on the basis of the early bifurcation or the presence of coronary 
and head and neck arteries. A great artery can be considered 
aligned with a ventricular chamber if half or more of that artery 
orifice is committed to the chamber. The alignment with the 
ventricular chamber can then be determined as concordant 
(e.g., aorta with LV) or discordant (e.g., PA with LV). The dis-
tinction between concordance and discordance becomes diffi-
cult when both great arteries arise from one chamber or there 
is only a single outflow. As with the atrioventricular valves, this 
anatomy still requires description. In some of the more recent 
classifications, these types of great artery relationships are 
termed malposed rather than transposed. In the double-outlet 
ventricle, both great arteries arise from a single ventricular 
chamber that is usually a morphologic RV. In a rare instance, 
the arteries arise from a morphologic LV. Many definitions and 
multiple anatomic variations comprise a diagnosis of double-
outlet ventricles. In one definition, each great artery has some 
subarterial conal tissue; thus, neither is in fibrous continuity 
with the mitral valve. In the simpler definition of the double 
outlet RV, the anterior vessel arises completely from the RV and 
the posterior vessel may override the septum but is more than 
50% committed from the RV.53 Truncus arteriosus is another 
outflow tract abnormality. In this diagnosis, instead of two out-
flows from one ventricle, there is a single outflow that acts for 
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including primitive ventricles, univentricular hearts, and  
univentricular atrioventricular connections. Morphologically, 
the potential rudimentary chambers include those associated 
with an outflow vessel (outflow chamber) and those associated 
with neither an inflow nor outflow vessel (trabecular chamber). 
Some pathologists prefer to call these types of rudimentary 
chambers “ventricles” and describe the anatomy from an 
embryologic perspective. Others define a “ventricle” as a 
chamber that receives 50% of an inflow valve.18 Still others 
describe the anatomy and morphology as found in the heart, 
such as double-inlet LV or unbalanced atrioventricular canal 
with hypoplastic LV. For purposes of this section, the univen-
tricular heart refers to a heart in which the atrioventricular 
connection is predominantly related to a single ventricular 
chamber that is either morphologically right or left in origin. 
Occasionally, the morphology of the chamber cannot be deter-
mined; these instances should be referred to as univentricular 
heart of indeterminate type.55,56 In the adult, the patient with a 
univentricular heart may present to the echocardiography lab-
oratory either as unrepaired or with a palliative or reparative 
surgery. Unless one is familiar with all the different nomencla-
tures, the best practice often is simply to describe the cham-
bers present and the relationship to the valves and great 
vessels. Determination of the morphology of the dominant 
ventricular chamber should focus on the anatomic landmarks, 
the atrioventricular connections, and the ventriculoarterial 
connections. Although two atrioventricular valves may enter a 
common chamber, such as in double-inlet LV, there can also 
be atresia of one of the valves or a common atrioventricular 
valve.55-59 In the univentricular heart, the atrioventricular 
valves are often malformed in some way and may not carry 
the normal morphologic conditions of a mitral and tricuspid 
valve. These are more appropriately identified as right and  
left atrioventricular valves. Moreover, the ventriculoarterial 
connections can take any arrangement, including normally 
related, transposed, double outlet, and atresia of one of the 
vessels.55-59

LEFT VENTRICULAR TYPE

The morphologic LV-type univentricular heart is the more 
common form of single ventricular chamber found in adults 
(Fig. 43-16). The rudimentary chamber is usually located at the 
base, anterior and superior to the ventricle, and often gives rise 
to the aortic outflow. The orientation of the chambers is most 
often levo-looped, with the LV somewhat rightward and the 
rudimentary chamber to the left; dextro-looping, however,  
also exists.55-59 The connection between the ventricle and the 
rudimentary chamber is best seen in the subcostal, parasternal 
long-axis and short-axis views. In the long-axis view, the 
opening to the anterior rudimentary chamber is seen leading to 
an outflow vessel. In the coronal view, both the right and the 
left atrioventricular valves can be seen opening into the poste-
rior ventricle and the rudimentary chamber is visualized 
anteriorly.

The atrioventricular valves can also be seen in the apical four-
chamber view entering into a common chamber with no inter-
vening inlet septum.55,56,60 Although there are usually two 
separate atrioventricular valves, stenosis or atresia of one of the 
valves can occur, as can entry of a common valve (Fig. 43-17). 
In most of these patients, the great arteries are transposed, the 
aorta arises from the rudimentary chamber, and the PA arises 
from the morphologic LV.55,56,60

Figure 43-16  Diagrammatic representation of the anatomic fea-
tures used to diagnose the type of univentricular heart on 2D 
echocardiography. The drawings represent parasternal short-axis pro-
jections. In single ventricle of the LV type, the trabecular septum (stip-
pled ) and rudimentary chamber (RC ) are anterior to the atrioventricular 
valves. The trabecular septum runs to the acute or obtuse margin of the 
heart and not  to  the crux of  the heart  (black circle). Thus,  there  is no 
intervening septum at the crux of the heart between the atrioventricular 
valves. Most often, the rudimentary chamber is at the left basal aspect 
of the heart (levo-loop); however, it can also be located less frequently 
at the right basal aspect of the heart (dextro-loop). Most commonly, the 
ventriculoarterial connections are discordant with the aorta (Ao) arising 
from  the  rudimentary  chamber  and  the  pulmonary  artery  (PA)  arising 
from  the main  ventricle  (depicted in the diagram);  however,  any  ven-
triculoarterial connection is possible. In single ventricle of the RV type, 
the  rudimentary  chamber and  trabecular  septum are posterior  to  the 
atrioventricular valves. The trabecular septum courses to the crux of the 
heart, and there is usually left atrioventricular valve atresia (shown). Most 
commonly,  the  ventriculoarterial  connections  are  double  outlet  from 
the main ventricle  (shown); however, any ventriculoarterial connection 
is possible. 
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RIGHT VENTRICULAR TYPE

In adulthood, the less commonly seen condition is the single 
ventricular chamber of the RV type (see Fig. 43-16). In this case, 
the rudimentary chamber is located posterior and inferior to 
the morphologic RV.55-61 This chamber may be located to the 
right (levo-loop) or to the left (dextro-loop) of the dominant 
RV. Some patients with a univentricular heart of the RV type 
and a common inlet may exhibit other features consistent with 
heterotaxy syndromes.25

The atrioventricular valves may be double inlet, single inlet 
with atresia of one valve, or a common inlet. The atrioventricu-
lar valve communications and the rudimentary chamber are 
best seen in the apical and subcostal four-chamber views 
because the valves lie more anteriorly and the rudimentary 
chamber lies more posteriorly. The rudimentary chamber 
usually does not give rise to any of the outflow vessels. Most 
often, the patient has a form of double-outlet RV, with both 
great arteries arising from the RV, or a single aorta with pulmo-
nary atresia.



842 PART IX Adult Congenital Heart Disease and Cardiac Tumors

• The interatrial and interventricular septa are closely exam-
ined for intracardiac shunting; and

• The atrioventricular and semilunar valves are interrogated 
for stenosis and regurgitation, regardless of the positioning 
within the heart.

Moreover, with univentricular hearts or single ventricles, 
determination of any connection between the ventricular 
chamber and rudimentary outflow chamber is crucial. It is 
important to determine whether there is obstruction in this 
region. Finally, the aorta and PAs are interrogated for stenosis 
at any point along the anatomic course. Atrial shunts are sought 
in the interatrial septum in multiple views. These views include 
the apical four-chamber, parasternal short-axis, and subcostal 
sagittal planes (Fig. 43-18). The subcostal view is often helpful 
because it shows the secundum septum and the venosus septa 
of the inferior vena cava and superior vena cava. However, in 
many adults, the subcostal images may not be clear. If an inter-
atrial shunt is identified, the direction and velocity of flow 
between the interatrial chambers are reported. The degree of 
shunting can be estimated by the degree of RV enlargement. 
Alternatively, it can be determined quantitatively by calculating 
a pulmonary to systemic flow ratio, using the flow across the 
pulmonary valve and flow across the aortic valve in an other-
wise structurally normal heart.62

OTHER UNIVENTRICULAR PHYSIOLOGY HEARTS

Special mention should be made of some subtle differences in 
describing a few of the univentricular lesions. For example, 
there are differences in describing a double inlet LV with right 
atrioventricular valve atresia, as opposed to diagnosing tricus-
pid atresia, or similarly, the differences between a univentricular 
heart of the RV type with absent left atrioventricular valve, as 
opposed to a hypoplastic left heart with mitral atresia. There 
are anatomic and embryologic differences in the development 
of these conditions. Visually, however, the differences may be 
difficult to determine. One echocardiographic distinction can 
be found in the positioning of the atria and the interventricular 
septum. In the cases of tricuspid atresia and hypoplastic left 
heart syndrome, the atria lies over the associated ventricular 
chamber and the ventricular septum is visualized up to the crux 
of the heart in the inlet septum. In the other cases of the uni-
ventricular heart, the inlet portion of the septum is often 
missing and the atria is seen over the dominant chamber,  
not the rudimentary chambers. However, in the adult who has 
often had multiple surgeries, these distinctions may be quite 
difficult.

Color and Spectral Doppler Imaging
GENERAL

Anatomy is obviously crucial, but it is only one part of the CHD 
evaluation. Color and spectral Doppler imaging are both criti-
cal tools in any comprehensive investigation of congenital heart 
lesions. In particular, Doppler imaging plays an important role 
in identification of intracardiac shunt lesions, such as ventricu-
lar septal defects; valve abnormalities, such as pulmonary ste-
nosis; and residual embryologic vascular connections, such as a 
left superior vena cava to the coronary sinus. Similarly, the 
Doppler techniques help identify the direction of flow. These 
techniques also quantify flow in intracardiac shunting and val-
vular abnormalities.

INTRACARDIAC SHUNTING

Once the anatomy and relationships of the chambers and great 
artery and venous connections have been determined, abnor-
malities between those chambers must be investigated.

Figure 43-18  Apical four-chamber view shows large secundum 
atrial septal defect (ASD).  There  is  also  significant  RA  and  RV 
enlargement. 

RV

RA.69

.69

LV

LA

ASD

Figure 43-17  Apical four-chamber views from patients with univentricular hearts of the LV type. A, The transducer has been tilted poste-
riorly  to  image the  inlets of  the heart. This view  is a posterior plane passing through both atrioventricular valve  inlets and the crux of  the heart; 
therefore,  this plane  lies posterior  to  the trabecular septum and rudimentary chamber. Note the “kissing” atrioventricular valve  (arrows) with no 
intervening ventricular septum oriented to the crux of the heart. Both atrioventricular valves empty into the large posterior LV. B, Apical four-chamber 
view showing a univentricular heart with tricuspid atresia. There is a single ventricular chamber and a single left-sided atrioventricular valve. There 
is a membranous plate (arrow) where the right-sided atrioventricular valve would normally be located. 
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Figure 43-19  Apical four-chamber views with and without color Doppler imaging show a perimembranous ventricular septal defect (VSD) 
with left-to-right shunting. Ao, Aorta. 
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Figure 43-20  Parasternal short-axis view with color Doppler 
imaging shows the left-to-right shunt (red flow) of the patent ductus 
arteriosus (PDA) into the main pulmonary artery (PA).  Ao,  Aorta; 
RPA, right branch pulmonary artery. 
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Figure 43-21  Spectral Doppler profile of the descending aortic 
flow shows low peak velocity with an antegrade run-off into 
diastole. 

The interrogation for interatrial defects requires careful 
attention. With other signs of an intracardiac shunting, such as 
unexplained RV enlargement, the interrogation needs to include 
the venosus and primum portions of the septum. If the images 
are limited by body habitus, a saline solution bubble contrast 
study may be necessary.

Like the interatrial septum, the interventricular septum is 
interrogated in multiple views. These include the apical four-
chamber, parasternal long-axis, and short-axis views (Fig. 
43-19). For each view, imaging from the apex to the base of the 
septum is important. In the apical four-chamber and paraster-
nal long-axis views, the transducer is aimed anteriorly and pos-
teriorly to interrogate the outflow and inflow portions of the 
septum, respectively. The sector width should be narrow, and 
the color gain decreased, to identify smaller shunts. As with 
atrial level shunting, the direction and velocity of flow should 
be estimated with both color and spectral Doppler imaging. 
Note that with some serpiginous, or small, muscular defects, 
velocity interrogation may be inaccurate.

GREAT ARTERIES

As with the normal heart, complete evaluation for valvular  
stenosis and regurgitation with color and spectral Doppler 
imaging is important. In CHD, several anomalies discussed in 
relation to the aortic arch and PA are better defined with 

Doppler interrogation. The aortic arch is best visualized in the 
suprasternal views. Color and spectral Doppler interrogation 
are investigated for flow acceleration, particularly in the area of 
the isthmus just at, or distal to, the left subclavian artery origin. 
Turbulence in this area may suggest a coarctation or a patent 
ductus arteriosus. The small ductus is identified as having con-
tinuous left to right shunting from the aorta into the PA (Fig. 
43-20), whereas the larger ductus may have low velocity or 
bidirectional shunting if the patient has development of Eisen-
menger physiology. In the case of a coarctation, there is increased 
velocity of flow across the narrowed area with persistent ante-
grade diastolic run-off. The downstream and abdominal aortic 
flow is also interrogated in the subcostal view to evaluate  
for blunting of pulsatile flow or persistent diastolic run-off  
(Fig. 43-21).

The branch PAs are best interrogated with Doppler imaging 
in the parasternal short-axis and suprasternal views for stenosis 
or other flow abnormality. If a patent ductus arteriosus is sus-
pected, the diastolic flow into the PA from the aorta is often 
seen with color in these views. The PA branches can also be 
interrogated in the subcostal sagittal view if the patient has good 
subcostal images.
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 The segmental approach begins with the identification of 
the atrial and abdominal situs and continues with the 
identification of ventricular and arterial relationships.
• The atria are defined by the appendages and by the 

systemic and pulmonary venous connections.
• The right atrium has a broad appendage and is associ-

ated with the suprahepatic inferior vena cava.
• The left atrium has a narrow appendage and is associ-

ated with the pulmonary venous return.
 The RV is recognized by the presence of a moderator band 

and association with a tricuspid valve, and the LV is bullet 
shaped and is associated with a mitral valve.
• The tricuspid valve has three leaflets and attachments 

to the interventricular septum.
• The mitral valve has two leaflets attached to papillary 

muscles opposite the interventricular septum.
• In the normal heart, the tricuspid valve is more apically 

displaced.
 The great arteries are denoted by the bifurcation patterns 

as they exit the heart. Either vessel can be anterior or 
posterior, and either can be right or left.
• The aorta bifurcates more distally and gives rise to the 

coronary arteries and head and neck vessels.
• The PA bifurcates early into the right and left PA 

branches.
 Normal segmental alignment is when the right atrium is 

associated with the RV and the PA and the left atrium with 
the LV and the aorta.

 The most common abnormalities with discordant rela-
tionships are:
• D-transposition of the great arteries with atrioventricu-

lar concordance and ventriculoarterial discordance; and

• L-transposition of the great arteries or congenitally  
corrected transposition of the great arteries with  
atrioventricular discordance and ventriculoarterial 
discordance.

 Anatomic abnormalities of the atrioventricular and 
semilunar valves are common, even with normal 
segmentation.
• Some of the more frequent findings include bicuspid 

aortic and pulmonary valves, Ebstein-like tricuspid 
valves, and cleft mitral valves.

• Abnormalities can also include common, atretic, strad-
dling, and overriding atrioventricular valves and 
common, overriding, and atretic semilunar valves.

 The univentricular heart refers to a heart in which the 
atrioventricular connection is predominantly related to a 
single ventricular chamber that is either morphologically 
right or left in origin.
• In the LV type, the rudimentary chamber is usually 

anterior and superior and gives rise to the aorta.
• In the RV type, the rudimentary chamber is usually 

inferior and posterior and is not associated with an 
outflow vessel.

 Full functional assessment with color and spectral Doppler 
imaging is required for:
• All intracardiac valves for stenosis and regurgitation;
• The atrial and interventricular septa for evidence of 

shunting; and
• The aorta and pulmonary arteries for evidence of flow 

abnormalities and shunts.
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Valvular Abnormalities
Bicuspid Aortic Valve
Pulmonic Valve Stenosis
Mitral Valve Anomalies
Tricuspid Valve Anomalies

Left Ventricular Outflow Tract 
and Aorta
Subaortic Stenosis
Supravalvular Aortic Stenosis

Sinus of Valsalva Aneurysms
Coarctation of the Aorta

Septal Defects and Shunt 
Lesions
Patent Foramen Ovale
Atrial Septal Defects
Anomalous Pulmonary Venous 

Connections
Ventricular Septal Defects

Patent Ductus Arteriosus
Coronary Artery Fistulas

Complex Congenital Heart Disease
Tetralogy of Fallot
Congenitally Corrected Transposition 

of the Great Arteries (CCTGA  
or L-Loop TGA)

Tricuspid Valve Atresia
Functional Univentricular Heart

Adults with congenital heart disease are increasingly coming 
to medical attention.1 Caring for adults with congenital heart 
disease was formally recognized as a subspecialty within cardi-
ology at the 22nd Bethesda Conference of the American College 
of Cardiology in 1990.2 In 2001, the 32nd Bethesda Conference 
addressed the allocation of care of these patients and developed 
a system for grading the complexity of congenital heart disease 
lesions in adults (Box 44-1).3 In managing adults with unoper-
ated congenital heart disease, three clinical subgroups emerge: 
patients with mild or slowly progressive defects who do not 
require surgical intervention; patients who have eluded previ-
ous diagnosis and are still amenable to surgical or transcatheter 
intervention; and patients with abnormalities that are deemed 
inoperable. It is the task of the cardiologist to evaluate each 
patient thoroughly to determine optimal management. The 
American Heart Association and the American College of Car-
diology have developed guidelines for management of adults 
with congenital heart disease, which includes adults who have 
not undergone prior surgical repair of certain congenital heart 
defects.4

Echocardiography has been a major advancement for cardi-
ologists in diagnosing and evaluating the anatomic and physi-
ologic status of the adult with congenital heart disease. The 
technique is not without challenge or difficulty, however. Echo-
cardiographic windows may be limited by body habitus, includ-
ing chest wall deformities and scoliosis. Congenital or acquired  
pulmonary disease and cardiac malpositions lend additional 
impediment to surface echocardiographic imaging. Trans-
esophageal echocardiography (TEE) is useful in circumventing 
some of these difficulties and plays a major adjunctive role in 
evaluating and managing adults with congenital heart disease.5-7 
Increasingly, alternate imaging modalities, such as cardiac 

magnetic resonance imaging (MRI) and computed tomography 
(CT), are playing important roles in the complete evaluation of 
adults with congenital heart disease.8,9

This chapter includes the clinical features, echocardiographic 
evaluation, and management of many of the congenital heart 
defects that are encountered in the adult patient who has never 
undergone cardiac surgery. Additional discussion of complex 
congenital lesions can be found in Chapter 43 and of those with 
prior surgical procedures in Chapter 45.

Valvular Abnormalities
BICUSPID AORTIC VALVE

The congenitally bicuspid aortic valve is the most frequent of 
all congenital heart defects, occurring in approximately 1% to 
2% of the U.S. population, and has a male predominance.10 This 
is a highly heritable lesion, though a specific genetic abnormal-
ity has only been clearly defined for a small subset of families 
with autosomal dominant inheritance.11,12 A bicuspid aortic 
valve is also associated with an increased risk of other left-sided 
obstructive lesions among relatives.13 Morphologically, the 
bicuspid valve may have two equal cusps with a single central 
commissure, or the cusps may be disparate in size, with an 
eccentric commissure and the larger cusp containing a raphe.

Functionally, a bicuspid aortic valve may be nonstenotic and 
nonregurgitant, particularly in adolescents or young adults, of 
whom as many as one third have no significant functional 
impairment (see also Chapter 39). Progression of stenosis is 
common, however, even in valves with mild dysfunction. By the 
age of 60 years, 53% of bicuspid valves are stenotic, and by the 
age of 70 years, 73% are significantly stenotic (see Chapter 23). 
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Associated Conditions
Common associations with a bicuspid aortic valve are listed in 
Box 44-2. Congenitally bicuspid aortic valves have a known 
association with abnormalities of the aorta (see Chapter 39). 
Aortic coarctation occurs in a small percentage of patients with 
bicuspid aortic valve. Aortic dissection is another abnormality 
recognized for its association with bicuspid aortic valve. 
Reported studies have shown that 5% to 9% of patients with 
dissecting aortic aneurysms also have a bicuspid aortic valve.15,16 
Poststenotic dilatation of the ascending aorta has long been 
recognized in congenital aortic stenosis and has traditionally 
been attributed to mechanical impingement of a jet lesion 
eccentrically directed by the domed leaflets. However, the 
ascending aorta may be dilated even in functionally normal 
bicuspid valves, raising the possibility that aortic dilation may 
be caused by a developmental defect affecting both the valve 
and the aortic root.17 In fact, an increase in vascular smooth 
muscle cell apoptosis and increased metalloproteinase activity 
has been described in the aortic walls of patients with bicuspid 
aortic valve, suggesting a genetic abnormality of the aortic wall. 
Periodic echocardiographic assessment of the ascending aorta 
is indicated in all patients with bicuspid aortic valve regardless 
of the functional status of the valve itself.

Another group of malformations associated with a bicuspid 
aortic valve is Shone complex. This complex comprises several 
levels of inflow or outflow obstruction to the left heart: supra-
mitral ring, congenital mitral stenosis, discrete subaortic mem-
brane, bicuspid aortic valve, and aortic coarctation.18 Whereas 
most patients with this complex have undergone treatment in 
childhood, milder forms may be seen in the adult population, 
prompting careful assessment of the mitral valve structure, sub-
aortic region, and aortic arch in the adult with bicuspid aortic 
valve.

Infectious endocarditis is a significant problem for patients 
with congenital aortic stenosis (see Chapter 22). Unfortunately, 
it may be the first mode of presentation for a patient with a 
previously undiagnosed bicuspid aortic valve. Natural history 
studies of young adults with congenital aortic stenosis found a 
35-fold higher incidence of endocarditis in that group than the 
general population.19 Progression of valvular infection to the 
surrounding aortic root may occur if there is a delay in diagno-
sis and treatment or in the presence of a particularly invasive 
organism. In a recent investigation of 310 consecutive patients 
with native aortic valve endocarditis, the presence of a bicuspid 
aortic valve was associated with a higher risk of abscess forma-
tion and more often required early surgical intervention.20

Echocardiographic Evaluation
The distinctive echocardiographic features of congenitally 
bicuspid aortic valve include systolic doming in the parasternal 

Adapted from Warnes CA, Liberthson R, Danielson GK Jr, et al: Task force 1: 
the changing profile of congenital heart disease in adult life. J Am Coll 
Cardiol 37(5):1170-1175, 2001 (the 32nd Bethesda Conference).

Box 44-1 

ADULT CONGENITAL HEART LESIONS  
BY COMPLEXITY

Simple Complexity
Isolated congenital aortic valve disease
Isolated congenital mitral valve disease  

(e.g., except parachute valve, cleft leaflet)
Isolated patent foramen ovale or small atrial septal defect
Isolated small ventricular septal defect  

(no associated lesions)
Mild pulmonic stenosis
Previously ligated or occluded ductus arteriosus
Repaired secundum or sinus venosus defect without 

residua
Repaired ventricular septal defect without residua

Moderate Complexity
Aorto-LV fistulas
Anomalous pulmonary venous drainage, partial or total
Atrioventricular canal defects (partial or complete)
Coarctation of the aorta
Ebstein anomaly
Infundibular RV outflow obstruction of significance
Ostium primum atrial septal defect
Patent ductus arteriosus (not closed)
Pulmonic valve regurgitation (moderate to severe)
Pulmonic valve stenosis (moderate to severe)
Sinus of Valsalva fistula/aneurysm
Sinus venosus defect
Subvalvular or supravalvular aortic stenosis  

(except hypertrophic cardiomyopathy)
Tetralogy of Fallot
Ventricular septal defect with:

Absent valve or valves
Aortic regurgitation
Coarctation of the aorta
Mitral disease
RV outflow tract obstruction
Straddling tricuspid/mitral valve
Subaortic stenosis

Severe Complexity
Conduits, valved or nonvalved
Cyanotic congenital heart disease (all forms)
Double-outlet ventricle
Eisenmenger syndrome
Fontan procedure
Mitral atresia
Single ventricle (also called double inlet or outlet, 

common or primitive)
Pulmonary atresia (all forms)
Pulmonary vascular obstructive diseases
Transposition of the great arteries
Tricuspid atresia
Truncus arteriosus/hemitruncus
Other abnormalities of atrioventricular or ventriculoarterial 

connection not included above (i.e., crisscross heart, 
isomerism, heterotaxy syndromes, ventricular inversion)

Box 44-2 

ASSOCIATED DEFECTS WITH BICUSPID  
AORTIC VALVE

Ventricular septal defect
Subaortic stenosis
Aortic coarctation or arch hypoplasia
Aortic dilation
Aortic aneurysm
Turner syndrome
Endocarditis

Of individuals older than 40 years who require aortic valve 
replacements, about 30% have evidence of a congenitally  
abnormal valve.14 The mechanism of progressive valvular dys-
function appears to be a “wear-and-tear” process leading to 
fibrosis and calcification.
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TEE may be useful if valve morphology is difficult to deter-
mine by transthoracic echocardiography (TTE) and if such 
information would guide a surgical attempt at valve repair. 
Additionally, more accurate aortic and pulmonary annular 
dimensions can be measured if a pulmonary autograft (Ross 
procedure) is planned or to guide the choice of a mechanical 
valve. Evaluation of endocarditis and aortic root abscess are also 
indications for a transesophageal study. Quantitative functional 
assessment of the valve usually is more accurate from the trans-
thoracic approach, although transgastric views usually allow 
adequate Doppler alignment for valve gradients. Cardiac  
magnetic resonance angiography or CT can provide additional 
information regarding the entire aorta and should be consid-
ered when echocardiographic windows are nondiagnostic.

Management
Confirmation of the presence of a bicuspid aortic valve and 
echocardiographic Doppler determination of the severity of 
stenosis and regurgitation assist in clinical management deci-
sions. Patients with mild to moderate degrees of stenosis or 
regurgitation require more regular surveillance. The adolescent 
and young adult with bicuspid aortic valve should have echo-
cardiographic Doppler study every year if the mean gradient is 
greater than 30 mm Hg, if the peak instantaneous gradient is 
greater than 50 mm Hg, if the aortic root or ascending aorta 
measures greater than 3.5 cm, or if root enlargement is pro-
gressing at 0.5 cm/year or more.4,22 First-degree relatives of 
patients with a bicuspid aortic valve should be screened for its 
presence.23 In a large cohort of 642 ambulatory adults with 
bicuspid aortic valve, 25% experienced a primary cardiac event 
during a mean follow-up of 9 years, yet the overall mortality 
rate was not significantly different from population estimates.24 
In a separate analysis of 212 asymptomatic bicuspid aortic valve 
patients in the community, there was a 42% incidence of cardiac 
medical or surgical events. Independent predictors of cardiac 
events included age greater than 50 years and valve degenera-
tion at the time of diagnosis.25

Development of chest pain, syncope, heart failure, LV hyper-
trophy with strain, significant arrhythmia, or a mean Doppler 
gradient greater than 50 mm Hg are indications for further 
investigation and possible intervention. In the young adult with 
supple valve leaflets, balloon valvuloplasty often produces suc-
cessful results in relieving aortic stenosis.26,27 Aortic regurgita-
tion, however, generally increases by at least one grade following 
this procedure in patients with mixed valve disease.28 Indica-
tions for aortic balloon valvuloplasty include the lack of signifi-
cant valve calcification and a peak-to-peak gradient of greater 
than 50 mm Hg in a symptomatic patient, or greater than 
60 mm Hg in an asymptomatic patient. Intervention is reason-
able in the asymptomatic adolescent or young adult with a 
peak-to-peak gradient of greater than 50 mm Hg when the 
patient is interested in participating in competitive athletics or 
wishes to become pregnant.4

With newer expertise in surgical aortic valve repair, current 
indications for surgical intervention in the adolescent and 
young adult with a bicuspid aortic valve may undergo closer 
scrutiny. Concerns about valve replacement and anticoagula-
tion in young adults may be unnecessary if initial enthusiasm 
for aortic valve repair or the Ross procedure is maintained.29-31 
The Ross procedure involves translocation of the patient’s 
native pulmonic valve into the aortic position and replacement 
of the pulmonic valve with an aortic homograft. The premature 
calcification and degeneration that have plagued the homograft 

long-axis views and demonstration of a single commissural line 
with two functional valve cusps in the parasternal short-axis 
views (Fig. 44-1). Particular care must be taken to assess the 
valve in systole and in diastole. In patients with asymmetric 
leaflets and a prominent raphe, the valve may appear tricuspid 
in diastole; however, the elliptical “football” shape of the systolic 
orifice indicates that the raphe is not a functional commissure. 
The valve leaflets often are thickened and fibrotic, more so with 
increasing age. When extensive calcification occurs, doming 
may no longer be noted, and the morphology of the cusps in 
the short-axis views may be difficult to distinguish from calcific 
stenosis of a tricuspid aortic valve.

Valvular stenosis should be evaluated with pulsed-wave (PW) 
and continuous-wave (CW) Doppler exactly as one would a 
stenotic trileaflet aortic valve. Because of the eccentric nature 
of the stenotic jet in congenital aortic stenosis, Doppler sam-
pling from the right parasternal window may detect the highest 
systolic velocities and should always be attempted in addition 
to the usual apical and suprasternal notch sampling. In ongoing 
follow-up, serial aortic valve areas should be routinely calcu-
lated by the continuity equation in addition to peak and mean 
gradients. The development of left ventricular (LV) dysfunction 
may mask the progression of stenosis if valve gradients alone 
are used to assess the severity of stenosis.21

Valvular regurgitation is frequently present and may be the 
predominant functional abnormality in the adolescent and 
young adult. Careful echocardiographic inspection of the valve 
leaflets may give an indication as to whether the regurgitation 
is caused by fibrosis and retraction of the commissural margins 
of the leaflets, cusp prolapse, aneurysmal enlargement of the 
root and valve annulus, or valvular destruction secondary to 
endocarditis. Doppler color flow imaging readily detects the 
regurgitant flow and can be used for semiquantitation of the 
degree of aortic regurgitation. Serial assessment of the effect of 
regurgitation on ventricular size and function should be 
performed.

The subvalvular left ventricular outflow tract (LVOT) and 
mitral valve should be carefully investigated for congenital 
anomalies. Associated coarctation must be excluded, and the size 
and shape of the ascending aorta should be serially followed.

Figure 44-1  Parasternal short-axis echocardiographic view of a 
bicuspid aortic valve. 
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stenosis causes systolic doming of the leaflets (Fig. 44-2). PW 
Doppler demonstrates an increase in systolic velocity that begins 
at the valvular level, and CW Doppler allows estimation of the 
peak and mean transvalvular gradient. Color flow mapping 
distinctly delineates the turbulent jet of high-velocity flow into 
the main PA. Because of the horizontal substernal course of the 
RVOT, accurate peak Doppler flow velocities may be difficult to 
obtain from the parasternal approach. Sampling of the highest 
peak systolic velocity may be more accurate from the apical or 
subxiphoid approach. In older patients, long-standing valvular 
obstruction leads to significant RV hypertrophy including  
the infundibular portion of the ventricle. Dynamic infundibular 
obstruction thus adds to the valvular gradient over time. 
Doppler flow patterns sampled within the infundibulum  
typically demonstrate dagger-shaped, late-peaking systolic 
signal characteristics of dynamic obstruction.35

It is common to use the peak Doppler-derived gradient for 
assessment of severity of pulmonic stenosis. However, a recent 
investigation of 132 patients with congenital pulmonic stenosis 
indicated that Doppler peak gradients may overestimate the 
clinical severity of pulmonic stenosis, most likely because of 
pressure recovery effects, and the mean gradient more closely 
correlates with the measured peak-to-peak gradient by catheter 
methods.38,39

Management
In general, the adult with mild pulmonic stenosis (peak systolic 
gradient less than 30 mm Hg) requires no specific intervention. 
Decisions regarding intervention in patients with higher gradi-
ents should be individualized based on symptomatology and 
echocardiographic findings. Box 44-3 summarizes the Class I 
recommendations for intervention in adults with pulmonic ste-
nosis. Since the first successful report of balloon valvuloplasty 
for the treatment of pulmonic stenosis, it has now become the 

and heterologous bioprosthetic aortic valves are not a problem 
when the patient’s own pulmonic valve is used in the aortic 
position. Some enlargement of the neoaortic sinuses has been 
observed in the early postoperative period, which does not 
appear to progress over time. The long-term outcome of an 
aortic homograft in the place of a translocated pulmonic valve 
is uncertain, but intermediate follow-up has shown reasonable 
durability, with a 9% failure rate and a 12% incidence of dys-
function in a large series of patients. The rate of freedom from 
dysfunction was 87% at 8 years. Use of a pulmonary homograft 
was associated with lower rates of failure and dysfunction.32 A 
recent meta-analysis review of 39 reports of outcomes of the 
Ross procedure, including 12 adult series, revealed an autograft 
deterioration rate of 1.14% and right ventricular outflow tract 
(RVOT) deterioration rate of 0.65%/patient-year.33

PULMONIC VALVE STENOSIS

Congenital valvular pulmonic stenosis is a common anomaly 
that has a slightly higher prevalence in women. The anomaly 
generally follows a benign course with increasing age. Because 
of the benign nature of this lesion, patients with pulmonic 
stenosis often escape detection during childhood and come to 
medical attention during their adult years. The second natural 
history study of congenital heart defects reported the outcomes 
of 464 adults with pulmonic stenosis and reported that those 
with mild pulmonic stenosis (peak gradient less than 25 mm Hg) 
have less than a 5% chance of requiring valvuloplasty during 
childhood and even less likelihood of requiring intervention in 
adulthood. Those with moderate degrees of stenosis (peak gra-
dient of 25 to 50 mm Hg) have only a 20% likelihood of requir-
ing an intervention.34

Adults with pulmonic stenosis most often have a supple but 
thickened valve with commissural fusion or a bicuspid valve. 
Calcification of the valve is uncommon, even in older patients. 
In a study of 325 patients with congenital pulmonic stenosis, 
doming was present in 31%, leaflet thickening in 24%, and 
calcification in 1% to 2%.35 Poststenotic dilation of the main 
and branch pulmonary arteries (PA) is common. Pulmonic 
regurgitation is frequently present but is usually mild. Congeni-
tal pulmonic stenosis is often an isolated congenital heart lesion; 
however, it may be associated with other RVOT lesions, such  
as acquired infundibular stenosis, supravalvular or branch PA  
stenosis, or atrial septal defect (ASD). Abnormalities of the 
pulmonic valve and PA may be present in adults with  
certain genetic syndromes, such as Noonan syndrome, Williams 
syndrome, trisomies 13-15 and 18, and congenital rubella  
syndrome.36 Specifically in Noonan syndrome, the frequency of 
pulmonic stenosis is approximately 25%, with 7% of these cases 
demonstrating a dysplastic pulmonic valve that may not be 
responsive to balloon angioplasty.37

Echocardiographic Evaluation
Acquiring diagnostic two-dimensional (2D) images of the pul-
monic valve in adults can be difficult due to the frequent inter-
ference of overlying lung tissue. The acoustic windows may be 
improved by positioning the patient in a high left lateral decu-
bitus position and imaging during held expiration. Apical and 
subcostal views of the RVOT are also helpful in assessing the 
patient with pulmonic stenosis. Leaflet thickening may actually 
enhance echocardiographic visualization of the valve; the pres-
ence of poststenotic dilation of the main PA is a helpful clue  
in previously unsuspected valvular pathology. Classic valvular 

Figure 44-2  Parasternal long-axis echocardiographic view of the 
RVOT in a patient with valvular pulmonic stenosis. Valve leaflets are 
thickened  and  dome  into  pulmonary  artery  during  systole  (arrows). 
There  is  a  poststenotic  dilation  of  the  main  pulmonary  artery.  MPA, 
Main  pulmonary  artery;  PV,  pulmonic  valve;  RVOT,  right  ventricular 
outflow tract. 

RVOT

PV

MPA
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leaflets to the papillary muscles. Classically, one large centrally 
placed papillary muscle is present with all chordae from both 
leaflets converging on this muscle. Although this arrangement 
often creates significant inflow obstruction in childhood, the 
coexistence of redundant leaflet tissue and chordae with strate-
gically placed commissures and clefts may produce a valve that 
functions with minimal obstruction.43 A variety of other minor 
aberrant arrangements of the papillary muscles may be noted 
echocardiographically in adults that contribute to inadequate 
coaptation of the mitral valve leaflets during systole. For 
example, it is common to find an additional posterior papillary 
muscle with chordal attachments creating a bifid appearance of 
the posterior leaflet. Hypoplasia of the mural leaflet has been 
reported.44 A papillary muscle on the high lateral or anterolat-
eral wall (papillary muscle of Moulaert) may have chordal 
attachments from the anterior leaflet, resulting in a triangular 
mitral valve office.45

Echocardiographic Evaluation
Echocardiographic assessment of congenital mitral anomalies 
uses all the usual windows for evaluating the mitral valve. The 
parasternal short-axis view defines the number of leaflets, a 
single or a double orifice, the presence of a cleft, and the number 
and location of the papillary muscles (Fig. 44-3). The orienta-
tion of the anterior leaflet cleft is toward the anterior septum 
in cases of isolated mitral valve cleft and toward the mid or 
inferior septum in patients with an associated AV canal defect. 
Long-axis or off-axis views may be needed to follow chordal 
attachments to their respective papillary muscles. PW, CW and 
color Doppler all are important to assess the functional signifi-
cance of these structural anomalies. Doppler quantification of 
the severity of mitral stenosis and mitral regurgitation is dis-
cussed in Chapters 18 and 21. Abnormal flow patterns created 
by any of the congenital mitral valve lesions predispose to the 
development of infectious endocarditis. Mitral anomalies are 
sometimes first detected when a young adult is referred for an 
echocardiographic search for valvular vegetations in the setting 
of clinical endocarditis.46

Management
Management of congenital mitral stenosis or mitral regurgita-
tion in the adolescent or adult follows similar clinical guidelines 
to those in acquired mitral valve disease. Intervention for con-
genital mitral stenosis is indicated for symptomatic patients 
with a mean mitral valve gradient of 10 mm Hg and for asymp-
tomatic patients with pulmonary hypertension with a mean 
gradient of at least 10 mm Hg.47 Balloon mitral valvotomy has 
been attempted in congenital mitral stenosis but carries a sig-
nificant risk of valve disruption and should only be attempted 
in selected cases by centers with experience with this lesion.48 
Intervention for patients with congenital mitral regurgitation 
should be reserved for those patients with symptomatic severe 
mitral regurgitation or asymptomatic patients with severe 
mitral regurgitation and LV dysfunction.47 With the increasing 
success of mitral valve repair, delaying surgical treatment to 
avoid a prosthetic valve has become less imperative.49,50 Preop-
erative or intraoperative TEE determination of exact leaflet 
anatomy and the mechanism of valve dysfunction has been a 
vital factor in predicting the successful repair.51 TEE features of 
interest include the presence and degree of calcification or 
fibrosis, adequacy and mobility of individual leaflets, site and 
direction of the regurgitant jet, and presence of leaflet clefts and 
papillary muscle anomalies.

treatment of choice for isolated pulmonic stenosis.40,41 Echocar-
diographic evaluation is quite helpful, both for determining 
which patient is most likely to respond favorably and also to 
follow the results of the dilation. A small pulmonic valve 
annulus and markedly thickened, cartilaginous leaflets predict 
a poor response to balloon dilation. In addition, the patient who 
has acquired significant infundibular hypertrophy may demon-
strate a high postprocedural gradient. Regression of hypertro-
phy does occur in a large percentage of patients after removal 
of the valvular component of obstruction and does not consti-
tute a contraindication to balloon valvuloplasty.42 In such cases 
with apparent residual obstruction, reassessment of Doppler 
gradients is recommended over the following 6 months before 
proceeding with a second procedure.

MITRAL VALVE ANOMALIES

Adults with congenital anomalies of the mitral valve usually 
present with clinical findings of mitral regurgitation. Thus, 
when patients are referred for echocardiography of mitral 
regurgitation, one of several congenital problems in the mitral 
valve structure may be found. A cleft in the anterior leaflet 
occurs as either an isolated abnormality or a part of a complex 
involving defects in the atrioventricular (AV) septum. A double-
orifice mitral valve results from abnormal fusion of the endo-
cardial cushions during embryologic development. Patients 
with this anomaly may have two equal orifices or one large 
mitral orifice and a smaller vestigial one. Functionally, a double-
orifice mitral valve may be either stenotic or regurgitant. A 
parachute mitral valve has abnormal attachments of the valve 

Adapted from Warnes CA, Williams RG, Bashore TM et al. ACC/AHA 2008 
guidelines for the management of adults with congenital heart disease. A 
report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (writing committee to develop guidelines 
on the management of adults with congenital heart disease) developed in 
collaboration with the American Society of Echocardiography, Heart Rhythm 
Society, International Society for Adult Congenital Heart Disease, Society for 
Cardiovascular Angiography and Interventions, and Society of Thoracic 
Surgeons. J Am Coll Cardiol 52:e200, 2008.

Box 44-3 

CLASS I RECOMMENDATIONS FOR 
INTERVENTION IN ADULTS WITH CONGENITAL 
PULMONIC STENOSIS

• Balloon valvuloplasty is recommended for asymptomatic 
patients with a domed pulmonic valve and a peak 
instantaneous Doppler gradient greater than 60 mm Hg 
or a mean Doppler gradient greater than 40 mm Hg  
(in association with less than moderate pulmonic 
regurgitation).

• Balloon valvuloplasty is recommended for symptomatic 
patients with a domed pulmonic valve and a peak 
instantaneous Doppler gradient greater than 50 mm Hg 
or a mean Doppler gradient greater than 30 mm Hg  
(in association with less than moderate pulmonic 
regurgitation).

• Surgical therapy is recommended for patients with 
severe pulmonic stenosis and an associated hypoplastic 
pulmonary annulus, severe pulmonic regurgitation, 
subvalvular pulmonic stenosis, or supravalvular pulmonic 
stenosis. Surgery is also preferred for most dysplastic 
pulmonic valves, and when there is associated severe 
tricuspid regurgitation or the need for a surgical Maze 
procedure.
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tract. It should be noted that apical displacement of the leaflet 
coaptation point alone can be seen in conditions that dilate the 
tricuspid annulus and create incomplete closure of the leaflets, 
such as an ASD with RV volume overload. These conditions 
differ from Ebstein anomaly in that the tricuspid valve leaflets 
all arise normally from the annular plane. To classify a displaced 
septal leaflet as diagnostic of Ebstein anomaly, the measured 
distance between the mitral leaflet insertion and the origin of 
the tricuspid septal leaflet in the apical view should be greater 
than 8 mm/m2.54

Echocardiographic evaluation of Ebstein anomaly should 
also note the relative sizes and contractility of the atrialized and 
the functional RV. Color flow Doppler detects tricuspid regur-
gitation, which may be severe or can be present as multiple 
eccentric jets through commissures in the funnel-like valve 

TRICUSPID VALVE ANOMALIES

There are several congenital abnormalities that affect the tricus-
pid valve. The dysplastic tricuspid valve with inflow obstruction 
and regurgitation is part of the spectrum of hypoplastic right 
heart. Another congenital abnormality of the tricuspid valve 
occurs from involvement of the tricuspid leaflets in the septal 
aneurysm that forms around a perimembranous ventricular 
septal defect (VSD), resulting in tricuspid regurgitation. The 
most widely recognized congenital anomaly of the tricuspid 
valve is Ebstein anomaly. This malformation involves failure of 
delamination of the septal and posterior leaflets of the tricuspid 
valve resulting in apical displacement of these leaflets with an 
enlarged, redundant anterior leaflet. Downward displacement 
of the functional valve orifice results in an enlarged right atrium 
(RA) and an atrialized portion of the right ventricle (RV). The 
functional RV is frequently hypoplastic and functionally 
impaired. There may be underdevelopment of the infundibular 
portion of the RV and the PA. An ASD or patent foramen ovale 
is present in the majority of patients.52 The clinical presentation 
of this anomaly is quite variable, ranging from severe cyanosis 
in the newborn to tricuspid regurgitation and arrhythmia in the 
adult. Tachyarrhythmias are common, with up to 20% of 
patients with Ebstein anomaly also demonstrating accessory 
pathways consistent with Wolff-Parkinson-White syndrome.53 
Diagnosis of Ebstein anomaly in the adolescent or adult is  
commonly made during echocardiographic evaluation of clicks 
and murmurs heard on auscultation or as part of clinical inves-
tigation for the cause of tachyarrhythmias. Rarely, a patient with 
unexplained cyanosis or paradoxical embolism is discovered to 
have Ebstein anomaly.

Echocardiographic Evaluation
Echocardiography is ideally suited for the anatomic delineation 
of the tricuspid valve. The parasternal inflow view of the right 
heart, when properly aligned, demonstrates the apical displace-
ment of the posterior leaflet and the elongated sail-like anterior 
leaflet arising normally from the tricuspid valve annulus. The 
apical four-chamber plane is optimal for defining the origin of 
the septal leaflet, the degree of adherence of the anterior leaflet 
to the free wall, and the size of the atrialized RV (Fig. 44-4). 
Off-axis apical views may be needed to assess the full extent of 
the functional RV, because the displacement of the tricuspid 
leaflets often orients the inflow axis more toward the RV outflow 

Figure 44-4  Apical four-chamber echocardiographic view in a 
patient with Ebstein malformation of the tricuspid valve.  Note 
marked  enlargement  of  RA  with  small  functional  RV.  Septal  leaflet  of 
the tricuspid valve is apically displaced from the tricuspid valve annular 
plane (bracket). 
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Figure 44-3  Congenital mitral valve abnormalities. Parasternal short-axis echocardiographic views of the LV at the mitral valve level. A, Cleft 
anterior leaflet (arrows) from patient with partial atrioventricular canal defect. B, Double-orifice mitral valve. Note discrepancy in orifice size: Orifice 
1 is larger than orifice 2. C, Parachute mitral valve with the anterior and posterior leaflets inserting into the posteromedial papillary muscle (arrows). 
MV, Mitral valve. 
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intractable arrhythmia. Surgical repair of the abnormal tricus-
pid valve is preferred to valve replacement if the anatomy is 
favorable, with good results reported.58 Echocardiographic 
assessment of the size, mobility, and degree of displacement of 
the leaflets, attachments of the leaflets to the RV free wall, and 
function of the RV is critical for the selection of patients most 
suitable for valve repair.

Left Ventricular Outflow Tract  
and Aorta
SUBAORTIC STENOSIS

Subaortic obstruction in the adult occurs in several forms. A 
discrete subaortic membrane is a developmental anomaly that 
is rarely seen in neonates but appears in older children and 
adults. It has been postulated that turbulent flow in the LV 
outflow tract stimulates the growth of “rest” tissue in the region 
of the perimembranous septum, creating discrete outflow 
obstruction.59 Discrete subaortic stenosis is usually formed by 
a thin fibrous membrane attached circumferentially or along a 
portion of the circumference of the LVOT. It may lie immedi-
ately adjacent to the base of the aortic leaflets or be attached 
more distally near the junction of the muscular and perimem-
branous portion of the interventricular septum. Occasionally, 
the entire circumferential structure is composed of muscle,  
creating a muscular subaortic collar. In older patients, what 
began as a discrete membrane may be complicated by the devel-
opment of subaortic hypertrophy. The muscular hypertrophy 
obscures the thinner membrane, thus masking the true patho-
physiology of the obstruction. Long-segment tubular narrow-
ing of the LVOT is more commonly seen in children and usually 
requires surgical attention before adulthood.

Discrete subaortic stenosis may occur in association with 
other left-sided obstructive lesions including supramitral  
ring, bicuspid aortic valve, and coarctation, or as part of a  
complex including perimembranous VSD and obstructive 
muscle bundles in the RV.60 With increasing age, the VSD may 
close spontaneously, leaving the patient with a discrete obstruc-
tion of the LVOT and a muscular collar in the RV. Late deve-
lopment of discrete subaortic stenosis has been described in 
patients who have undergone surgical repair of AV canal 
defects.61

Echocardiographic Evaluation
Echocardiographic detection of a subaortic membrane is typi-
cally made in the parasternal long-axis views of the LV outflow 
tract in which a linear structure protrudes from the left surface 
of the interventricular septum and the base of the anterior 
mitral valve leaflet is tented up by the tension of the circumfer-
ential membrane (Fig. 44-6). In some cases, the membrane is 
difficult to visualize unless the ultrasound beam is directly inci-
dent to the plane of the membrane. Low parasternal or apical 
long-axis views are thus more likely to detect the fine linear 
structure. When the membrane originates immediately beneath 
the aortic valve, its detection requires appreciation of subtle 
abnormality in the excursion of the aortic cusps and observa-
tion of a persistent structure in systole when the aortic cusps 
open into the sinus of Valsalva. Unexplained turbulence and 
increased flow velocities by Doppler across an apparently 
normal aortic valve are also a clue to the presence of a high 
discrete subaortic membrane. Systolic flow acceleration by PW 
or color Doppler occurs proximal to the aortic valve. Aortic 

orifice. Inflow obstruction is rarely manifested as an elevated 
transvalvular gradient; instead, the displaced valve leaflets 
provide a resistance to forward flow that elevates systemic 
venous pressure and drives flow right to left across the atrial 
communication. Careful 2D imaging of the interatrial septum 
and color Doppler interrogation should demonstrate an atrial 
septal communication in most patients. Agitated saline contrast 
injection may be useful if imaging is suboptimal or the shunt 
is not apparent by color Doppler. TEE provides additional 
information about the leaflet origins and chordal attachments 
and better direct imaging of the interatrial septum in adults 
with difficult TTE studies.

In some individuals with Ebstein malformation, late develop-
ment of clinical heart failure occurs as a result of LV dys-
function.55 In some cases, this may be due to myocardial 
noncompaction.56 In others, compression of the LV by massive 
right heart enlargement impairs diastolic filling. With signifi-
cant distortion of the LV cavity by the enlarged right heart, 
calculation of the LV volumes and ejection fraction by the 
simpler echocardiographic methods is difficult. Qualitative esti-
mation of LV function and measures of diastolic function, 
however, can provide useful clinical information regarding LV 
performance. Nongeometric indices of ventricular function, 
such as the myocardial performance index, have also been 
useful in this patient group.57 Cardiac MRI is a useful imaging 
modality to evaluate the RV volume and function (Fig. 44-5).

Management
Patients with Ebstein malformation frequently remain asy-
mptomatic, leading full and active lives despite marked struc-
tural abnormality of the tricuspid valve and RA enlargement. 
Although some centers have suggested that tricuspid valve 
repair should be considered in the asymptomatic patient if the 
cardiothoracic ratio is greater than 65%, many centers restrict 
intervention to those with progressive cyanosis, severe tricuspid 
regurgitation, ventricular failure, paradoxical embolism, or 

Figure 44-5  Steady-state free precession cardiac magnetic reso-
nance image in the four-chamber view in patient with Ebstein 
anomaly. 
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for percutaneous intervention is essential, and favorable factors 
include a thin discrete membrane less than 3 mm in width, a 
sufficient distance between the membrane and the aortic valve 
to permit a subaortic chamber, and the absence of more than 
grade 2 aortic regurgitation. Potential damage to the mitral and 
aortic valves and incomplete relief of obstruction has limited 
the applicability of this technique, and in many adults with 
acquired secondary muscular outflow obstruction, percutane-
ous dilation is unlikely to produce satisfactory results.

SUPRAVALVULAR AORTIC STENOSIS

Supravalvular aortic stenosis is an uncommon lesion involving 
a fixed narrowing at the level of the sinotubular junction, which 
results in an “hourglass” appearance of the aorta (70%), diffuse 
hypoplasia of the entire ascending aorta (20%) or a discrete 
supravalvular perimembranous stenosis (10%).70 This may 
occur as an isolated abnormality, or as part of Williams syn-
drome.71 Other features of Williams syndrome include cogni-
tive disorders, short stature, a “cocktail personality,” “elfin 
facies,” and systemic hypertension. A familial autosomal domi-
nant form of supravalvular aortic stenosis that is not associated 
with developmental delay has also been described.72 Genetic 
studies have suggested that the underlying cause of supravalvu-
lar aortic stenosis is a mutation of the elastin gene on chromo-
some 7q11.23, which leads to an arteriopathy of varying severity 
that is most uniformly expressed in the supravalvular aorta.73

Functionally, supravalvular aortic stenosis may occur as an 
incidental finding with a systolic murmur, often best appreci-
ated in the suprasternal notch. In other cases, the lesion is 
progressively obstructive or part of a diffuse process affecting 
the aorta, coronary ostia, brachiocephalic origins, and pulmo-
nary arterial tree. Box 44-5 lists the common associations found 
with supravalvular aortic stenosis. The aortic valve may be 
bicuspid or may be distorted by the supravalvular constriction 
or incorporated into the stenosing ring. Coronary artery issues 
are not uncommon, and are due to the fact that the coronary 
ostia are proximal to obstruction, and exposed to high systolic 
pressures and limited diastolic flow, which may lead to coronary 
ostial and vessel abnormalities. Pathologic studies on adults 
with supravalvular aortic stenosis have revealed diffuse or focal 
intimal and medial fibrosis, hyperplasia, or dysplasia of the 

regurgitation is commonly found in these patients as a result of 
long-standing subaortic flow disturbance or from infectious 
endocarditis.

Initial and serial assessment of the outflow tract pressure 
gradients by Doppler is important because of the progression 
of both the severity of obstruction and the degree of aortic 
regurgitation.62 As with other lesions, TEE may be helpful in 
the patient with limited transthoracic windows to delineate the 
exact nature of the LVOT obstruction. This approach is particu-
larly useful in cases with mixed or multiple-level obstruction. 
Both midesophageal views of the subaortic area and transgas-
tric images of the LVOT are useful for obtaining diagnostic 
information.63

Management
Subaortic stenosis is often a progressive lesion, which can lead 
to aortic valve damage, ventricular dysfunction, and worsening 
aortic regurgitation. Risks factors for progression include a peak 
Doppler gradient across the subaortic stenosis of greater than 
30 mm Hg, if the membrane is immediately adjacent to the 
aortic valve or if there is extension of the membrane onto  
the mitral valve.64 The indications for surgical intervention 
are somewhat controversial. The Class I adult congenital heart 
disease (ACHD) guidelines for surgical intervention in suba-
ortic stenosis are listed in Box 44-4. Varying outcomes have 
been reported following surgical resection of subaortic mem-
branes. Some have argued that resection of the membrane  
preserves the aortic valve from further trauma and prevents 
progressive aortic regurgitation.65 However, others report a less 
predictable course, with up to 55% developing a recurrent 
membrane over 6 months to 24 years.66 Still other series have 
documented that some patients exhibit very slow progression 
of LVOT obstruction and aortic regurgitation in adulthood.67 
Therefore, caution should be taken in recommending surgery 
for the asymptomatic patient with only mild hemodynamic 
abnormalities. When surgical excision is indicated, intraopera-
tive TEE is useful to monitor the success of membrane removal 
and detect complications, such as mitral valve perforation or 
iatrogenic creation of a VSD.68

Percutaneous balloon dilation has been attempted in patients 
with discrete subaortic membranes with a substantial reduction 
in the gradient that persists over 5 years in 48% of patients 
without significant change in the degree of aortic regurgita-
tion.69 However, the appropriate selection of patients suitable 

Figure 44-6  Parasternal long-axis echocardiographic view of the 
LV in a patient with discrete subaortic stenosis. Subaortic membrane 
(arrows) is a linear density protruding from upper left septal surface and 
anterior mitral valve leaflets. Color flow Doppler demonstrates accelera-
tion of blood flow proximal to the aortic valve. Ao, Aorta. 

LV Ao

Adapted from Warnes CA, Williams RG, Bashore TM et al. ACC/AHA 2008 
guidelines for the management of adults with congenital heart disease. A 
report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (writing committee to develop guidelines 
on the management of adults with congenital heart disease) developed in 
collaboration with the American Society of Echocardiography, Heart Rhythm 
Society, International Society for Adult Congenital Heart Disease, Society for 
Cardiovascular Angiography and Interventions, and Society of Thoracic 
Surgeons. J Am Coll Cardiol 52:e191, 2008.

Box 44-4 

CLASS I RECOMMENDATIONS FOR 
INTERVENTION IN ADULTS WITH  
ISOLATED SUBAORTIC STENOSIS

• A peak instantaneous gradient of greater than 
50 mm Hg or a mean gradient of 30 mm Hg on 
Doppler echocardiography

• Progressive aortic regurgitation and an LV end-systolic 
dimension of greater than 50 mm or an LV ejection 
fraction less than 55%
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of the supravalvular narrowing dictates the type of repair 
required, varying from patch aortoplasty to partial root 
replacement. Reconstruction of the coronary ostia or bypass 
grafting may be required, depending on the anatomy. Associ-
ated branch PA stenosis may need to be addressed concur-
rently. Abnormalities of the aortic valve leaflets may persist 
after repair and merit clinical and echocardiographic surveil-
lance. The reported surgical outcomes following supravalvular 
aortic stenosis repair are favorable, with a low mortality and 
need for reintervention, providing that the associated lesions 
are addressed at the time of surgery.77,78

SINUS OF VALSALVA ANEURYSMS

The aortic sinus is the part of the aortic root that is delineated 
proximally by the attachments of the aortic valve leaflet and 
distally by the sinotubular ridge.79 Congenital aneurysms of the 
aortic sinuses of Valsalva are thought to result from a weakness 
in the aortic media at its junction with the annulus fibrosis. A 
small diverticulum or finger-like protrusion extends most  
commonly from the right coronary sinus and arises above the 
aortic annulus, in contrast to a prolapse of the aortic cusp that 
occurs below the annular level. The RV is the most common 
termination site. Aneurysms of the noncoronary sinus usually 
enter the RA.80 Over time, the aneurysm may enlarge to become 
a “windsock,” potentially causing obstructive problems in the 
RV outflow tract or tricuspid valve. Rarely, sinus of Valsalva 
aneurysms burrow into the interventricular septum and cause  
AV conduction defects. Protrusion into the LVOT may create 
outflow tract obstruction.81 Sinus of Valsalva aneurysms can 
occur in isolation or with other anomalies, such as VSD, subaor-
tic stenosis, tetralogy of Fallot, or aortic valve abnormalities.82

Congenital sinus of Valsalva aneurysms come to clinical 
attention most typically during adolescence and young adult-
hood when the protruding structure ruptures into the receiving 

coronary arteries.74 These processes may lead to myocardial 
ischemia. When progressive obstruction and failure of normal 
aortic growth occurs, LV hypertrophy and typical symptoms of 
aortic stenosis develop.

Echocardiographic Evaluation
Echocardiographic detection of supravalvular stenosis relies on 
careful inspection of the sinotubular junction and proximal 
ascending aorta, which is possible with cranial angulation in the 
right or left parasternal windows, or from the suprasternal 
notch views. The diameter of the normal aorta at the sinotubu-
lar junction equals or slightly exceeds that of the aortic annulus. 
The tubular portion of the ascending aorta should never be 
smaller than the aortic annulus.75

Echocardiographic Doppler study should determine the type 
of supravalvular lesion and the severity of stenosis. Although 
routine echocardiographic study now includes imaging the 
ascending aorta above the sinuses of Valsalva, this portion of 
the aorta is frequently not imaged, and the diagnosis of supra-
valvular aortic stenosis may be missed. The impetus to look 
specifically for this lesion may be a high-velocity turbulent flow 
detected by CW Doppler across a normal-appearing aortic 
valve. Accurate assessment of the supravalvular gradient by 
Doppler is best determined from the right parasternal or supra-
sternal windows, rather than the apical view. Doppler estimates 
of the severity of stenosis correlate poorly, however, with 
catheter-obtained gradients and often overestimate the true 
degree of obstruction due to pressure recovery in the tubular 
or long-segment stenosis.76

Careful assessment of the aortic arch and brachiocephalic 
vessels is essential, as there may be ascending or transverse 
aortic hypoplasia, coarctation, or stenosis of the origins of the 
head and neck vessels. Additionally, particularly in patients with 
Williams syndrome, branch pulmonary arteries and renal arter-
ies should be evaluated for evidence of stenosis. An alternative 
imaging modality, such as cardiac MRI or computed tomogra-
phy, is often desirable to complete the evaluation. The recently 
published ACHD guidelines advocate for one of these modali-
ties to complement the echocardiographic assessment in the 
adult with unoperated supravalvular aortic stenosis. Addition-
ally, these guidelines advocate for periodic screening for myo-
cardial ischemia in these patients.4

Management
The decision for surgical intervention for supravalvular  
aortic stenosis is similar to that for valvular obstruction—
significant outflow gradient with LV hypertrophy or symp-
toms. Box 44-6 lists the Class I guidelines for intervention 
in adults with supravalvular aortic stenosis. The morphology  

Box 44-5 

ASSOCIATED DEFECTS WITH SUPRAVALVAR 
AORTIC STENOSIS

Bicuspid aortic valve
Coronary artery abnormalities (ostial stenosis, ostial 

occlusion, dilation)
Brachiocephalic artery stenosis
Multilevel right-sided obstructive lesions (especially with 

Williams syndrome)
Renal artery stenosis

Adapted from Warnes CA, Williams RG, Bashore TM et al. ACC/AHA 2008 
guidelines for the management of adults with congenital heart disease. A 
report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (writing committee to develop guidelines 
on the management of adults with congenital heart disease) developed in 
collaboration with the American Society of Echocardiography, Heart Rhythm 
Society, International Society for Adult Congenital Heart Disease, Society for 
Cardiovascular Angiography and Interventions, and Society of Thoracic 
Surgeons. J Am Coll Cardiol 52:e193, 2008.

Box 44-6 

CLASS I RECOMMENDATIONS FOR 
INTERVENTION IN ADULTS WITH 
SUPRAVALVAR AORTIC STENOSIS

• Symptoms and/or mean gradient greater than 
50 mm Hg or peak instantaneous gradient by Doppler 
echocardiography greater than 70 mm Hg

• Surgical repair is recommended for adults with lesser 
degrees of supravalvular obstruction and the following:
• Symptoms (i.e., angina, dyspnea, or syncope)
• LV hypertrophy
• Desire for greater degrees of exercise or a planned 

pregnancy
• LV systolic dysfunction

• Interventions for coronary artery obstruction in patients 
with Supravalvular aortic stenosis should be performed 
in ACHD centers with demonstrated expertise in the 
interventional management of such patients

ACHD, Adult congenital heart disease.
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Figure 44-7  A, Parasternal short-axis echocardiographic view in a 
patient with a ruptured sinus of Valsalva aneurysm. Aneurysm of the 
right coronary cusp (RCC ) creates a “windsock” protruding into the RV 
outflow tract (RVOT ) (arrows ). Color flow Doppler demonstrates turbu-
lent  shunt  flow  (arrows)  from  aorta  into  RVOT.  B,  TEE  view  from  this 
patient further demonstrating this anatomy. Ao, Aorta. 
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chamber. Acute rupture of a large aneurysm causes retrosternal 
or epigastric pain and severe dyspnea from heart failure. By 
contrast, perforation of a small aneurysm may go unnoticed 
until a continuous murmur is auscultated or worsening symp-
toms of heart failure bring the patient to medical attention. 
Coronary artery compression by a sinus of Valsalva aneurysm 
is an unusual mode of presentation.83

Echocardiographic Evaluation
Sinus of Valsalva aneurysms may be an incidental finding on 
echocardiographic study, but they are more often discovered 
during echocardiographic-Doppler evaluation of a continuous 
murmur with the suspected diagnosis of patent ductus arterio-
sus or coronary artery fistula.84,85 Parasternal long-axis and 
short-axis views of the aortic sinuses demonstrate the finger-
like windsock extending from the base of the sinus toward the 
site of termination (Fig. 44-7). The originating sinus may be 
somewhat enlarged, but the native morphology of the root and 
valve is usually not significantly distorted. It is important to 
determine that the aneurysm originates from the aortic sinuses 
above the plane of the aortic valve to distinguish this lesion 
from the more common aneurysm of the perimembranous 
interventricular septum. Delineation of a normal coronary 
artery origin and lumen size distinguishes it from a coronary 
artery fistula. Acquired aortic fistulas after endocarditis can  
be differentiated because they lack the extended aneurysmal 
channel seen with a congenital sinus of Valsalva aneurysm. 
Color flow Doppler demonstrates continuous turbulent flow 
within the aneurysm and into the receiving chamber. In patients 
with a significant left-to-right shunt, cardiac chamber dilation 
is dependent on the site of termination. Aneurysms that termi-
nate below the tricuspid valve (i.e., RV) result in LA and LV 

dilation, whereas those that terminate pre–tricuspid valve (RA) 
result in RV dilation. Aortic regurgitation, often mild, is expected 
because of distortion of the aortic cusp and aortic root enlarge-
ment as a result of long-standing volume overload. Severe aortic 
regurgitation should raise the suspicion of an aneurysm rupture 
into the LV outflow tract or endocarditis.

Management
Small unruptured aneurysms found incidentally can be fol-
lowed expectantly. Larger aneurysms or those adversely affect-
ing surrounding structures should be electively excised. 
Ruptured sinus of Valsalva aneurysms require surgical closure 
to prevent late congestive symptoms caused by volume overload 
and to decrease the susceptibility to infectious endocarditis. 
Surgical repair is highly successful. However, certain risk factors 
have been associated with poorer outcomes, including presence 
of infective endocarditis, long cross-clamp time, LV fistula, 
reoperation, aortic regurgitation, or aortic dehiscence.86 In one 
large series of 129 patients with sinus of Valsalva aneurysms, 
perioperative mortality rate was 3.9%, and the etiology of the 
23 late deaths included myocardial infarction, cardiac failure, 
dissection, and stroke.87

COARCTATION OF THE AORTA

Native coarctation of the aorta in the adolescent and adult is 
most often discovered during an investigation of systemic 
hypertension. Weak or absent femoral pulses, LV hypertrophy 
on electrocardiogram (ECG), or systolic or continuous murmurs 
auscultated on the back are clues to the diagnosis.

The anatomic lesion most commonly found in the adult is a 
discrete narrowing of the aortic lumen just inferior to the left 
subclavian artery origin and opposite the ductus arteriosus or 
ligamentum arteriosum. Poststenotic dilation of the descending 
aorta is often present.

Functionally, patients seen as adults are usually asymptom-
atic because the degree of obstruction created by the coarctation 
may be mild or moderate, or the obstruction is moderated by 
the development of collateral vessels between the high-pressure 
aortic branches proximal to the coarctation and the low-
pressure descending aorta.

Approximately 50% of patients with coarctation of the aorta 
have a bicuspid aortic valve.88 Other associated cardiac defects 
include patent ductus arteriosus, VSD, and mitral valve abnor-
malities. As previously mentioned, it is particularly common in 
conditions with multiple left-sided obstructive lesions, such as 
Shone syndrome. Additionally, at least 10% of patients with 
Turner syndrome have aortic coarctation. The natural history 
of untreated coarctation of the aorta includes early mortality 
(mean age 31 years) with complications of cerebrovascular acci-
dents from berry aneurysm rupture, aortic dissection, and 
endarteritis.89

Echocardiographic Evaluation
Echocardiographic diagnosis of coarctation relies on 2D visu-
alization of the anatomy of the aortic arch and Doppler detec-
tion of the flow disturbance in the descending aorta. Although 
the aorta can be imaged in part from a variety of parasternal 
views, suprasternal notch or right parasternal windows often 
provide the best visualization of the area of interest. The area 
of coarctation is often challenging to visualize in the adult, and 
patient positioning measures to optimize the suprasternal view 
are important. In the long-axis view of the aortic arch, the 
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brachiocephalic vessels should be identified and followed dis-
tally if possible. Immediately distal to the left subclavian artery, 
an infolding or posterior shelf of the coarctation narrows the 
aortic lumen. Poststenotic dilation of the descending thoracic 
aorta is common.

Color flow Doppler detects a narrowed flow stream at  
the point of coarctation and systolic flow acceleration, with 
continuation of flow into diastole in cases of significant 
obstruction. In fact, when 2D imaging is indistinct, the color 
flow turbulence may be a clue to the site of obstruction. CW 
Doppler in patients with discrete obstruction demonstrates  
a typical pattern of increased systolic flow velocity and a  
continued gradient in diastole. Doppler gradients (ΔP) esti-
mated from the peak systolic velocity (V2) of the CW Doppler 
signal usually overestimate the catheter-measured gradients. 
Better correlations have been shown when the velocity proxi-
mal to the coarctation (V1) is included in the modified 
Bernoulli equation

∆P V V= −( )4 2
2

1
2

or when both the peak systolic velocity and pressure half-time 
of the diastolic gradient are considered.90,91 Long-segment 
narrowing of the aorta without discrete obstruction causes 
acceleration of flow, giving high peak velocities by CW 
Doppler. Conversion of these velocities into systolic gradients 
mistakenly predicts significant coarctation. The lack of a dia-
stolic gradient helps to distinguish flow acceleration from true 
obstruction. Doppler flow patterns in the descending abdomi-
nal aorta are extremely useful in detecting upstream obstruc-
tion.92 Patients with tubular narrowing but without a discrete 
obstruction demonstrate a normal pattern of abdominal 
aortic flow: rapid systolic upstroke, relatively laminar flow 
signal, and no continuation of flow into diastole. With coarc-
tation, the flow profile has a delay in the systolic upstroke, 
turbulence in systole, and variable degrees of diastolic ante-
grade flow (Fig. 44-8). Routinely including the Doppler 
profile of abdominal aortic flow in the clinical examination is 
an excellent method to screen for unsuspected coarctation. 
Adults with coarctation may have considerable tortuosity of 
the transverse arch, making both visualization and alignment 
for accurate Doppler detection of the gradient impossible. In 
such cases, a high degree of suspicion is generated by abnor-
mal flow in the abdominal aorta, directing a more diligent 
search from off-axis views or with stand-alone CW Doppler 
probe.

Although Doppler flow patterns are relatively easy to  
obtain in most adults with coarctation, direct imaging of the 
anatomy of the transverse arch and descending aorta is  
frequently limited. Alternative imaging modalities are often  
necessary to further define the details of the obstruction  
and guide management decisions. TEE can detect the site and 
configuration of the obstruction. Long-axis views allow quan-
titation of luminal narrowing; however, Doppler gradients are 
difficult to obtain because the affected region of the aorta 
generally lies perpendicular to the interrogating Doppler 
beam.93 In addition, visualization of the branch vessels and 
collaterals is limited with TEE, thus making alternative 
imaging modalities more useful (Fig. 44-9). The ACHD 
guidelines recommend that every patient with coarctation 
(repaired or not) should have at least one cardiac MRI exam 
or CT scan for complete evaluation of the thoracic aorta and 
intracranial vessels.4

Figure 44-8  A, Suprasternal long-axis echocardiographic view of 
aortic arch demonstrates discrete coarctation at isthmus (arrow). 
Color flow Doppler reveals aliasing and turbulence beginning at site of 
discrete obstruction (double arrows). B, Pulsed-wave Doppler signal in 
descending abdominal aorta reveals blunting of systolic upstroke and 
turbulent  continuous  flow  during  diastole  indicative  of  significant 
obstruction  to  flow  located  more  proximally  in  aorta.  IA,  Innominate 
artery; LCC, left common carotid artery; LSA, left subclavian artery. 
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Figure 44-9  Steady-state free precession cine MRI in oblique sagit-
tal view of aortic arch in adult with discrete aortic coarctation 
(arrow). 
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Management
Indications for intervention in the adult with coarctation 
include a peak-to-peak coarctation gradient greater than or 
equal to 20 mm Hg or the presence of significant coarctation 
and collateral flow by imaging. The choice of percutaneous 
catheter intervention versus surgical repair of a native discrete 
coarctation is sometimes controversial and should be discussed 
by a team involving ACHD cardiologists, interventionalists, and 
surgeons. Surgery is often recommended in cases of long-
segment coarctation or concomitant hypoplasia of the trans-
verse aortic arch. Percutaneous catheter intervention is indicated 
for recurrent, discrete coarctation and a peak-to-peak gradient 
of at least 20 mm Hg.

Balloon angioplasty of native coarctation in adults often 
results in significant relief of the gradient and improvement in 
systemic hypertension.94 In an analysis of 970 percutaneous 
angioplasty procedures for coarctation, 81% of patients with 
native coarctation and 75% of those with recurrent aortic 
obstruction experienced early successful relief of obstruction 
without a major complication.95 Small saccular aneurysms may 
occur at the site of dilation. The long-term outcome of these 
iatrogenic aneurysms is unknown. Intravascular echocardi-
ography performed immediately after dilation can demonstrate 
an intimal tear that commonly occurs during balloon 
angioplasty.96

Intravascular stents are now routinely used in the treatment 
of aortic coarctation. Early and intermediate follow-up suggests 
excellent relief of stenosis without a significant incidence of 
stent migration, fracture, restenosis, or thromboembolic com-
plications.97 In one series of 153 patients with aortic coarctation 
who had undergone intravascular stenting procedures, serious 
injuries to the aortic wall were uncommon, and these investiga-
tors advocated for predilation of the coarctation site before 
stent placement.98

Coarctation in the adult can be surgically repaired with low 
operative mortality and good intermediate outcome. Attention 
to the degree of collateral formation is important to ensure 
adequate perfusion during cross-clamping and to prevent spinal 
cord injury. Prosthetic bypass grafts or other alternatives to 
mobilization and end-to-end anastomosis may be required in 
adults with less elastic tissue or with unfavorable anatomy such 
as hypoplasia of the transverse arch.

Residual hypertension is very common and occurs despite 
the absence of residual obstruction.99 Patients with repaired 
aortic coarctation may have a normal resting blood pressure, 
yet demonstrate an exaggerated systolic blood pressure response 
to exercise.100 There is increasing evidence that patients with 
aortic coarctation exhibit impaired vascular reactivity.101 Life-
long cardiology follow-up is recommended for all patients with 
aortic coarctation. Box 44-7 lists the recommendations for key 
issues to evaluate in follow-up.

Septal Defects and Shunt Lesions
PATENT FORAMEN OVALE

The most frequent atrial communication is a patent foramen 
ovale, which is prevalent in approximately 25% of adults.102 
During embryologic development, the atrial septum forms with 
a septum primum extending inferiorly toward the endocardial 
cushions. Concurrently, the septum secundum forms, and the 
defect in this structure, the foramen ovale, allows blood to flow 

from the fetal RA to left atrium (LA). Following birth, fusion 
of the two septa often occurs, closing the foramen completely 
in 75% of patients.

However, in the remaining individuals with incomplete 
fusion, the flap of septum primum covering the fossa ovalis may 
open transiently with changes in the transatrial pressure gradi-
ent, allowing communication of blood between the two atria. 
Additionally, this thin perimembranous layer may have small 
septal perforations or develop into a septal aneurysm with or 
without an atrial shunt.

Improved detection of patent foramen ovale has generated 
great interest in the association of this defect with cerebrovas-
cular events, migraine headaches, and other conditions, such as 
sleep apnea. Although there is no definite consensus as to the 
risk of stroke implied by the presence of a patent foramen ovale, 
it is clear that the potential for a right-to-left embolus exists 
when there is any form of communication in the interatrial 
septum.

ATRIAL SEPTAL DEFECTS

ASDs are one of the most common congenital heart lesions 
discovered in adults. The most common type of ASD is the 
secundum defect, followed by primum defects, and then sinus 
venosus defects. A much rarer type of defect is the coronary 
sinus septal defect, in which the roof of the coronary sinus is 
partially or completely absent, allowing left-to-right shunt from 
the LA into the coronary sinus and into the RA. The various 
types of ASDs are depicted in Figure 44-10.

Patients with shunting at the atrial level are often asymptom-
atic until middle to late adult years. Physical exam findings may 

Adapted from Warnes CA, Williams RG, Bashore TM et al. ACC/AHA 2008 
guidelines for the management of adults with congenital heart disease. A 
report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (writing committee to develop guidelines 
on the management of adults with congenital heart disease) developed in 
collaboration with the American Society of Echocardiography, Heart Rhythm 
Society, International Society for Adult Congenital Heart Disease, Society for 
Cardiovascular Angiography and Interventions, and Society of Thoracic 
Surgeons. J Am Coll Cardiol 52:e196, 2008.

Box 44-7 

RECOMMENDATIONS FOR FOLLOW-UP IN 
ADULTS WITH COARCTATION OF THE AORTA

• Lifelong cardiology follow-up is recommended for all 
patients with aortic coarctation (repaired or not), 
including consultation with a cardiologist with expertise 
in ACHD

• Patients who have undergone surgical repair or 
percutaneous intervention for coarctation of the aorta 
should have at least annual follow-up

• Even if the coarctation repair appears satisfactory, late 
postoperative thoracic aortic imaging should be 
performed to assess for aortic dilatation or aneurysm 
formation

• Patients should be observed closely for the appearance 
of resting or exercise-induced systemic arterial 
hypertension, which should be treated aggressively after 
recoarctation is excluded

• Evaluation of the coarctation repair site by MRI/CT 
should be performed at intervals of 5 years or less, 
depending on the specific anatomic findings

ACHD, Adult congenital heart disease; CT, computed tomography; MRI, 
magnetic resonance imaging.



858 PART IX Adult Congenital Heart Disease and Cardiac Tumors

Mobility of the septum primum or aneurysmal deformity 
(greater than 1 cm deviation from the plane of the basal septum) 
raises the suspicion for a patent foramen ovale. True ASDs 
should have a distinct edge visible at the blood-tissue interface. 
All aspects of the atrial septum should be inspected, including 
the superior rim, with visualization of the superior vena caval 
entry. Right parasternal views are particularly helpful in imaging 
this area. When the atrial defect can be imaged directly, mea-
surement of its dimensions in orthogonal planes, the septal 
rims, and its size relative to the entire atrial septal length should 
be made.

PW and color flow Doppler add diagnostic power to the 
transthoracic examination. The passage of flow across an  
apparent atrial defect confirms the presence of an atrial com-
munication. When the right heart pressures are normal, a clear 
stream of flow occurs in late systole with accentuation in dias-
tole. Elevation of right heart pressures decreases the transseptal 
pressure gradient, and shunt flow then may be difficult to dis-
tinguish from other low-velocity atrial flows.

Contrast echocardiography plays an important diagnostic 
role in cases in which the imaging and Doppler findings are 
equivocal. With rapid intravenous injection of several millili-
ters of agitated saline (or saline mixed with a small amount of 
the patient’s blood), highly reflective microbubbles appear  
in the right side of the heart. Contrast passes into the LA 
within three to five cardiac cycles in the presence of an inter-
atrial communication. Even when left-to-right shunting is 
predominant, there is a period of transient right-to-left 
shunting during which contrast can pass into the LA. The 
right-to-left pressure gradient can be augmented by having 
the patient cough or perform a Valsalva maneuver. A negative 
contrast effect occurs with left-to-right shunts when unopaci-
fied blood enters the densely opacified RA. Negative contrast 
is a less reliable diagnostic feature, however, because flow 
from the inferior vena cava or coronary sinus may create the 
same appearance. Sensitivities of 92% and above have been 
reported for detection of ASDs by contrast TTE.105,106 It has 
been suggested that injection from the leg may improve the 
sensitivity of the contrast technique because the Eustachian 
valve tends to direct inferior vena cava flow across the fossa 
ovalis.102

TTE study also helps to define the hemodynamic effects of 
shunt flow. RA and RV enlargement and dilation of the main 
PA are expected with shunts of 1.5 : 1 or greater. The pulmonary 
veins are prominent, but the LA is usually normal in size unless 
there is a primum ASD present, with cleft mitral valve and 
mitral regurgitation. The interventricular septum in the short-
axis views is flattened in diastole and moves paradoxically 
toward the RV in systole.

Specific quantification of shunt volume by echocardiographic-
Doppler techniques has been attempted by several methods, all 
of which remain semi-quantitative in clinical use. PW Doppler 
determination of cardiac output has been validated with a high 
degree of accuracy in the experimental setting.107 The ratio of 
PW Doppler–determined cardiac output across the pulmonic 
and aortic valves gives an estimate of pulmonary-to-systemic 
flow ratio (Qp/Qs). This technique is not accurate if the flow 
across either valve is influenced by something other than the 
intracardiac shunt, such as valvular stenosis, subvalvular 
obstruction, or significant valvular regurgitation. Application 
of this method to the clinical arena has been less successful, 
partly because of the difficulty of obtaining accurate dimen-
sions of the pulmonary annulus in adults.

include a widely split second heart sound and a systolic ejection 
murmur of increased flow across the pulmonic valve. Symp-
toms often develop during the third decade of life and beyond 
and include fatigue, exercise intolerance, dyspnea with exertion, 
and atrial arrhythmias. RV failure, pulmonary arterial hyper-
tension, and paradoxical embolism are rare modes of presenta-
tion for older patients with unrepaired ASDs.103,104

Echocardiographic Evaluation
Patients with ASDs require echocardiographic assessment of 
the anatomic abnormality of the atrial septum, the hemody-
namic effect of shunt flow, and the presence of any associated 
defects (Table 44-1). Imaging of the atrial septum is best per-
formed with subxiphoid views when possible. The apical four-
chamber view is unreliable because false-positive dropout often 
occurs in the midatrial septum. An off-axis four-chamber view 
obtained by sliding midway between the apical and subxiphoid 
views, however, yields a more perpendicular interface between 
the interrogating ultrasound beam and the interatrial septum. 
Parasternal short-axis and right parasternal views are supple-
mental windows for imaging the atrial septum. The septum 
primum covering the fossa ovalis is thinner than either the 
superior or inferior limbic bands of the septum secundum. 

Figure 44-10  Diagrammatic representation of interatrial septum 
as viewed from cutaway view of right heart to demonstrate various 
defect locations.  Superior  and  inferior  sinus  venosus  defects  are 
located near entry of superior vena cava and inferior vena cava, respec-
tively.  Secundum  atrial  septal  defect  (ASD)  is  centrally  positioned. 
Primum ASD is inferiorly located near atrioventricular valves and coro-
nary sinus septal defect. 

Secundum ASD

Inferior sinus
venosus defect

Superior sinus
venosus defect

Ostium
primum ASD

Coronary
sinus ASD

Associated Defects with Atrial Septal Defect

Type of Defect Associated Lesion

Secundum atrial septal defect Mitral valve prolapse, pulmonic stenosis, 
partial anomalous pulmonary venous 
return

Primum atrial septal defect Cleft mitral valve, inlet ventricular septal 
defect, septal aneurysm

Sinus venosus defect Partial anomalous pulmonary venous return

Coronary sinus septal defect Unroofed coronary sinus, left superior vena 
cava, partial anomalous pulmonary 
venous return

TABLE 
44-1 
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When color flow mapping became a part of the echocardio-
graphic diagnostic armamentarium, there was initial enthusi-
asm for its quantitative potential. Planimetry of the area of the 
flow stream within the RA has been compared with shunt 
volumes, but with poor correlation. Better correlation has been 
shown when the diameter of the color flow stream at the atrial 
defect is compared with shunt ratios. However, this remains 
semiquantitative, with considerable overlap between patients 
with small, moderate, and large shunts. This result might be 
expected because the color flow diameter simply reflects the 
anatomic dimension of the atrial defect, and although it bears 
a gross relationship to the size of the shunt, factors such as RV 
compliance and PA pressures cause variation in the volume of 
shunt for a given ASD size.

Estimation of PA pressure is an important part of the echo-
cardiographic assessment of atrial shunts. The pressure is easily 
and reliably determined by applying the modified Bernoulli 
equation to the peak velocity of the tricuspid regurgitation jet 
to obtain the pressure difference between the RA and RV.108 If 
the patient does not have tricuspid regurgitation, other subjec-
tive signs of pulmonic hypertension may be present. For example, 
the interventricular septum is flattened in systole if the RV sys-
tolic pressure is greater than half the systemic pressure. Systolic 
notching on the pulmonic valve M-mode or the PA Doppler 
flow profile also indicates significant elevation in PA pressure. 
Applying the modified Bernoulli equation to the end-diastolic 
velocity of the pulmonic regurgitation jet provides quantitative 
information about the PA diastolic pressure.

The drainage of all the pulmonary veins should be estab-
lished in any patient with an ASD. Anomalous return of the 
right superior and middle lobe veins is found in the majority 
of patients with sinus venosus defects and a small percentage of 
patients with secundum ASDs. From an anatomic standpoint, 
sinus venosus defects are not true ASDs, as they do not allow 
direct communication between the RA and LA, but rather the 
interatrial communication is through one or more pulmonary 
veins. These defects frequently result in significant RV volume 
overload.109 Echocardiographic Doppler detection of sinus 
venosus defects in adults is difficult but can be attempted with 
long-axis and short-axis right parasternal views of the superior 
vena cava and occasionally can be appreciated in subcostal 
views of the superior vena cava. A turbulent flow stream enter-
ing the superior vena cava laterally and posteriorly represents 
the pulmonary vein inflow. In a superior sinus venosus defect, 
the right pulmonary veins drain to the superior vena cava either 
at the junction or more distally along the course of the superior 
vena cava (Fig. 44-11). A less common defect is the RA type, or 
inferior sinus venosus defect. This is also difficult to image and 
may be mistaken for an inferiorly located secundum ASD. The 
RA type sinus venosus defect is characterized by anomalous 
drainage of the right inferior and/or middle pulmonary veins 
into the inferior aspect of the RA or inferior vena cava. Right 
parasternal views that focus on the inferior vena caval entry to 
the RA may be helpful to search for the anomalous pulmonary 
venous inflow.

Primum ASD is an endocardial cushion defect, actually con-
sidered a type of partial AV canal defect with two separate AV 
valves and no VSD (Fig. 44-12). This type of ASD is usually 
accompanied by a cleft in the mitral valve, and patients may 
present with significant mitral regurgitation.

TEE has proven to be superior to TTE study in adult patients 
for detecting patency of the foramen ovale, secundum ASDs, 
sinus venosus defects, and anomalous pulmonary venous 

Figure 44-11  Steady-state free precession cine MRI in axial view 
of superior sinus venosus defect. Posterior wall of superior vena cava 
(SVC ) is absent, allowing oxygenated blood from right superior pulmo-
nary vein (RPV ) to return to right side of heart. Ao, Aorta. 
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SVC

RPV
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Figure 44-12  Apical four-chamber echocardiographic view from a 
patient with a primum atrial septal defect (arrow). 

LA

RA

RV

LV

return.110-112 Particularly in the case of patent foramen ovale and 
secundum ASD, TEE is very useful for defect sizing and deter-
mining specific anatomic details, such as presence of acceptable 
septal rims for percutaneous closure. With real time three-
dimensional (3D) TEE it is possible to create an en face view of 
the interatrial septum in which the rims of the defect can be 
seen in one view (Fig. 44-13).
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At present, patients with an incidentally detected patent 
foramen ovale do not require intervention. The occurrence of 
an embolic stroke or peripheral embolus in the patient with a 
patent foramen ovale and no other obvious embolic source may 
be considered justification for anticoagulation or for surgical or 
device closure, particularly in a younger adult. However, the 
results of several ongoing clinical trials are needed to determine 
if anticoagulation or antiplatelet agents alone are as effective as 
patent foramen ovale closure in preventing recurrent embolic 
events (see Chapter 41).

Many secundum ASDs in adults may be referred for percu-
taneous closure. Several transcatheter closure devices have 
been designed and are approved by the U.S. Food and Drug 
Administration for this purpose, such as the Amplatz Septal 
Occluder (AGA Medical, Golden Valley, Minn.) and the Helex 
ASD device (W.L. Gore, Flagstaff, Ariz.). The basic device is a 
flexible wire framework, covered with fabric or filled with 
foam, that folds inside a catheter delivery system. One portion 
of the device is extruded on the LA side of the ASD, the deliv-
ery sheath is withdrawn across the defect, and the other side 
of the device is employed along the RA side. Newer genera-
tion devices have a thick central core that allows the device  
to be self-centering within the defect. This characteristic pro-
vides better immediate closure rates and permits closure of 
larger ASDs because less overlap is required to ensure that the 
device remains well seated. For any of the current devices, the 
best results are achieved when the defect is centrally located 
in the interatrial septum because extension of the device 
beyond the edges of the defect may impinge on the AV valves 
or extend into the superior vena cava, right superior pulmo-
nary vein, or coronary sinus. Therefore, sinus venosus and 
primum defects are not suitable for device closure with 
current technology.

Echocardiography plays an essential role in the selection  
of patients most suitable for device closure. Assessment of 
defect size, the overall length of the interatrial septum, the 
amount of septal rim around the defect, and the degree of 
mobility or aneurysm of the septum primum are all impor-
tant factors in evaluating a patient for device closure. 
Although TTE can provide some of this information, TEE 
generally is more accurate in adults. The balloon-stretched 
diameter is the most reliable measurement in selecting a 
device size, as some traction is placed on the atrial septum in 
the process of placing the device. Thus, in clinical practice, 
TTE is used to diagnose the shunt at the atrial level, charac-
terize the location of the defect and its approximate size, 
determine shunt size, and detect any associated defects. If 
device closure is considered, TEE before or during catheter-
ization can further define the anatomy, and the balloon-
stretched diameter can be measured. TEE guidance in the 
catheterization laboratory has greatly facilitated the optimal 
placement of the closure device parallel to the plane of the 
interatrial septum and centered across the defect (see Chapter 
5). In addition, deployment in the atrial appendage or within 
the mitral valve orifice can be avoided under direct TEE 
observation. The fully deployed device can then be observed 
for a period of time before the procedure is completed to 
ensure that it remains in a good position (Fig. 44-14). Color 
flow Doppler and contrast echocardiography determine resid-
ual patency immediately after deployment. Some centers 
prefer the use of intracardiac echocardiography to monitor 
device placement (see Chapter 6). The ultrasound-tipped 
catheter can be inserted intravenously with local anesthesia 

The interatrial septum is easily imaged with the probe in the 
midesophageal position. At 0°, the crux of the heart is well seen, 
and ostium primum and secundum atrial defects are apparent. 
From the 90° bicaval view, the superior vena cava entry into the 
RA is clearly defined and superior sinus venosus defects can be 
detected. The flaplike opening of the patent foramen ovale can 
also be appreciated in this view. ASDs vary in shape, making the 
measurements of the defect in two orthogonal views important. 
The pulmonary veins can be identified from both the transverse 
and longitudinal planes.

Color flow mapping confirms the presence of shunting, and 
saline contrast injection may be useful. However, it is important 
to recognize that contrast injections may yield false-negative 
results with TEE imaging. Criteria necessary for an adequate 
contrast injection include the simultaneous presence of both 
leftward bulging of the interatrial septum and dense contrast 
filling of the RA, adjacent to the interatrial septum.113

Management
Patients with an isolated ASD and evidence of RA or ventricular 
enlargement should have elective closure of the defect regard-
less of presence of symptoms. Small ASDs with a diameter less 
than 5 mm and no evidence of RV overload do not require 
closure unless associated with paradoxical embolism. Closure 
of larger ASDs is indicated to prevent long-term complications, 
such as atrial arrhythmias, reduced exercise tolerance, tricuspid 
regurgitation, right-to-left shunting and embolism during 
pregnancy, overt cardiac failure, or pulmonary vascular disease 
that may develop in up to 5% to 10% of affected patients.4 
Surgical mortality for this lesion is quite low, and long-term 
follow-up reveals improvement in symptoms, stabilization of 
pulmonary hypertension, and near-normal long-term survival 
rates in patients repaired before the age of 25 years.114-116

There is some divergence of opinion regarding closure of 
ASDs in older adults. One natural history study found no dif-
ference in survival or symptoms and no difference in the inci-
dence of new arrhythmias, stroke, emboli, cardiac failure, or 
progressive pulmonary hypertension between medically and 
surgically treated patients over the age of 25 years.117 A subse-
quent large series of adults over the age of 40 years, however, 
demonstrated a significant reduction in mortality and dramatic 
improvement in functional class after ASD closure compared 
with a similar group managed medically. The risk of atrial 
arrhythmias and attendant embolic complications was not 
altered by ASD closure.118 Thus, with low surgical morbidity 
and mortality and with the availability of transcatheter closure 
devices, closure of ASDs with a significant shunt is recom-
mended regardless of age.119

Figure 44-13  3D TEE image of en face view of a secundum atrial 
septal defect (left) and similar view following percutaneous device 
closure of defect (right). 
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and manipulated by the interventionalist, avoiding the need 
for anesthesia and a separate TEE procedural staff. In experi-
enced hands, intracardiac echocardiographic monitoring has 
been shown to be equally reliable for delineating the ASD or 
patent foramen ovale and for assessing device deployment.120

Follow-up studies of device closure of ASDs have shown a 
high rate of successful placement. Residual patency rates are 
small, with a continued decrease in shunting over time. Although 
a number of complications have been reported (device embo-
lization, malposition, device erosion through the atrial wall or 
aorta, endocarditis, and thrombotic emboli), the complication 
rate is low.121,122 Endothelialization of the device is thought to 
occur within 6 months when properly aligned flush with the 
native septum.123

ANOMALOUS PULMONARY  
VENOUS CONNECTIONS

Connection of some or all of the pulmonary veins to the sys-
temic circulation results in a left-to-right shunt and RV volume 
overload. Embryologically, these anomalies are the result of 
persistence of early fetal connections between the developing 
lung buds and the systemic venous pathways, with subsequent 
failure of incorporation of the common pulmonary venous 
confluence with the LA. Total anomalous pulmonary venous 
return almost always presents in infancy or early childhood, 
because of the marked hemodynamic derangement. However, 
there are rare reports of patients with this condition surviving 
to adulthood.124,125 Partial anomalous pulmonary venous con-
nections are occasionally discovered in adults with unexplained 
right heart dilation. Although there are a myriad possible 
anomalous connections (Fig. 44-15), the right pulmonary veins 
are more often involved than the left veins.126 Commonly, the 
right pulmonary veins enter the superior vena cava, the supe-
rior vena cava–RA junction, or directly into the RA, with or 
without an associated sinus venosus defect. Anomalous right 
pulmonary venous connection of the right inferior pulmonary 
veins is frequently associated with scimitar syndrome, so named 
because the radiographic appearance of the anomalous pulmo-
nary venous connection to the inferior vena cava resembles  
a Turkish sword. Anomalous drainage of the left pulmonary 
veins usually terminates via an ascending vertical vein into the 
innominate vein.

Figure 44-14  TEE image of interatrial septum with Amplatzer 
occluder device in place. SVC, Superior vena cava. 
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The clinical presentation of this anomaly is similar to that of 
an ASD, with a pulmonic flow murmur, RV volume overload, 
dyspnea, and exercise intolerance. In theory, the amount of left-
to-right shunt with partial anomalous pulmonary venous con-
nections should be small because each pulmonary vein carries 
only 25% of the total pulmonary blood flow. However, the 
lower resistance encountered in the RA causes preferential 
shunting of flow to the pulmonary segments that drain anoma-
lously, thereby creating a larger left-to-right shunt.

Echocardiographic Evaluation
As mentioned previously, partial anomalous pulmonary venous 
connections should be suspected whenever a sinus venosus 
defect is present and should be carefully considered in patients 
with a secundum ASD as well. The presence of right heart 
enlargement without an atrial shunt or other obvious cause of 
an RV volume overload is also a signal to inspect the pulmonary 
venous return carefully. Pulmonary venous entry to the LA 
should be sought in the parasternal short-axis views of the  
LA, the apical four-chamber view, the subxiphoid views of the 
LA, and the suprasternal “crab view” of the LA using color flow 
Doppler to demonstrate the venous inflow streams. If some of 
the pulmonary veins do not appear to enter the LA, attention 
should be directed to the known systemic venous entry points. 
Suprasternal or right parasternal views of the superior vena cava 
and innominate vein may demonstrate enlargement and more 
vigorous flow if this is the pathway for the anomalous drainage. 
Alternatively, the inferior vena cava or coronary sinus may be 
dilated if pulmonary venous flow is diverted into these systemic 
venous channels. Direct visualization of the pulmonary vein 
entry is often difficult in the adult patient by TTE but is occa-
sionally possible when the potential sites of entry are carefully 
inspected using color Doppler. In experienced hands, TEE is 
accurate in diagnosing partial anomalous pulmonary venous 
connections and delineating the sites of anomalous entry.126 
MRI and CT are excellent adjuncts to echocardiography for 
visualizing pulmonary venous anatomy.127,128

Management
Partial anomalous drainage of a single pulmonary vein usually 
does not create a significant hemodynamic disturbance and 
often does not require intervention. Anomalous pulmonary 
veins that cause RV volume overload, or that occur in associa-
tion with an ASD, should undergo surgical correction. The  
surgical repair is individualized for the type of anomalous 
drainage, but whenever possible, anomalous veins are redi-
rected to the LA via a baffle with closure of any associated septal 
defects.

VENTRICULAR SEPTAL DEFECTS

VSDs are the most common congenital anomaly recognized at 
birth, but they account for only about 10% of cases of congeni-
tal heart disease in the adult. This decrement in prevalence is in 
part the result of a high rate of spontaneous closure during the 
first years of life.129 In addition, moderate and large lesions 
generally cause symptoms of heart failure, dyspnea, and failure 
to thrive in childhood, requiring medical and surgical interven-
tion before adulthood. The VSDs that persist into adult years, 
therefore, are either small defects, larger defects that have 
diminished in size, or large defects with irreversible pulmonary 
vascular disease. Spontaneous closure of VSDs after adolescence 
is very uncommon. Associated defects are listed in Table 44-2.
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There are four anatomic types of VSDs, with multiple syn-
onyms for each type (Table 44-3). The most common location 
for adult VSDs is the perimembranous ventricular septum 
(VSD locations, Fig. 44-16). Shunt flow passes from the LV 
outflow tract to the RV just beneath the septal leaflet of the 
tricuspid valve. Perimembranous septal aneurysm formation 
may occur by fibrous tissue proliferation and incorporation of 

Figure 44-15  Diagrammatic depiction of several different types of partial anomalous pulmonary venous return. A, Right pulmonary veins 
(RPV ) drain to superior vena cava (SVC ). B, Right pulmonary veins drain to inferior vena cava (IVC ). C, Anomalous drainage of left pulmonary veins 
(LPV ) via ascending vertical vein (vv ) to left innominate vein (L Inn V ). D, Drainage of left pulmonary veins to coronary sinus (CS ). (From Adams FH, 
Emmanoulides GC, Riemenschneider TA, editors: Heart disease  in  infants,  children, and adolescents, ed 4. Williams & Wilkins, 1989, Baltimore, 
p 583.)
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Associated Defects with Ventricular Septal Defect

Type of Ventricular Septal Defect Associated Lesion

Perimembranous ventricular 
septal defect

Septal aneurysm, subaortic stenosis, 
double-chambered RV

Conal septal ventricular septal 
defect

Aortic valve prolapse

Inlet ventricular septal defect Cleft mitral valve, cleft tricuspid 
valve, primum atrial septal defect

TABLE 
44-2 Ventricular Septal Defect Nomenclature

CHS Van Praagh Anderson Other

Perimembranous

Subarterial

Inlet

Muscular

Conoventricular*

Conal septal

AV canal

Muscular

Perimembranous outlet

Juxtaarterial

Perimembranous

Muscular

Subaortic

Supracristal

Inlet

References:
Jacobs JP, Burke RP, Quintessenza JA, Mavroudis C: Congenital Heart Surgery (CHS) 

Nomenclature and Database Project: ventricular septal defect. Ann Thorac Surg 69(4 
Suppl):S25-S35, 2000.

Van Praagh R, Geva T, Kreutzer J: Ventricular septal defects: how shall we describe, name 
and classify them? J Am Coll Cardiol 14:1298-1299, 1989.

Anderson RH, Lenox CC, Zuberbuhler JR: The morphology of ventricular septal defects. 
Perspect Pediatr Pathol 8:235-268, 1984.

TABLE 
44-3 

AV, Atrioventricular.
*Not all conoventricular defects are in the perimembranous septum.
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the septal tricuspid valve leaflet. The aneurysm limits shunt flow 
and occasionally closes the defect entirely (Fig. 44-17). Aneu-
rysms may become quite large and have been noted to cause 
turbulence and obstruction in the RV outflow tract. Distortion 
of the septal leaflet from incorporation into the septal aneurysm 
may create a communication from the LV outflow tract into the 
RA, a Gerbode defect. Over time, this defect leads to RA and 
RV volume overload and atrial arrhythmias. In some perimem-
branous VSDs, the support of the right aortic cusp is under-
mined, leading to prolapse of this cusp into the defect. 
Progressive aortic regurgitation often becomes a more impor-
tant hemodynamic issue than the ventricular shunt. Subaortic 
membranes may also develop in association with perimembra-
nous VSDs. Another important associated finding in patients 
with perimembranous VSDs is double-chamber RV. A low-
lying obstructive muscle bundle develops between the inlet and 
outlet portions of the RV and may lie either proximal or distal 
to the VSD. This RV outflow obstruction results in RV hyper-
tension, which may be mistaken for pulmonary hypertension 
from the VSD shunt if the muscle bundle is not detected.

Muscular VSDs are the next most common type of septal 
defect. The smaller muscular defects often close spontaneously, 
and the ones that persist into adulthood are generally quite 
large, sometimes multiple, and associated with pulmonary  
vascular obstructive disease (Eisenmenger syndrome). These 
patients may present with cyanosis from reversal of shunt flow. 
Pulmonary hypertension is avoided in a few individuals by  
the development of muscular hypertrophy of the RVOT, a  
sort of natural pulmonary banding referred to as the Gasul 

Figure 44-17  Parasternal short-axis echocardiographic view from 
patient with perimembranous ventricular septal defect and peri-
membranous septal aneurysm. The aneurysm protrudes into the right 
ventricular  outflow  tract  (RVOT )  and  has  associated  tricuspid  valve 
septal leaflet tissue. 
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Figure 44-16  Standard 2D echocardiographic views with color coding of the location of the common types of ventricular septal defects. 
Perimembranous  septum  is  coded  in  red,  supracristal  or  infundibular  septum  in  orange,  inlet  septum  in  green,  and  muscular  septum  in  blue. 
Ao, Aorta; PA, pulmonary artery; PV, pulmonic valve; RVOT, right ventricular outflow tract. (From Levine RA, Gillam LD, Guyer DE, et al: Echocardi
ography: principles and clinical applications. In Eagle KA, Haber E, DeSanctis RW, Austen WG, editors: The practice of cardiology, ed 2, Boston, 
1989, Little, Brown and Company, p 1554.)
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without color or PW Doppler. Muscular septal defects may be 
located anywhere within the trabecular septum. Careful scru-
tiny of parasternal short-axis sweeps and apical, off-axis apical, 
and subcostal views is required to detect muscular defects. Inlet 
VSDs are most apparent in apical or subcostal four-chamber 
views directed posteriorly toward the crux of the heart.

Assessment of the LA and LV chamber size and function is 
important. Long-standing volume overload is associated with 
enlargement of left heart structures and may cause LV failure  
in the adult. In the clinical setting of endocarditis, vegetations  
can be detected on the aortic valve, the perimembranous septal 
aneurysm, or the tricuspid valve septal leaflet. Endarteritis at  
the site of the jet lesion within the RV or RV outflow tract is 
usually not detectable by 2D imaging unless vegetations are 
extensive.

Color flow mapping greatly enhances the sensitivity of detec-
tion of all forms of VSDs. Left-to-right shunts are readily 
detected as turbulent jets crossing the septum into the RV when 
the PA pressures are normal. Ambiguity may occur when there 
is little difference between left and right heart pressures because 
shunt flow is low in velocity and difficult to distinguish from 
other low-velocity flow within the right heart. PW and CW 
Doppler studies are helpful to confirm the timing and velocity 
of shunt flow. With small perimembranous and conal septal 
VSDs, low-velocity diastolic shunt flow may precede the high-
velocity systolic jet, presumably owing to the slight differences 
in late diastolic pressures between the RV and LV. This diastolic 
flow is sometimes mistaken clinically for aortic regurgitation or 
another aortic runoff lesion such as a sinus of Valsalva fistula 
or coronary artery fistula.

CW Doppler measurement of the VSD peak jet velocity 
allows estimation of RV systolic pressures, and consequently PA 
systolic pressures. By applying the modified Bernoulli equation, 
one can calculate the pressure gradient between the left and RV 
from the VSD peak velocity. Subtracting this gradient from the 
cuff systolic blood pressure yields the RV systolic pressure  
(Fig. 44-20). Alignment as parallel as possible to the direction 
of the VSD jet prevents underestimation of the gradient between 
the ventricles. Sampling from multiple windows or off-axis 
views may be required to achieve the best alignment.

Shunt quantification by PW Doppler can be performed in 
the same way as with ASDs. Measurement of cardiac output 
across the pulmonic and aortic valves is made, and the 
pulmonic-to-systemic flow ratio (Qp/Qs) is computed. The tur-
bulence created in the PA by shunt flow from nearby perimem-
branous and conal septal defects may make measurement of the 
pulmonary velocity-time integral inaccurate.

phenomenon.130 Hypertrophy of the moderator band also can 
restrict shunt flow across sizable apical muscular defects, and 
when this occurs, the LV and the RV apex become one chamber, 
giving the cardiac apex an aneurysmal appearance (Fig. 44-18).

Conal septal defects are found more commonly in patients 
of Asian descent and are frequently associated with aortic regur-
gitation. Prolapse of the right or left coronary cusp into the VSD 
may actually decrease the VSD shunt while creating more severe 
aortic regurgitation.131 Occasionally, the aortic sinus is extruded 
through the defect and ruptures, causing a fistula from the aorta 
to the RV outflow tract.

Defects in the inlet septum are usually the result of a defect 
in formation of the AV septum. The formation of this portion 
of the septum is intimately associated with the development of 
the AV valves and the crux of the heart; therefore, associated AV 
valve anomalies and a primum ASD are common. Clefts in 
either the mitral or tricuspid valves may occur. The tricuspid 
valve occasionally straddles the inlet VSD, with chordal inser-
tions that cross the defect into the left ventricle (LV). When  
the VSD is small, dense chordal tissue crossing the defect may 
effectively obstruct flow, limiting the shunt size. Fibrous aneu-
rysms also occur with AV septal defects, decreasing or closing 
the ventricular septal communication. In most cases, however, 
an inlet VSD is large and rarely closes spontaneously. AV septal 
defects are frequently seen in adults with Down syndrome.

Echocardiographic Evaluation
The interventricular septum is a complex fibrous and muscular 
structure requiring careful interrogation of all aspects by 2D 
imaging and color Doppler to detect VSDs. Perimembranous 
VSDs (Fig. 44-19) are best seen in the parasternal long-axis and 
short-axis views as echo dropout beneath the aortic valve and 
near the attachment of the septal leaflet of the tricuspid valve. 
Apical or subcostal five-chamber views also demonstrate the 
position of the defect in relation to the LV outflow tract and 
tricuspid valve. Associated abnormalities of the right aortic 
cusp, subaortic region, and septal aneurysm formation should 
be delineated. Interrogation for the presence of an obstructive 
muscle bundle in the RV must be performed. The conal septal 
VSD can be appreciated in the parasternal long-axis view at the 
base of the heart, located immediately proximal to the pul-
monic valve. If the right aortic cusp has become distorted and 
prolapses into the VSD, the defect itself may not be detected 

Figure 44-19  Parasternal long-axis echocardiographic view from a 
patient with a perimembranous septal defect (arrows).  Color  flow 
Doppler reveals shunt flow. Ao, Aorta. 
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Figure 44-18  Four-chamber echocardiographic view from patient 
with large apical muscular ventricular septal defect (VSD) (arrow). 
Color flow Doppler reveals small area of aliasing (arrows) that represents 
turbulent flow from RV apex through moderator band, which has hyper-
trophied and effectively closed the large apical VSD shunt. 
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PATENT DUCTUS ARTERIOSUS

The ductus arteriosus is a normal fetal cardiac structure that 
functionally closes within the first days of life. It arises from 
the PA bifurcation near the origin of the left PA and inserts 
into the lesser curvature of the descending thoracic aorta. 
Ductal shape is quite variable, sometimes being a long, tortu-
ous channel or a conical connection or even a short window-
like communication (Fig. 44-21). The ductus arteriosus 
normally closes spontaneously within the first 24 to 48 hours 
of life. Persistence beyond the neonatal period is abnormal, 
and spontaneous closure after the first year of life is distinctly 
uncommon. This lesion is found only in about 2% of adults 
with congenital heart disease. It is usually an isolated anomaly, 
but it can occur in association with complex lesions, VSD,  
or coarctation. The ductal tissue becomes more friable and 
calcified with increasing age. Aneurysms of the ductus arterio-
sus or the closed ductal diverticulum also occur and may 
rupture.

The clinical presentation of an adult with a patent ductus 
arteriosus depends on the size of the shunt. Trivial shunts may 
be clinically silent, detected by an echocardiographic Doppler 
study that was requested for an unrelated lesion. Small ductal 
shunts produce a continuous murmur at the left upper sternal 
border, which can be confused with the murmur of a coronary 
artery fistula, mixed aortic valve disease, or a VSD with aortic 
regurgitation. Patients with moderate or large shunts develop 
heart failure and atrial arrhythmias from the long-standing LV 

Figure 44-21  Various shapes of patent ductus arteriosus as seen 
angiographically.  Ductus  is  shown  arising  from  lesser  curvature  of 
aortic arch. Its configuration varies from window-like communication to 
long tortuous channel (A to E). Knowledge of ductal shape is important 
in  choosing  best  method  of  transcatheter  closure.  (Modified from 
Krichenko A, Benson L, Burrows P, et al: Angiographic classification of 
the isolated, persistently patent ductus arteriosus and implications for 
percutaneous catheter occlusion. Am J Cardiol 63:878, 1989. Reprinted 
by permission of the publisher. Copyright 1989 by Excerpta Medica Inc.)
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Figure 44-20  CW Doppler spectral tracing of a ventricular septal 
defect shunt flow. RV systolic pressure can be estimated by subtracting 
LV  to  RV  pressure  difference  from  systolic  blood  pressure.  In  this 
example, transseptal pressure gradient is 4V2 = 4(5)2 = 100 mm Hg. With 
systolic blood pressure of 130 mm Hg, estimated RV systolic pressure 
is normal at 30 mm Hg. 

An alternative method for deriving shunt ratios involves  
calculating the volumetric shunt flow across the VSD and 
adding it to the systemic cardiac output to get the pulmonary 
flow:

Q Q VSD shuntp s= +

The VSD shunt volume is the product of the cross-
sectional area of the color flow jet at the defect and the 
velocity-time integral of the CW Doppler systolic flow signal. 
In one study, this method had better correlation with shunt 
ratios determined by the Fick method than the standard PW 
Doppler calculation of Qp/Qs.

132 It may prove particularly 
useful in patients with pulmonic stenosis or in whom the 
pulmonary annulus or pulmonary flow profile is difficult to 
measure.

Management
The outcome of asymptomatic adults with small VSDs that have 
not been closed during childhood is excellent.133,134 Surgical 
intervention for the adult with a small VSD with no significant 
LV volume overload and normal PA pressures is not necessary. 
Periodic follow-up is important, to reassess ventricular size and 
function and to follow PA pressures. Closure of a small VSD 
may be indicated when intervention is needed for associated 
abnormalities, such as significant aortic regurgitation or RV 
outflow tract obstruction. Surgical closure of a VSD is indicated 
for patients with a Qp/Qs of greater than 2.0 and clinical 
evidence of LV volume overload or a history of infective 
endocarditis.4

Patients with large VSDs and irreversible pulmonary vascular 
obstructive disease should be managed medically. In select 
cases, small VSDs in adults may be closed percutaneously. Indi-
cations include residual defects after surgical closure, a history 
of bacterial endocarditis, or a hemodynamically significant left-
to-right shunt. Appropriate placement requires a sufficient dis-
tance from the aortic valve or the AV valves to avoid damaging 
these structures. Acquired heart block, device embolization, and 
endocarditis have all been described as infrequent complica-
tions following device placement.135,136
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from the high left parasternal window directly into the mouth 
of the patent ductus arteriosus, systolic and diastolic flow veloc-
ity can be recorded. Applying the modified Bernoulli equation, 
the peak systolic velocity of the patent ductus arteriosus jet can 
be used to calculate the systolic gradient between the aorta and 
the PA. Subtracting this gradient from the cuff systolic aortic 
blood pressure yields the PA systolic pressure.

Management
Indications for patent ductus arteriosus closure include LA and/
or LV enlargement, net left-to-right shunting, or prior endocar-
ditis.4 A patent ductus arteriosus discovered in the adult is often 
friable and calcified, and percutaneous device closure is often 
feasible. If the patent ductus arteriosus is associated with other 
cardiac lesions that require surgical correction, the ductus may 
be closed at the time of surgery; however, percutaneous closure 
before surgery may also be entertained. Percutaneous closure of 
a patent ductus arteriosus in an adult is usually technically suc-
cessful, with a low rate of complications.137 Several types of 
devices are currently in use, including a pluglike occluder within 
the ductus, umbrella devices that occlude the orifices at each 
end of the ductus, and coils that are extruded within the ductus 
and thrombose the channel.138 TEE guidance of device place-
ment has not played as critical a role for the ductus arteriosus 
as for ASD closure. The difficulty in imaging the anatomic 
details of the ductus arteriosus by TEE limits the usefulness of 
this modality, and fluoroscopic monitoring alone is sufficient 
for accurate placement.

TTE Doppler assessment after device closure is quite helpful 
to ensure appropriate device position and assess residual shunt-
ing. The highly reflective device can be appreciated by 2D 
imaging of the pulmonary bifurcation and along the lesser cur-
vature of the aorta (Fig. 44-23). Malpositioning of the patent 
ductus arteriosus devices can result in protrusion of a portion of 
the occluder into the aortic lumen or into the main PA.139 Feasi-
bility and efficacy of device or coil occlusion of the patent ductus 
arteriosus are excellent. Complication rates are low but include 
device or coil embolization, hemolysis, and left PA stenosis.

volume overload. With the onset of pulmonary hypertension 
and reversal of the shunt, the murmur decreases in intensity or 
disappears and differential cyanosis of the extremities may be 
noted.

Echocardiographic Evaluation
2D imaging of the ductus arteriosus is accomplished with ease 
in the neonate and young child, but it becomes more challeng-
ing in older adolescents and adults. The direct view of the ductal 
channel is best obtained in a high left parasternal window at the 
PA bifurcation where the left PA crosses the descending thoracic 
aorta. The main PA appears to “trifurcate” with the third 
channel being the ductus. Visualization is possible in the supra-
sternal notch views of the aorta focused on the lesser curvature 
of the aorta opposite to the left subclavian artery. Diagnosis of 
a patent ductus arteriosus in the adult usually is made with 
color flow Doppler imaging rather than direct 2D imaging. The 
left-to-right flow stream appears as a red jet in diastole entering 
the main PA near the left PA origin (Fig. 44-22). Although 
patent ductus arteriosus shunt flow is continuous, the systolic 
component is usually washed along with the systolic flow in the 
main PA. If flow can be visualized within the ductus itself, 
however, a continuous Doppler signal is present. As the PA pres-
sure rises, the velocity of the patent ductus arteriosus shunt 
decreases, and it becomes more difficult to distinguish a discrete 
patent ductus arteriosus jet from other low-velocity flows 
within the dilated pulmonary vessel. Adults with a dilated main 
PA often have a low-velocity retrograde flow in late systole from 
swirling of flow within the enlarged vessel. PW Doppler can 
distinguish this from ductal flow by the difference in timing. 
Continuous flow into the PA also is seen with coronary artery 
fistulas and with an aortopulmonary window. Demonstration 
of the color Doppler flow stream emanating from the bifurca-
tion and originating within the descending thoracic aorta 
should confirm that the shunt comes from a patent ductus 
arteriosus.

CW Doppler sampling of ductal shunt flow is important for 
estimation of PA pressure. When the ultrasound beam is aligned 

Figure 44-23  Parasternal short-axis echocardiographic image from 
patient following patent ductus arteriosus occluder device closure. 
Occluder  device  (arrow)  is  seen  near  origin  of  left  pulmonary  artery. 
Ao, Aorta; MPA, main pulmonary artery. 
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Figure 44-22  Parasternal short-axis echocardiographic view of 
base of heart demonstrating small patent ductus arteriosus. Stream 
of left-to-right shunt flow is show in color as it passes from descending 
thoracic aorta to the main pulmonary artery (MPA). Ao, Aorta. 
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angiography is generally necessary to completely evaluate the 
coronary circulation for coexistent atherosclerotic disease and 
for complete anatomic delineation of the fistula. Closure of 
large fistulas may be approached surgically or with transcath-
eter coil occlusion or devices, depending on the specific anatomy 
of the lesion.147,148

Complex Congenital Heart Disease
Adults who survive with complex congenital heart defects rep-
resent a small but intriguing fraction of an adult cardiology 
practice. In the current surgical era, the vast majority of patients 
with complex lesions have had palliative surgeries during child-
hood (see Chapter 45). The rare patient reaches adulthood 
without prior intervention and seeks medical attention for 
symptoms that may be typical of acquired heart disease—heart 
failure, angina, arrhythmias, endocarditis—only to be found to 
have complex congenital heart disease when an echocardio-
graphic study is performed. A brief consideration is given here 
to some of the complex lesions that permit natural survival into 
adulthood.

TETRALOGY OF FALLOT

Originally described by Stensen in 1671, the anatomic features 
of “la maladie bleue” as detailed by Fallot in 1888 included a 
large VSD, an overriding aorta, pulmonic stenosis, and RV 
hypertrophy (Fig. 44-25). Approximately 15% of patients have 
an ASD (pentalogy of Fallot) and 25% have a right aortic arch. 
Anomalous origin of the left anterior descending coronary 
artery or bilateral left anterior descending vessels occur in up 
to 9% of patients, which may complicate the patch repair of the 
RV outflow tract as the anomalous vessel passes over it.149,150

Physiologically, the clinical picture with tetralogy of Fallot is 
that of a VSD with RV outflow obstruction of variable severity. 
Most patients develop severe cyanosis within the first year of 

Figure 44-24  Off-axis apical four-chamber echocardiographic view 
from patient with coronary artery fistula demonstrating large 
venous lakes (arrowheads) seen along atrial surfaces.  LVOT,  Left 
ventricular outflow tract. 
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CORONARY ARTERY FISTULAS

A coronary artery fistula is an abnormal communication of a 
coronary artery with a cardiac chamber, great vessel, or other 
vascular structure without passing through the myocardial cap-
illary bed. Most coronary artery fistulas are congenital, resulting 
from persistence of embryonic channels between cardiac cham-
bers and the developing coronary circulation. Coronary artery 
fistulas are rare, reported in 0.2% of coronary angiograms, and 
are often discovered incidentally.140 The clinical presentation 
depends on the site of termination of the fistula and the degree 
of shunting. Over 90% of coronary artery fistulas terminate in 
the right heart—RV, RGA, PA, coronary sinus, or superior vena 
cava. A continuous murmur is caused by shunting from the 
aorta to the right heart. When the fistula communicates to the 
LV, the murmur is audible only in diastole. Shunting is usually 
modest; in a review of a single-center experience with coronary 
artery fistulas, the median pulmonary-to-systemic flow ratio 
was 1.3 : 1.141 Signs of RV volume overload and heart failure may 
appear later in life from the long-standing left-to-right shunt. 
The shunt is rarely large enough to cause severe pulmonary 
hypertension. Angina related to myocardial ischemia has been 
reported in a small number of patients as a result of “coronary 
steal” as the fistula diverts flow from the normal coronary 
circulation.142

Echocardiographic Evaluation
Echocardiographic Doppler diagnosis of coronary artery fistula 
begins with the detection of enlargement of the proximal coro-
nary artery involved in the abnormal communication. The 
affected coronary vessel is diffusely enlarged and can often be 
traced to the site of termination with knowledge of the expected 
coronary course and the usual sites of fistulous communication. 
Aneurysmal lakes develop near the communication with the 
receiving chamber or vessel, appearing as large sonolucent 
regions (Fig. 44-24). Enlargement of the heart chambers give 
an indication of the amount of left-to-right shunting.

Color flow Doppler demonstrates continuous flow with the 
involved coronary artery and helps to localize the exit site.143,144 
When a small fistula from the left coronary artery to PA is 
present, a tiny stream of continuous flow may be found inci-
dentally in the proximal main PA. Larger fistulas are diagnosed 
by scanning the RA, RV, and LV for a continuous turbulent flow 
signal.

TEE can also detect coronary enlargement and visualize the 
enlarged and aneurysmal channels of the fistula. It is particu-
larly helpful intraoperatively to assess residual fistulous flow 
and segmental wall motion after ligation of the feeding coro-
nary vessel.145

Contrast echocardiography has been used in conjunction 
with angiography to detect fistulous communication when 
there are multiple entry sites of a coronary artery fistula.146 If 
the fistula terminates in both the RV and LV, angiographic 
contrast may stream preferentially to the lower-pressure 
chamber. Faint opacification of the LV easily may be overlooked. 
With injection of agitated saline into the arterial catheter, 
however, even a trace of contrast in the LV is obvious 
echocardiographically.

Management
Small, clinically silent fistulas do not require closure. Patients 
with fistulas that are large enough to cause coronary dilation 
should be followed clinically for development of symptoms of 
myocardial ischemia or ventricular volume overload. Coronary 
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visible in this view. The systolic gradient across the stenotic 
outflow tract should be measured by CW Doppler imaging. In 
patients with native or acquired pulmonary atresia, the RVOT is 
filled with muscle and ends blindly with no visible pulmonic 
valve leaflets and no detectable flow by PW Doppler. When the 
parasternal views are not able to visualize the PA because of chest 
wall or lung interference, scanning from the suprasternal notch 
or high left subclavicular area may provide the necessary access 
to the branch pulmonary arteries. The proximal right PA is mea-
surable in nearly all patients with confluent pulmonary arteries. 
Suprasternal or high parasternal views of the ascending aorta are 
most accurate for measuring the right PA, which passes behind 
the aorta as a small cross-sectional lumen in the long-axis plane. 
Aortopulmonary collaterals can be detected but are not fully 
delineated by 2D echocardiography. Apical and subcostal five-
chamber views depict the large VSD and the overriding aorta. 
Aortic root dilation and regurgitation can also be evaluated at 
this point in the examination. Moving the scan plane even more 
anteriorly from the five-chamber view brings the RVOT into 
view. This approach may provide better alignment of the Doppler 
cursor for sampling the RV outflow tract gradient.

life, requiring surgical palliation or correction. Only 11% of 
patients will survive to adulthood without intervention.151 With 
only a modest degree of pulmonic stenosis, patients may survive 
with few symptoms into adult years. Paradoxically, the other 
group of late survivors without surgery includes patients  
with complete obstruction to blood flow. This subgroup of 
patients, those with pulmonic valve atresia and VSD, has mul-
tiple aortic-to-pulmonary arterial collaterals that supply the 
pulmonary circulation with only a modest amount of systemic 
desaturation. Morbidity and mortality in this group of patients 
is commonly due to symptoms from chronic hypoxia and sec-
ondary erythrocytosis and includes cerebrovascular accidents, 
brain abscess, endocarditis, and arrhythmias.

Echocardiographic Evaluation
Echocardiographic Doppler evaluation can accurately define the 
characteristic features of tetralogy of Fallot. The conoventricular 
VSD usually is large and lies immediately beneath the dilated 
overriding aortic root (Fig. 44-26). In the parasternal views of 
the LV, the size of the VSD can be appreciated. The direction and 
velocity of shunt flow across the defect are easily determined in 
these planes by color flow and PW Doppler imaging. Unless the 
VSD has become restrictive over time, the shunt is low velocity 
and predominantly right-to-left. Parasternal short-axis views of 
the RVOT and aorta demonstrate the typical anterior deviation 
of the conal septum and narrowing of the RVOT (Fig. 44-27). A 
small pulmonary annulus, valvular pulmonic stenosis, and 
hypoplasia of the main and branch pulmonary arteries also are 

Figure 44-26  Parasternal long-axis view from patient with tetral-
ogy of Fallot demonstrating large conoventricular septal defect 
(arrow) and aortic (Ao) override of interventricular septum. 
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Figure 44-27  Parasternal short-axis views from patient with tetral-
ogy of Fallot demonstrating anterior deviation of conal septum 
(arrowheads).  Arrow  indicates  ventricular  septal  defect.  Color  flow 
Doppler reveals acceleration of blood flow at this level. Ao, Aorta. 
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RA AoFigure 44-25  Anatomic features of tetralogy of Fallot. There  is a 
large  subaortic  ventricular  septal  defect  (VSD),  aorta  (Ao)  straddling 
ventricular defect, and deviation of conal septum (arrow) into RV outflow 
tract creating subpulmonic stenosis. 
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Figure 44-28  Anatomic features of congenitally corrected trans-
position. Aorta (Ao) lies anterior and to left of pulmonary artery (PA). It 
arises from morphologic RV, which is left sided. Most commonly associ-
ated lesions include pulmonic stenosis, ventricular septal defect (arrow), 
and Ebstein-like malformation of left-sided tricuspid valve. (From King 
ME: Complex congenital heart disease II: a pathologic approach. In 
Weyman AE, editor: Principles and practice of echocardiography, ed 2, 
Philadelphia, 1994, Lea & Febiger, p 1038.)
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Figure 44-29  Congenitally corrected transposition of the great 
arteries. Off-axis  apical  four-chamber  echocardiographic  view  shows 
that  the  anatomic  RV  has  tricuspid  valve  (large arrow),  which  is  more 
apically positioned than the mitral valve (small arrow). Prominent mod-
erator band (MB) is visualized in RV (double arrows). 

RV
LV

RA
LA

MB

In the cross-sectional views of the aortic root at the base of 
the heart, attempts should be made to visualize the coronary 
arteries. Enlargement of the right coronary orifice hints at a 
larger blood supply through this vessel, perhaps caused by the 
anomalous origin of the left anterior descending coronary 
artery. Careful attention should be directed to the cross-sectional 
lumen seen anterior to the RV outflow tract in the high para-
sternal views and to anteriorly coursing vessels arising from the 
proximal right coronary artery. Although some success has been 
reported with TTE study of the coronary arteries in adults with 
tetralogy of Fallot,152 an alternative imaging modality is often 
needed in preoperative adults.

Transesophageal imaging in tetralogy of Fallot can provide 
nearly all the important diagnostic information. Malalignment 
of the conal septum is apparent in the midesophageal longitu-
dinal views of the RV outflow tract or from the transgastric 
approach. The pulmonic valve anatomy and the sizes of the 
main and right PA can be determined from the transverse views 
in the midesophagus or high esophagus. The left PA is often 
more difficult to image. The VSD and overriding aorta can be 
appreciated in transverse views from the midesophagus and 
from transgastric views.

Management
Some adults with tetralogy of Fallot will be candidates for com-
plete repair. Surgery for this lesion can be accomplished in the 
adult with acceptable mortality and with gratifying relief of 
cyanosis and improvement in functional class. In the subgroup 
with pulmonary atresia, decisions regarding surgical correction 
are based on the confluence and size of the PAs and the size and 
distribution of aortopulmonary collaterals.

CONGENITALLY CORRECTED  
TRANSPOSITION OF THE GREAT ARTERIES 
(CCTGA OR L-LOOP TGA)

Also known as “physiologically corrected transposition of the 
great arteries,” this is a malformation in which the great arteries 
are transposed but the ventricles are inverted and discordant 
relative to the atria (Fig. 44-28; see also Fig. 43-11). In the 
absence of associated lesions, L-loop TGA (Fig. 44-29) may not 
be clinically recognized and is compatible with a normal life 
span.153,154 Complete heart block is increasingly prevalent with 
increasing age.155 Several associated lesions may be present and 
are listed in Box 44-8.

Even with associated lesions, L-loop TGA is often compatible 
with survival into adulthood. The limiting factor is often the 
degree of systemic RV dysfunction and tricuspid regurgita-
tion.156,157 Severe tricuspid regurgitation is associated with poor 
long-term outcomes in this patient population.

Echocardiographic Evaluation
The anatomic features and echocardiographic diagnosis of this 
lesion are reviewed in Chapter 43. Clinical echocardiographic-
Doppler follow-up in patients with L-loop TGA is directed 
toward monitoring systemic RV function and systemic AV valve 
regurgitation. Ventricular shunting and pulmonary outflow 
obstruction also require serial assessment. Standard geometric 
models for assessing LV volumes and ejection fraction do not 
accurately model the unusual shape of the systemic RV; there-
fore the Simpson’s rule method using two orthogonal apical 
planes may be a more accurate echocardiographic method for 
calculating systemic ventricular volume and function in this 
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Adults with L-loop TGA should have regular follow-up with 
a cardiologist who has expertise in ACHD. Echocardiographic 
Doppler study and/or cardiac MRI should be performed yearly 
or at least every other year by staff trained in imaging complex 
congenital heart disease.4

TRICUSPID VALVE ATRESIA

Tricuspid valve atresia constitutes 1% to 3% of all congenital 
heart defects, and fewer than 10% of patients survive beyond 
childhood without surgery.165 In this malformation, the 
atrioventricular valve of the morphologic RV is absent or 
imperforate. The RV is variably underdeveloped and there is 
compensatory left heart enlargement. An atrial septal commu-
nication is present to allow egress of blood from the blind RA, 
and a VSD of variable size is usually present. Most commonly, 
the great vessels are normally related, but in up to 35% of cases, 
they are malposed, with or without obstruction to pulmonary 
blood flow. The physiology in the adult is that of a central 
mixing lesion creating cyanosis, with VSD and pulmonic steno-
sis, or VSD and pulmonary vascular disease. The adult with 
uncorrected tricuspid atresia is susceptible to multiorgan dys-
function due to the complications from chronic cyanosis.

Echocardiographic Evaluation
In the place of the tricuspid valve, a thick band of fibromu-
scular tissue is recognized by 2D imaging (Fig. 44-30). No evi-
dence of flow can be demonstrated by color or PW Doppler. 
The RA is enlarged, often with a prominent Eustachian valve. 
The size of the RV is related to the size of the VSD during fetal 
development. It may be vestigial and slitlike with a small VSD, 
or nearly normal in size with a large VSD. Progressive restric-
tion of the VSD may occur.166 When the great vessels are nor-
mally related, progressive VSD closure creates further 
obstruction to pulmonary blood flow. In patients with trans-
posed great arteries, the systemic blood flow is jeopardized. 

group. Three-dimensional echocardiography does not require 
geometric assumptions and is an alternative modality for evalu-
ating this anatomy.158 Magnetic resonance imaging is also useful 
in following systemic RV function.159,160 An alternative nongeo-
metric means of serially following systemic ventricular function 
in this group of patients is the myocardial performance index, 
which uses Doppler measures of isovolumic time intervals and 
ejection time.161

Management
The diagnosis of L-loop TGA may be made for the first time 
in adulthood; in one cohort the initial diagnosis was made in 
adulthood in 66% of patients, 17% of whom were more than 
60 years of age at the time of diagnosis.154 The asymptomatic 
adult patient with L-loop TGA requires no intervention. The 
incidence of complete heart block increases with age, and 
caution must be taken during any invasive cardiac procedures. 
The electrocardiogram demonstrates deep Q waves in the 
right precordial leads that can be mistaken for ischemic injury. 
The prevalence of systemic RV failure is difficult to determine, 
as the definition of systemic RV failure is widely variable  
in the literature, and this group is often discussed in com-
bination with people who have undergone atrial switch  
procedures for complete (D-loop) transposition of the great 
arteries (see Fig. 43-10 and Chapter 45). Medical management 
of systemic RV dysfunction is appropriate, although studies 
are limited documenting the benefits of medical therapies 
proven for LV dysfunction, such as angiotensin-converting 
enzyme inhibitors or angiotensin receptor blockers.162

Patients with associated VSD and pulmonic stenosis should 
be managed in a similar fashion to those with normally related 
great arteries. If pulmonary outflow tract obstruction is severe 
enough to require operative correction, or if the systemic tri-
cuspid valve requires surgical attention, the options for repair 
are either physiologic or anatomic. Physiologic repair would 
entail simply repairing or replacing the tricuspid valve, closing 
the VSD, or bypassing the pulmonic stenosis with an LV-PA 
conduit. This, however, leaves the anatomic RV as the systemic 
ventricle, which is problematic for long-term survival. Ana-
tomic repair requires a double switch procedure, with an atrial 
switch, a Rastelli procedure to connect the LV to the aorta, and 
an RV-PA conduit. This anatomic approach is a more extensive 
surgery, and the result is an anatomic LV as the systemic ven-
tricle and unloading of the RV with its abnormal tricuspid 
valve. In order for this anatomic surgery to be successful, the  
LV must be adequately trained to accept systemic pressures 
(through native pulmonic stenosis or placement of a PA band). 
This is most often performed in a young age group. The choice 
of surgical approach must be individualized to the patient’s 
anatomy and physiology.163,164

Figure 44-30  Apical four-chamber echocardiographic view from 
patient with tricuspid atresia. Atretic tricuspid valve is a thick, fibrous 
ridge  (arrowheads)  at  base  of  enlarged  RA.  Ventricular  septal  defect 
(arrow) is present, which leads into a tiny RV chamber. 

LV

LA

RA

RV

Box 44-8 

ASSOCIATED DEFECTS WITH CONGENITALLY 
CORRECTED TRANSPOSITION OF THE GREAT 
ARTERIES

Ventricular septal defect
Pulmonary outflow obstruction
Ebstein malformation of the tricuspid valve
Dextrocardia
Ventricular noncompaction
Atrioventricular conduction abnormalities
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Thus, serial determination of the VSD size by 2D imaging and 
VSD gradient by Doppler is an important part of the echocar-
diographic evaluation.

The LV in this anomaly is enlarged, and systolic function may 
be impaired from long-standing volume overload. Quantitative 
assessment of ventricular function is performed by the usual 
echocardiographic methods and is an important factor in deter-
mining surgical options.

Echocardiographic study in the patient with tricuspid atresia 
also must focus on the presence, size, and origin of the aorta 
and PA. The orientation and relative size of the great arteries 
and associated abnormalities of the valvular and subvalvular 
region all can be appreciated from parasternal windows. Apical 
and subcostal images are particularly useful in establishing ven-
triculoarterial relationships and measuring gradients across the 
semilunar valves and outflow tracts.

The interatrial septum in the adult with uncorrected tricus-
pid atresia generally has a large, unrestricted ASD. Apical, sub-
costal, or right parasternal windows optimally should delineate 
the atrial septum and demonstrate right-to-left shunting by PW 
and color Doppler.

Management
Patients with tricuspid atresia and restricted pulmonary blood 
flow may be candidates for a Fontan procedure, which diverts 
systemic venous return directly to the PA. The optimal candi-
date must have good LV function, no significant mitral regur-
gitation, and normal branch PA anatomy and pulmonary 
resistance. Natural survivors with tricuspid atresia and pulmo-
nary vascular disease who are not amenable to surgical correc-
tion may be considered for heart-lung transplantation.167

FUNCTIONAL UNIVENTRICULAR HEART

The basic element of the functional univentricular heart is com-
munication of both AV valves, or a single common AV valve, 
with a single ventricular chamber.

Natural survival of adolescents and adults with this  
complex congenital anomaly depends on fortuitous streaming 
of oxygenated and unoxygenated blood and protection of the  
pulmonary circulation by an optimal degree of pulmonic 
stenosis.

Echocardiographic Evaluation
The important aspects to ascertain echocardiographically in 
patients with this anomaly are listed in Box 44-9.

Management
Adults with functional univentricular heart who are well  
balanced may not require surgical intervention, as long-term 
survival in the unoperated state in some cases equals that of 
corrective surgery.168 Particularly, adults with double-inlet LV 
and well-balanced circulation may survive into their sixth 
decade of life with good functional capacity and preserved ven-
tricular function.169 However, operative strategies aimed at 
relieving the complications from cyanosis and preservation of 
late ventricular function may be entertained.170 This con-
sideration of a “late Fontan” surgery requires adequate PA size 
and confluence, low PA resistance, competent systemic AV 
valves, good ventricular function with low end-diastolic pres-
sure, and unobstructed ventricular outflow. Palliative surgeries 
may also be considered, such as cavopulmonary or aortopulmo-
nary shunts, in cases where the foregoing criteria are not met.171

Box 44-9 

IMAGING CHECKLIST IN THE EVALUATION OF 
ADULTS WITH FUNCTIONAL UNIVENTRICULAR 
PHYSIOLOGY

• Presence and location of an accessory chamber
• Number and functional status of the atrioventricular 

valves
• Number and orientation of the great vessels and their 

relation to the main or accessory chamber
• Presence and severity of outflow tract obstruction
• Functional performance of the systemic ventricle
• Nature and adequacy of venous return in the case of 

atresia of one of the atrioventricular valves

KEY POINTS

 Adults with congenital heart disease may escape detec-
tion during childhood because their lesion is mild  
or slowly progressive, because their physiology is well 
balanced or protected, or because of poor access to 
medical care.

 The mode of presentation of the adult with unoperated 
congenital heart disease is often similar to that of adults 
with acquired heart disease—heart failure, arrhythmia, 
murmur, hypertension, or endocarditis.

 Bicuspid aortic valve is the most common form of con-
genital heart disease in the adult and requires continued 
follow-up for progressive stenosis or regurgitation and 
aortic root dilation.

 Despite marked structural abnormality, patients with 
Ebstein anomaly are often able to live active lives, but 
may experience adverse events such as tachyarrhythmias, 
paradoxical emboli, progressive tricuspid regurgitation, 
and heart failure.

 Discrete subaortic stenosis may be masked by develop-
ment of septal hypertrophy, requiring careful TTE and 
TEE studies to elicit the correct pathophysiology.

 Aortic coarctation may be missed by transthoracic 
imaging, but PW Doppler in the abdominal aorta may 
alert the examiner to the flow disturbance more proxi-
mally in the aorta.

 Doppler gradients in supravalvular aortic stenosis and 
long-segment aortic coarctation often overestimate the 
true gradient because of flow acceleration in a tubular 
vessel with pressure recovery.

 Sinus venosus defects are the most frequently missed 
septal defect by TTE resulting from incomplete imaging 
of the most superior aspect of the septum; TEE or 
cardiac MRI is often required to detect the defect and 
partial anomalous pulmonary venous drainage.

 In the cyanotic adult with unoperated congenital heart 
disease, detecting the presence of pulmonic stenosis at 
any level may convert the clinical status from inoperable 
to surgically treatable.

 Alternative imaging modalities, such as cardiac MRI and 
CT, are important adjuncts to echocardiography in the 
complete assessment of the adult with congenital heart 
disease.
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The incidence of moderate and severe forms of congenital 
heart disease is approximately 6 per 1000 live births (19 per 
1000 if a bicuspid aortic valve is included).1 In the past 60 years, 
advances in diagnosis and in catheter and surgical treatment 
have resulted in nearly 1 million adult survivors with congenital 
heart disease in the United States.2-6 Most surgically modified 
congenital heart diseases leave behind (residua) or cause 
(sequelae) problems ranging from trivial to serious.6,7 An explo-
sion in transcatheter interventions for congenital heart disease 
over the past three decades has obviated the need for surgery in 
an ever-growing list of native and postoperative lesions.

The evaluation and management of adult congenital heart 
disease requires detailed knowledge of the 

1. Original anatomy and physiology;
2. Dynamic changes in anatomy and physiology that occur 

with time;
3. Effects of “adult” diseases (e.g., systemic arterial hyper-

tension, coronary artery disease) or conditions (e.g., preg-
nancy) on that physiology;

4. Types of operative repair (both past and present) for each 
complex of lesions;

5. Presence and extent of possible postoperative residua, 
sequelae, and complications;

6. Types of transcatheter interventions and devices, their 
echocardiographic appearance, expected sequelae, and 
potential complications; and

7. Proper selection, performance, and interpretation of 
modalities required for anatomic imaging and hemody-
namic assessment.8

It is impractical to repetitively catheterize these individuals; 
combined two-dimensional (2D), three-dimensional (3D), and 
Doppler echocardiography is often more useful than angiogra-
phy in providing details of valvular anatomy and in visualizing 
patches and ventricular wall thickness.8 In patients who have 
undergone transcatheter interventions, echocardiography can 
noninvasively evaluate device position (Fig. 45-1), residual 
shunting, and device impingement on valves, veins, and other 
structures. It can also assess for the presence of pericardial effu-
sion and tamponade physiology following device placement.9 
Transthoracic, transesophageal, and intracardiac echocardio-
graphic techniques are complementary and can be invaluable 
tools in the selection, procedural guidance, and long-term 
follow-up of transcatheter interventions.9-11

Transesophageal echocardiography (TEE) images areas often 
not seen on transthoracic echocardiography (TTE) and pro-
vides more complete depiction of complex anatomy.8,12,13 It 
allows good visualization of the origins of the coronary arteries, 
main pulmonary artery branches, and entire aorta. TEE is 
essential in the evaluation of the atrial septum, characterization 
of septal defects, and assessment of rim adequacy and adjacent 
structures when considering device closure; the addition of 3D 
capability further improves the accuracy and utility of TEE in 
the guidance of device closure.14-16 TEE is the standard for intra- 
and postoperative evaluation of complex congenital heart 
disease surgery.8,12,13 In the postoperative care unit, TEE eluci-
dates causes of general complications (e.g., hypotension, tam-
ponade, ventricular dysfunction) or complications of specific 
congenital heart disease surgeries such as the Fontan procedure 
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Figure 45-1  A, Live 3D TEE demonstrating an Amplatzer Septal Occluder straddling the intraatrial septum (IAS) as seen from the RA side. 
B, 3D TTE of two Amplatzer Septal Occluders as seen from a parasternal RV inflow view. ASD, Atrial septal occluder; TV, tricuspid valve. 

A B

RA cavity on-face view

ASD device occluder

LA

Plane of IAS

TV orifice

RV

TV
RA

ASD closure devices

LA

General Postoperative Issues in Congenital Heart Disease

Postoperative Issue Examples

Electric instability Atrial arrhythmias after intraatrial baffle procedures
Ventricular arrhythmias after ventriculotomy
Heart block and ventricular arrhythmias following 

device closure of VSD
Atrial dysrhythmias following device closure of ASD

Residual anatomic 
defects

Bicuspid aortic valve in patient with aortic 
coarctation

Residual mitral regurgitation after cleft leaflet or 
primum ASD repair

Pulmonic regurgitation after tetralogy of Fallot 
repair

Dilated aortic root
Residual shunt post surgical or device closure of 

ASD and/or VSD
Pulmonic and aortic valve regurgitation post balloon 

valvuloplasty

Impaired ventricular 
function

Chronic volume overload due to valve regurgitation
Anatomic RV functioning as the systemic ventricle
Single functioning ventricle
Coronary artery kinking post aortic root repair or 

replacement or post RV to PA conduit stenting

Prosthetic materials Degeneration of septal patches, intracardiac and 
extracardiac conduits

Prosthetic valve dysfunction
Thrombus formation
Risk of infective endocarditis
Obstruction or leaking of conduits
Device embolization or migration
Device erosion into adjacent tissue (aorta or atrial 

wall)
ASD, Atrial septal defect; PA, pulmonary artery; VSD, ventricular septal defect.

TABLE 
45-1 

(e.g., lateral tunnel thrombus). TEE is widely used to guide 
transcatheter interventions, including closure of atrial and ven-
tricular septal defects, aortic valvuloplasty, mitral valvotomy, 
pulmonary venous angioplasty and stenting, and Fontan fenes-
tration creation or closure.

Intracardiac echocardiography is gaining popularity as an 
alternate means of structural imaging for procedural guid-
ance.11 The advantages of intracardiac echocardiography over 
TEE include the ability of a single operator to perform both the 
catheterization/intervention and the crucial guiding echocar-
diography. However, the major disadvantage is a more limited 
scope of imaging (typically from the right atrial location in 
intracardiac echocardiography as opposed to the length of the 
esophagus and the transgastric views by TEE).

General Postoperative and  
Postinterventional Congenital  
Heart Disease Issues
ATRIAL AND VENTRICULAR INCISIONS  
AND DEVICES

Electric instability may occur after atrial or ventricular inci-
sional scars or aneurysms, or after insertion of intracardiac 
patches or conduits with possible disruption of the conduction 
system6,7,17,18 (Table 45-1). Patients with intraatrial baffles or 
conduits (e.g., Mustard and Fontan procedures) frequently 
suffer atrial arrhythmias; superimposed pressure overload on a 
ventriculotomy site may cause ventricular arrhythmias.7 Because 
certain subgroups of postoperative congenital heart disease 
often require pacemaker therapy, there are concerns about 
diminished ventricular contractility over the long term with 
pacing via one ventricle (usually the right).19,20 Thus, ventricular 
resynchronization by biventricular or multisite pacing may be 
of value and is amenable to evaluation by Doppler echocardiog-
raphy.21,22 Transcatheter device closure of atrial septal defect 
(ASD) is associated with an early risk of atrial arrhythmias and/
or sinus dysrhythmia.23 The risk of heart block is low, and 
patients rarely require pacemaker implantation. The risk of 
heart block is higher in patients who undergo transcatheter 
closure of membranous/perimembranous ventricular septal 
defects (VSDs), with published rates ranging from 1% to 17%. 
The risk is highest in infants and young children.24-28 Transcath-
eter device closure of muscular VSD does not carry a significant 

risk of heart block given the lack of proximity to the bundle of 
His.29 However, all VSD devices do carry the risk of ventricular 
arrhythmias, mostly noted at or early after time of device place-
ment and consisting largely of isolated premature ventricular 
contractions without clinical morbidity or mortality.

ANATOMIC AND VALVULAR RESIDUA  
AND SEQUELAE

Postoperative anatomic and valvular sequelae and residua must 
be sought.6,7 Bicuspid aortic valves, common with aortic coarc-
tation, continue to pose risks of progressive stenosis, regurgita-
tion, and endocarditis despite coarctation repair. Variations on 
a parachute mitral valve, also associated with coarctation and 
other stenoses in sequence on the left-sided circulation, are 
detected by imaging a decreased interpapillary muscle distance 
and Doppler evidence of inflow obstruction. Repair of an ostium 
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CONDUITS, PATCHES, AND PROSTHETIC 
MATERIALS

Septal patches, prosthetic valves, and conduits may degener-
ate.7,8 Foreign bodies such as pacer wires or mechanical valvular 
prostheses risk thrombus formation or endocarditis (Fig. 45-3). 
Bioprosthetic valves and conduits often develop obstruction 
and/or regurgitation due to degenerative changes and calcifica-
tion or by intimal ingrowth, particularly in adolescents and 
young adults. External conduits may be kinked by compression 
between the heart and sternum. Obstruction can occur at the 
exit from the ventricle, at a bioprosthetic valve, or at the distal 
insertion site. An internal conduit may develop leaks, internal 
obstruction, or kinking, or it may partially obstruct the chamber 
within which it sits. Some conduits have unusual courses due 
to altered great artery relationships; therefore, multiple precor-
dial and subcostal transducer positions or multiplane TEE may 
be required for an adequate anatomic-hemodynamic evalua-
tion. Continuous-wave (CW) Doppler is directed into the 
conduit from multiple angles to predict the pressure gradient; 
most conduits curve, and the proper angle to record the true 
peak velocity may be difficult to obtain.8 CW Doppler of atrio-
ventricular valve regurgitation quantitates ventricular systolic 
pressure and estimates significant conduit stenosis. Transcath-
eter devices carry a small risk of erosion into adjacent struc-
tures. This is of greatest concern with large ASD occluders and 
may result in aortic root to atrial fistulas and/or hemopericar-
dium. The risk of device embolization is low and highly opera-
tor dependent. Appropriate device sizing, device testing before 
deployment, and observation after device deployment reduce 
the risk of this dreaded complication. Device retrieval is feasible 
and effective in the majority of cases. Rarely, device emboliza-
tion results in large pulmonary embolism, stroke, or limb isch-
emia. When imaging a patient with a history of device placement, 
every effort should be made to locate and interrogate the device. 
Intracardiac devices should be clearly visible by TTE. If they are 
not visualized on routine postprocedural surveillance (we typi-
cally perform this 12 to 24 hours after transcatheter device 
implantation), then we recommend further imaging to locate 
the device (fluoroscopy, computed tomographic [CT] angiog-
raphy, or magnetic resonance imaging [MRI]). Devices or coils 
placed in the great arteries or extracardiac veins (e.g., patent 
ductus arteriosus occluder) may not be readily visible by TTE 
in the adult patient.

Palliative Procedures
PULMONARY ARTERY BANDING

Pulmonary artery banding may be used to decrease the volume 
and pressure effects of a large shunt at the ventricular level to 
avoid heart failure or pulmonary hypertension (Fig. 45-4). 
The band site is evaluated by echocardiographic anatomic 
imaging, the best band placement being the midportion of the 
pulmonary artery. A band that is too close to the valve may 
interfere with valve function, and a band that has slipped onto 
the bifurcation may cause branch artery stenosis. Inadequate 
banding allows pulmonary hypertension (Table 45-2). Band 
stenosis gradient is quantitated by aligning the CW Doppler 
beam with the color flow jet via the iatrogenic stenosis (see 
Fig. 45-4). Because most lesions that require banding have 
large VSDs, pulmonary artery systolic pressure can be 

primum ASD with cleft mitral leaflet may leave residual mitral 
regurgitation or the sequel of mitral stenosis; subaortic stenosis 
due to anomalous chordal attachments should be sought. Trans-
catheter static balloon pulmonic valvuloplasty has supplanted 
surgery as the treatment of choice in isolated pulmonic valve 
stenosis.30 Although effective at relieving stenosis, this technique 
can result in pulmonic regurgitation.31,32 Similarly, balloon val-
vuloplasty of stenotic bicuspid aortic valves carries the risk of 
creating aortic regurgitation with resultant left ventricular (LV) 
volume overload.33 In repaired tetralogy of Fallot, pulmonic 
regurgitation is a sequel to valvotomy or transannular incision 
and patch. Mild to moderate low-pressure pulmonic regurgita-
tion is common and well tolerated. Severe pulmonic regurgita-
tion may cause right ventricular (RV) dilation and tricuspid 
regurgitation, particularly if there is residual RV outflow 
obstruction. Muscular VSDs may have been missed and should 
be sought by color flow imaging. Residual shunting is common 
immediately following device occlusion of atrial or ventricular 
septal defects, patent ductus arteriosus, and many other con-
genital cardiac or extracardiac communications. However, with 
currently available devices that combine Nitinol and polyester, 
the majority of these residual shunts close within days to weeks 
of device implantation. The likelihood of complete VSD closure 
of perimembranous or muscular VSDs after device closure is 
less given the high-velocity shunt present at the ventricular 
level27,29 (Fig. 45-2). A dilated aortic root or trunk may occur in 
tetralogy of Fallot, transposition of the great arteries, or single 
ventricle in association with pulmonic stenosis, and late aortic 
regurgitation is common in adults. Aortic aneurysms or pseu-
doaneurysms are not uncommon in patients with coarctation 
of the aorta following surgical repair (most commonly seen in 
those with patch augmentation) or following balloon angio-
plasty.34,35 The rate of aneurysm or pseudoaneurysm formation 
is much lower when stents are employed and is essentially non-
existent with the use of covered stents.36,37 Atrioventricular valve 
regurgitation, common preoperatively in Fontan patients, may 
progress postoperatively.

VENTRICULAR FUNCTION

Valvular lesions pose a risk for endocarditis and, if severe, affect 
long-term ventricular performance.38 Operative myocardial 
preservation often was faulty in earlier decades. The later in life 
the patient is operated, the less the regression of ventricular 
hypertrophy. Long term, a subaortic right ventricle (RV) oper-
ating at systemic pressures or a single functioning ventricle in 
a “univentricular” heart—even after a Fontan—may have an 
irreversible decline in contractility. Ventricular function may 
suffer if a prosthetic patch or conduit origin is large, if an inci-
sional aneurysm acts as a “windkessel,” or if valvular or conduit 
obstruction and regurgitation or large shunt overloads the 
heart. Procedures that involve manipulation or reimplantation 
of the coronary arteries carry the risk of coronary artery kinking, 
torsion, or obstruction with resultant downstream myocardial 
infarction and/or ischemia. This is an important clinical con-
sideration in patients with complete transposition of the great 
arteries who have undergone the arterial switch operation, 
those who have undergone the Ross procedure, or those with 
anomalous coronary arterial anatomy who have undergone 
arteriotomy, reimplantation, or bypass. Transcatheter stent 
placement within an RV-to-pulmonary-artery conduit carries 
the risk of coronary compression (typically left main or proxi-
mal left anterior descending).
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Figure 45-2  A and B, X-plane simultaneous orthogonal images from TEE with 2D and color flow Doppler demonstrating a moderate degree 
of high-velocity left-to-right systolic shunting across a perimembranous ventricular septal defect (PM-VSD). C and D, Muscular VSD device 
attached to a cable is straddling the VSD just below the aortic valve. E and F, Live 3D TEE after VSD device release demonstrates its relationship 
to the mitral valve  (MV ),  tricuspid valve  (TV ), and aortic valve.  IAS,  Intraatrial septum; LVOT,  left ventricular outflow tract; RVOT,  right ventricular 
outflow tract. 
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estimated as systolic systemic blood pressure minus the peak 
pressure gradient across the band (provided that there is no 
LV outflow tract obstruction). Transcatheter pulmonary artery 
“banding” is feasible with the use of flow restrictors. These are 
essentially occlusion devices with fenestrations that allow for 

continued but lessened flow. There is very little experience 
with such devices in adult congenital heart disease patients. 
Clinical investigation has focused on a neonatal population 
with single-ventricle physiology and excessive pulmonary 
blood flow.
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Figure 45-4  Pulmonary artery band (PAB). This patient had a previous PAB as a neonate before subsequent repair of an atrioventricular septal 
defect as an infant. A, Parasternal long-axis TTE view shows that PAB was not completely removed. B, Accompanying CW Doppler study reveals 
residual “stenosis” with a mean systolic gradient of 15.5 mm Hg. Ao, Aorta; MPA, main pulmonary artery; RVOT, right ventricular outflow tract; TV, 
tricuspid valve. 
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Figure 45-3  Complete transposition of the great arteries late post Mustard with pacemaker previously inserted for sick sinus syndrome. 
Patient presented with fevers and bacteremia. TTE views (A, modified parasternal long-axis view; B, zoomed portion of four-chamber apical view) 
reveal a vegetation (Veg ) on the pacer wire (PW ), which passes via the systemic venous atrium (SVA) from the superior vena cava to the LV. Vegeta-
tion resolved after 6 weeks of antibiotic therapy. DAo, Descending aorta; MV, mitral valve. 
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Palliative Procedures for Congenital Heart Disease

Name of Procedure Description Complications

Pulmonary artery banding Constriction of main pulmonary artery Inadequate band with consequent pulmonary vascular disease
Branch pulmonary artery stenosis
Pulmonic valve dysfunction

Waterston shunt Ascending aorta to right pulmonary artery Pulmonary hypertension due to too large a shunt

Potts shunt Descending aorta to left pulmonary artery Kinking of branch pulmonary arteries

Blalock-Taussig shunt Subclavian artery to branch pulmonary artery Inadequate shunt to maintain pulmonary blood flow

Modified Blalock-Taussig shunt Gore-Tex graft from subclavian artery to 
pulmonary artery

Excessive shunt resulting in pulmonary hypertension

Glenn shunt Superior vena cava to right pulmonary artery 
with division of main pulmonary artery

Postoperative cyanosis due to increased collaterals from superior 
to inferior vena cava or pulmonary arteriovenous fistulas

Bidirectional Glenn shunt Superior vena cava to both (undivided) 
pulmonary arteries

Postoperative cyanosis due to increased collaterals from superior 
to inferior vena cava or pulmonary arteriovenous fistulas

TABLE 
45-2 

PALLIATIVE AORTOPULMONARY SHUNTS

Palliative systemic arterial to pulmonary arterial shunts are per-
formed for congenital heart disease characterized by decreased 
pulmonary arterial flow (e.g., tetralogy of Fallot) (Fig. 45-5). 
The shunts from the high-pressure aorta to the low-pressure 
pulmonary artery can be evaluated for patency by CW Doppler, 

which should reveal nonlaminar flow in both systole and dias-
tole toward the pulmonary artery in the absence of pulmonary 
hypertension.

The Waterston (ascending aorta to right pulmonary artery) 
and Potts (descending aorta to left pulmonary artery) shunts 
are discrete side-to-side connections. Potts and Waterston anas-
tomoses are now rarely performed because of problems with 
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Figure 45-5  Right Blalock-Taussig shunt (RBTS) palliation in tetralogy of Fallot. A, Underlying tetralogy anatomy of aorta overriding (vertical 
arrows) malaligned defect of ventricular septum (VS). Color flow shows jet of aortic regurgitation. B, Suprasternal notch view of RBTS descending 
(horizontal arrows) rightward along the transverse aorta (Ao). C, CW Doppler of RBTS with “continuous” high-velocity flow with peaking in systole 
(Sys) but persisting throughout diastole (diast), indicating low pulmonary vascular resistance. 
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precise control of size and possible pulmonary hypertension or 
kinking of branch pulmonary arteries, which may complicate 
further repair. TTE imaging of these anastomoses is often dif-
ficult in adults and may require TEE, where proper Doppler 
alignment with color flow imaging makes it possible to calculate 
the Bernoulli equation gradient. Pulmonary artery systolic 
pressure is estimated by subtracting the peak systolic pressure 
gradient from the brachial artery systolic peak pressure. As pul-
monary artery pressures rise, diastolic flow decreases more than 
systolic flow; diminutive diastolic flow indicates increased dia-
stolic pulmonary pressure.

A classic Blalock-Taussig shunt is a direct end-to-side anas-
tomosis between a subclavian artery and a branch pulmonary 
artery, usually on the side opposite the aortic arch (see Fig. 
45-5). A modified Blalock-Taussig shunt uses a 4- to 5-mm 
Gore-Tex tube or vein graft from the aorta or subclavian artery 
to the pulmonary artery. Imaging of a Blalock-Taussig shunt 
uses suprasternal and supraclavicular views augmented by color 
flow imaging. Estimation of pulmonary artery pressure may be 
unreliable in a long, curving connection. A low gradient may 

be seen in the presence of adequate flow and normal pulmonary 
artery pressures. The flow should be virtually continuous; thus, 
it must be distinguished from a patent ductus (see Fig. 45-5). If 
the shunt is small or occluded, flow decreases or is lost. Doppler 
is helpful in the early postoperative period in a patient who 
continues to have cyanosis, in order to assess adequacy of the 
shunt versus other causes of postoperative cyanosis (e.g., atel-
ectasis). If the shunt is too large and results in pulmonary 
hypertension (fortunately an uncommon event), the diastolic 
flow decreases first, with decreased systolic flow later as pulmo-
nary vascular resistance rises to equal systemic resistance.

GLENN SHUNTS

A classic Glenn shunt is anastomosis of the end of the superior 
vena cava to the side of the right pulmonary artery divided 
from the main pulmonary artery and superior vena caval  
ligation as it enters the right atrium (RA). A bidirectional  
Glenn allows superior vena cava flow to both pulmonary  
arteries, causing improved systemic oxygen saturation without 
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old.39-41 Recently, transcatheter device closure for secundum 
defects of appropriate size and rim for current devices has been 
successful with a low rate of complications (see Fig. 45-1).23,42-45 
Both TEE and intracardiac echocardiography are valuable in 
guiding proper insertion of ASD closure devices.46,47 Echocar-
diographic exam after ASD closure searches for residual shunt-
ing, associated mitral abnormalities, pulmonary hypertension, 
and degree of resolution of right heart chamber enlargement.8,48 
Immediate residual shunting through the device is common 
after transcatheter ASD closure and usually resolves over a 
period of weeks to months as the device endothelializes. Surgi-
cal patch leaks are infrequently seen, provided that severe pul-
monary hypertension was not present. A previously sizable 
shunt will have a decrease in but not necessarily normalization 
of RV size and increased LV size plus improved RV and LV 
myocardial performance index.48 LV diastolic dysfunction, 
especially restrictive physiology, bears special consideration in 
the older adult with a secundum ASD; device or surgical closure 
of the defect results in increased LV preload and therefore 
increased filling pressure of a poorly compliant ventricle.49 In 
patients with evidence of elevated LA pressure at baseline, test 
occlusion of the defect with continuous LA pressure assessment 
may reveal further increase in LA pressure and warrant device 
fenestration and further medical therapy (e.g., intravenous 
diuretic use).50 TTE with color flow Doppler can be effective in 
monitoring device appearance and position as well as fenestra-
tion patency following the procedure.

Sinus venosus ASD, often associated with anomalous pulmo-
nary venous connections to the superior vena cava, often 
requires TEE for precise diagnosis (Fig. 45-6). Repair requires 
patching of the defect with autologous pericardium so as to also 
baffle the anomalous pulmonary venous drainage to the LA via 
the ASD. TEE is valuable to evaluate the adequacy of patch 
closure of the defect with attention to possible superior vena 
caval or pulmonary venous obstruction (Fig. 45-7).

Atrioventricular canal–type ASD is considered in the section 
on “complex” repairs. A coronary sinus ASD, the rarest form, 
consists of partial or complete absence of the coronary sinus 

ventricular volume overload, useful as definitive palliation or 
as a staging for subsequent Fontan procedures in complex con-
genital heart disease not amenable to biventricular repair. Echo-
cardiographic imaging from right supraclavicular or suprasternal 
notch windows can show the course of the superior vena cava 
and the size of the connection to the right pulmonary artery. 
TEE imaging in at 90° to 110° alignment identifies the RA and 
upper stump of the superior vena cava and then, with rotation 
of the probe rightward, the superior vena cava–right pulmo-
nary artery connection. Combined color flow and spectral 
Doppler evaluate anastomosis patency.8,12,13

Recurrent late postoperative cyanosis may be via collateral 
venous flow from the superior vena cava to the inferior  
vena cava or from pulmonary arteriovenous fistulas. 
Echocardiographic contrast detects these extracardiac shunts; 
after injection into an arm vein, late flow into the left atrium 
(LA) identifies pulmonary arteriovenous fistulas, whereas 
prompt appearance in the RA reveals azygous-venous collater-
als to the inferior vena cava.2 Fistulas and venous collaterals 
are amenable to catheter-directed coil embolization or device 
closure.

Corrective Procedures for “Simple” 
Lesions
Simple lesions are isolated shunts, obstructive malformations, 
or regurgitant lesions. Complex malformations have two or 
more simple lesions, often with malpositions of veins, cham-
bers, or great arteries and associated cyanosis.8 Corrective pro-
cedures for simple lesions are listed in Table 45-3.

ATRIAL SEPTAL DEFECTS

ASDs are among the most common unoperated and postopera-
tive congenital heart defects. A secundum ASD, the most 
common, has conventionally been closed by direct surgical 
repair with good results even in adults more than 40 years 

Corrective Procedures for “Simple” Congenital Heart Lesions

Lesion Corrective Procedure Complications and Residual Abnormalities

Atrial septal defect Suture repair, patch closure, or transcatheter 
closure

Residual shunting
Associated mitral valve abnormalities
Persistent pulmonary hypertension
Right heart chamber enlargement

Ventricular septal defect Surgical repair (via right transatrial approach) Residual patch leak
Arrhythmias if ventricular incision needed

Patent ductus arteriosus Surgical ligation or catheter device closure Residual shunting (more likely if calcified)

Bicuspid aortic valve Surgical or balloon valvuloplasty
Pulmonic autograft
Valve replacement

Associated lesions (ventricular septal defect, coarctation)
Restenosis
Prosthetic valve dysfunction

Subaortic stenosis Excision of membrane or fibromuscular ridge Aortic regurgitation
Iatrogenic ventricular septal defect
Mitral valve injury
Recurrent stenosis

Coarctation of aorta Multiple repair procedures Residual or recurrent coarctation
LV hypertrophy
Associated lesions (e.g., bicuspid aortic valve, supramitral ring)

Ebstein anomaly Surgical repair Residual tricuspid regurgitation
Associated lesions (patent foramen ovale, atrial septal defects, 

pulmonic stenosis, ventricular septal defects)

Pulmonic stenosis Balloon dilation
Surgical repair

Residual stenosis
Pulmonic regurgitation
Dynamic RV outflow obstruction (early postoperative)

Coronary artery 
anomalies

Various repair procedures LV dysfunction
Mitral regurgitation

TABLE 
45-3 



  45  Echocardiographic Evaluation of the Adult with Postoperative Congenital Heart Disease 883

Figure 45-6  Sinus venosus atrial septal defect on preoperative multiplane TEE. A, The horizontal plane demonstrates a communication (arrow) 
between LA and superior vena cava (SVC) at its entrance into RA at the level of the RA appendage (RAA). B, TEE color flow imaging shows a shunt 
from LA into SVC and RA. Also shows entrance of partial anomalous pulmonary venous connection of right superior pulmonary vein (RSPV ) into RA 
rather than LA. C, Vertical plane of defect (white arrows ) between LA and SVC; mouth of SVC to RA is seen on vertical plane with crista terminalis 
(black arrows). D, Horizontal plane below level of defect demonstrates severely dilated RA and RV.  IAS,  Interatrial septum; RPA, right pulmonary 
artery; RVOT, right ventricular outflow tract. 
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Figure 45-7  Sinus venosus atrial septal defect (SVASD ) with partial anomalous pulmonary venous connection. Intraoperative TEE in patient 
from Figure 45-6 after patch repair (SVASD patch ) of defect where patch redirects right superior pulmonary vein (RSPV ) flow to LA via defect that 
is left open. Superior vena cava (SVC ) is mildly narrowed but patent. Right inferior pulmonary vein (RIPV ) is seen to enter LA normally. 
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with connection of the LA to the RA via the usual location of 
the coronary sinus ostium, usually with a persistent left superior 
vena cava that joins the roof of the LA.24 A coronary sinus ASD 
may be associated with complete atrioventricular septal defects 
or tricuspid atresia (and may first be detected after a Fontan 
repair).

VENTRICULAR SEPTAL DEFECTS

VSD, a common congenital lesion alone or in combination  
with other anomalies, may occur anywhere in the ventricular 
septum. VSD may be classified as perimembranous, muscular, 
inlet, outlet, or malaligned. VSD may be characterized as  



884 PART IX Adult Congenital Heart Disease and Cardiac Tumors

position, decreases the reoperation rate, and avoids long-term 
anticoagulation. Bioprosthetic pulmonic valve degeneration is 
often well tolerated, but late valve replacement is likely.

Concerns about pulmonary root autografts in the aortic 
position include potential for dilation of the wall of the pulmo-
nary artery with continued exposure to systemic arterial pres-
sure and the development of progressive “neoaortic” valvular 
regurgitation. Because cardiopulmonary bypass time is longer 
than for simple valve replacement, meticulous attention to 
myocardial preservation and to the technique of coronary reim-
plantation is required. Precise measurement of the pulmonary 
and aortic annuli to ensure parity and demonstration of only 
mild or no pulmonic regurgitation are helpful in deciding on 
the Ross procedure. Intraoperative TEE achieves these goals and 
verifies valvular and myocardial function and normal flow at 
coronary reimplantation sites.

SUBAORTIC STENOSIS

Subaortic stenosis, most commonly due to a discrete fibromus-
cular ridge, may be isolated or may complicate perimembra-
nous VSDs before or after closure.55-57 Aortic valve regurgitation 
is more likely the closer the membrane is to the aortic valve. 
Excision of the membrane or fibromuscular ridge in association 
with focal septal myectomy is the treatment of choice to reduce 
the likelihood of recurrence. If associated aortic regurgitation 
is moderate or less, surgical repair may avoid replacement. 
Intraoperative TEE verifies relief of obstruction, lack of mitral 
injury, absence of iatrogenic VSD, and only mild or absent 
aortic regurgitation.8 Surveillance for recurrence with stenosis 
and development or progression of aortic regurgitation is 
mandatory.

COARCTATION OF THE AORTA

There are many survivors of coarctation surgical repair; the 
numbers of those treated with catheter balloon dilatation  
or stenting are steadily increasing (Fig. 45-9).58,59 Residua, 
sequelae, or complications are frequent and require lifelong 
follow-up.6,60-64 Bicuspid aortic valve, aortic medial defects, 
abnormal medium-sized arterial reactivity, and intracranial 
aneurysms are commonly associated with coarctation, suggest-
ing a common developmental abnormality with diffuse arteri-
opathy.6,65-69 Repairs include resection of coarctation with 
end-to-end anastomosis, patch, or subclavian flap aortoplasty 
or interposition conduit (see Fig. 45-9). If the condition is 
symptomatic, repair is best done in infancy. Otherwise, timing 
is “elective,” but the later in life repair is performed, the more 
likely persistent hypertension and accelerated coronary artery 
disease. Suprasternal notch echocardiographic views are useful 
for imaging of residual or recurrent coarctation narrowing or 
aneurysm formation. Color flow imaging shows the narrowed 
site with proximal acceleration; CW Doppler is necessary to 
show the systolic gradient.8 Continued diastolic forward flow 
through the zone of narrowing denotes significant obstruction 
(see Fig. 45-9). Exercise Doppler echocardiography is useful for 
follow-up of repaired coarctation to detect exercise-related 
hypertension and coarctation gradients. TEE is more effective 
than surface echocardiography in evaluating the extent and 
degree of coarctation. Doppler peak systolic velocity in the 
descending aorta correlates better with residual narrowing of 
the aortic isthmus or distal aortic arch than does the systolic 
blood pressure gradient between the upper and lower limbs. 

restrictive or nonrestrictive according to whether there is a sig-
nificant systolic pressure gradient from LV to RV. In adults, 
substantial left-to-right shunt due to a nonrestrictive VSD is 
rare as a result of pulmonary vascular disease (Eisenmenger 
syndrome). Spontaneous closure of perimembranous VSD 
occurs frequently, mainly by adherence of septal tricuspid leaflet 
tissue but occasionally by prolapse of an aortic cusp into the 
defect. Tricuspid regurgitation may develop. Aortic regurgita-
tion (especially with outlet supracristal defects) may occur; 
operative closure of the VSD usually prevents progression. 
Small defects risk infective endocarditis. Once endocarditis 
occurs, it may be argued that closure of the VSD will diminish 
subsequent risk. Nine of 296 patients who underwent closure 
of isolated VSD developed endocarditis; 3 of the 9 had no 
known residual shunt.51

A simple VSD is closed by right transatrial approach to avoid 
electrical and mechanical consequences of ventricular incisions. 
Multiple muscular VSDs may require left ventriculotomy for 
visualization, with the risks of ventricular arrhythmia and ven-
tricular dysfunction. Investigation for patch leaks is imperative, 
preferably in the operating room at the time of closure to allow 
re-repair at that time. Color flow imaging after closure of a large 
VSD may show previously undetected smaller defects. Trans-
catheter device closure has been helpful for multiple muscular 
VSDs, for persistent postoperative VSD in complex conotruncal 
malformations, and for acquired postinfarction VSD and 
recently has been applied to perimembranous VSD.24 TEE or 
intracardiac echocardiography during the procedure decreases 
fluoroscopy time, determines the device position relative to the 
defect and adjacent valves, and detects residual shunting.

PATENT DUCTUS ARTERIOSUS

Patent ductus arteriosus is ordinarily detected in childhood, but 
undiagnosed cases are seen each year during routine echocar-
diography for other reasons. Operative closure of patent ductus 
arteriosus in the young leaves few residua; in adults, calcifica-
tion is common and can tear during ligation. Catheter device 
closure is effective provided the size is less than 7 mm and 
previous endarteritis at the site has not occurred, which could 
weaken the vessel wall. TEE is useful in verifying complete 
uncomplicated closure. Color flow imaging search for residual 
shunting is essential to confirm success or the need for further 
device closure and for advice on antiinfective endocarditis 
prophylaxis.

BICUSPID AORTIC VALVE

Bicuspid aortic valve, the most common congenital cardiac 
malformation, may initially be functionally normal, but with 
time most develop significant stenosis or regurgitation.52,53 
Associated lesions (e.g., VSD, aortic coarctation) should be 
sought. There is an associated tissue defect of the aortic  
wall with a tendency to aneurysm and ascending aortic 
dissection.54

Surgical or balloon catheter valvuloplasty can palliate young 
adults but can may cause aortic regurgitation. Most patients 
ultimately require valve replacement with a mechanical or bio-
prosthetic valve (homograft or heterograft or Ross procedure) 
or repair (Fig. 45-8). The Ross procedure (pulmonary autograft 
to the aortic position, heterograft or homograft to the pulmo-
nary position, with or without reimplantation of the coronary 
arteries) reduces bioprosthetic degeneration in the aortic 
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nullifies these risks, as well as the very low but dreaded risk of 
aortic rupture. Intravascular or transesophageal echocardiogra-
phy during balloon dilation or stenting and intraoperatively is 
useful to show a good result and detect tear or dissection.8

EBSTEIN ANOMALY

Ebstein anomaly has significant morbidity due to arrhythmias 
and right heart failure and even sudden death, possibly due to 
ventricular arrhythmias arising in the pathology of the atrial-
ized RV.70-73 It is characterized by apical displacement of the 
septal tricuspid leaflet with adherence of the septal and poste-
rior tricuspid leaflets to the underlying myocardium, resulting 

Peak velocities greater than 2.5 m/s effectively detect greater 
than 25% narrowing. Prolongation of anterograde flow during 
diastole indicates a significant morphologic abnormality, such 
as restenosis or aneurysmal dilation.

LV hypertrophy and function should be quantified; associ-
ated left-sided obstructive lesions (e.g., bicuspid aortic valve, 
supramitral ring) must be sought. Postoperative endarteritis is 
rare but can result in a pseudoaneurysm. Balloon catheter dila-
tion and stenting are often applied to recurrent or residual 
postoperative coarctation, but are effective and safe in native 
coarctation.58 Balloon angioplasty alone carries a higher risk 
of aneurysm/pseudoaneurysm formation or dissection when 
compared to stenting. The use of covered stents essentially 

Figure 45-8  Homograft pulmonic stenosis. A, TTE, systolic parasternal short-axis frame with color Doppler across stenotic pulmonary homograft 
in patient who has undergone Ross procedure. Note that  the pulmonic stenosis  jet  (PS jet)  is within  the homograft and at pulmonic valve  level. 
B, Diastolic frame demonstrating moderate pulmonic valve regurgitation (PR). C, CW Doppler demonstrating severe pulmonic stenosis (PS) with a 
peak and mean gradient of 76 mm Hg and 49 mm Hg, respectively. There is also evidence of moderate pulmonic regurgitation (PR) and restrictive 
RV physiology as evidenced by presystolic anterograde flow in the right ventricular outflow tract (RVOT). 
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stenosis and of associated abnormalities such as VSD or ASD. 
Some adults are still seen with previous surgical valvuloplasty 
for isolated valvular pulmonic stenosis. Balloon catheter dilata-
tion is now usual in isolated valvular stenosis, but less so with 
dysplastic valves.7 Immediately after valvuloplasty, the severely 
hypertrophied RV outflow tract may develop dynamic subpul-
monic stenosis manifest by late-peaking high velocities that 
typically regress over time. Follow-up of residual stenosis or 
sequelae of pulmonic regurgitation is required.

Double-chambered RV, a variation of subpulmonic stenosis, 
due to aberrant muscle bundles at the junction of the inlet and 
outlet portions of the RV proximal to the infundibulum, is 
often associated with VSD and occasionally subaortic stenosis.8 
Only the inlet RV is under pressure from the “pulmonic steno-
sis” and, despite hypertrophy of that portion, the electrocardio-
gram shows remarkably low-voltage RV forces. Resection of the 
obstructing muscle bundles is indicated when there is more 
than mild stenosis.

ANOMALIES OF THE CORONARY ARTERIES

Coronary artery anomalies include abnormal origin of the 
right, left main, or left coronary artery branches from one 

in downward displacement of the functional annulus and an 
“atrialized RV chamber” in its inflow portion. The anterior 
leaflet is redundant and may have abnormal fenestrations or 
tethering to ventricular myocardium. The true tricuspid annulus 
is dilated; tricuspid regurgitation is usual. Comprehensive echo-
cardiographic definition of the tricuspid anatomy is usually 
adequate for diagnosis and prediction of suitability for repair 
and avoids the need for preoperative catheterization.8,12,74,75 
Associated anomalies include patent foramen ovale, ASD, pul-
monic valve stenosis or atresia, VSDs, and tetralogy of Fallot. 
LV function can be decreased.76 Tricuspid valve repair and 
annuloplasty with RV plication and RA reduction are preferable 
to valve replacement.7,77-84 An anterior leaflet that is elongated, 
untethered, and freely mobile is necessary for best repair; a 
dysplastic, tethered, or fenestrated valve is undesirable. Intraop-
erative TEE verifies satisfactory reduction in tricuspid regurgi-
tation without stenosis, repair of associated defects, and 
adequacy of myocardial preservation.

PULMONIC STENOSIS

Pulmonic stenosis may be subvalvular, valvular, or supravalvu-
lar. Management requires elucidation of severity and site of 

Figure 45-9  Aortic coarctation. Intraoperative TEE. A, Prerepair coarctation anatomy (Coarct) with dilatation of distal portion of descending 
aorta (DAo) that was nonpulsatile in contrast to excessively pulsatile proximal DAo. B, After coarctation repair (resection and end-to-end anasto-
mosis), there is no residual stenosis. C, CW Doppler before coarctation repair that is not able to be precisely aligned with true angle of the coarcta-
tion. Thus peak recorded velocity of 3.16 m/s is underestimate of true peak instantaneous systolic gradient. Regardless, the continued diastolic tail 
reveals that this is significantly obstructive coarctation. 
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the subpulmonary morphologic left ventricle (LV) and pulmo-
nary venous return to the subaortic morphologic RV (Figs. 
45-10, 45-11, and 45-12). The atrial cavity is therefore divided 
into two portions: an anterior chamber receiving the systemic 
venous return and a posterior chamber receiving the pulmo-
nary venous return. Sequelae and complications include dys-
rhythmias (sinus node dysfunction and atrial arrhythmias are 
frequent) and conduction disturbances, baffle leaks or obstruc-
tion, vena caval and pulmonary venous obstruction, tricuspid 
regurgitation, dysfunction of the RV, and even sudden 
death.6,18,85-90 RV dysfunction may be due to ischemia or 
fibrosis.91-93 Residual defects may include pulmonic stenosis, LV 
outflow tract obstruction, VSD patch leaks, and pulmonary 
hypertension.

Transthoracic Doppler echocardiography from multiple 
windows routinely allows imaging of the intraatrial pulmonary 
venous and systemic venous portions of the atrial switch (see 
Figs. 45-10, 45-11, and 45-12).8 Presystolic flow reversal with 
atrial contraction into the hepatic venous confluence and supe-
rior vena cava provides indirect evidence of caval anastomotic 
patency. If echocardiographic contrast injected into a periph-
eral arm vein promptly enters the systemic venous atrium, the 
superior vena caval anastomosis is patent. In obstruction at the 
superior vena caval connection, azygous or other venous col-
laterals to the inferior vena cava will cause contrast to first enter 
the inferior vena cava and then the systemic venous atrium. 
Tricuspid regurgitation may occur with or without diminished 
RV function. Long-term performance of the systemic RV is 
often abnormal, especially in the VSD repair subgroup. In addi-
tion to evaluating RV size and ejection fraction, measuring RV 
myocardial performance index is useful.8,94 TEE may be needed 
for accurate imaging of the entrance site of all four pulmonary 
veins and for imaging of the caval junctions with the systemic 
venous baffle.12,13 Peripheral venous contrast injections help 

coronary cusp or the other; associated abnormal courses of the 
anomalous artery; and abnormal connections to other vessels 
or chambers (e.g., coronary arteriovenous fistula or anomalous 
origin of the left coronary artery from the pulmonary artery).7,8,12 
Some of these anomalies are benign; others may result in myo-
cardial ischemia, ventricular dysfunction, arrhythmias, and 
sudden death. Abnormalities of the course of the coronary 
arteries seen in tetralogy of Fallot or transposition complexes 
are important in relation to the technique of surgical repair. 
Echocardiography, particularly TEE, has had success in identi-
fying coronary abnormalities.

Anomalous origin of the left coronary artery from the pul-
monary artery is often associated with myocardial ischemia, 
congestive heart failure, mitral regurgitation, and arrhythmias. 
Surgical approaches include simple ligation of the left coronary 
artery at its attachment to the pulmonary trunk, saphenous vein 
or internal mammary artery bypass grafting, direct reimplanta-
tion of the coronary to the aorta, and (via a surgically created 
aortopulmonary window) fashioning of a tunnel that directs 
blood flow from the aorta to the left coronary ostium. Postop-
erative imaging of this connection in the operating room is 
necessary. Long-term echocardiographic evaluation includes 
quantitation of global and regional LV function and degree of 
mitral regurgitation.

Repair of “Complex” Malformations
ATRIAL SWITCH SURGERY

Atrial switch surgery (e.g., Mustard and Senning) is the reason 
most born with complete transposition of the great arteries are 
adolescents and young adults today (Table 45-4).7 A combina-
tion of atrial septal tissue, pericardium, or synthetic material is 
used to fashion a baffle that reroutes systemic venous return to 

Corrective Procedures for “Complex” Malformations

Lesion Corrective Procedure Complications and Residual Abnormalities

Transposition of the great 
arteries (TGA)

Atrial switch surgery (Mustard procedure) Rhythm and conduction disturbances
Baffle leaks and obstruction
Vena caval and pulmonary venous obstruction
Tricuspid regurgitation
RV dysfunction

TGA Arterial switch procedure Supravalvular pulmonic stenosis
Supravalvular aortic stenosis (less common)
Regional wall motion abnormalities of the LV

Tricuspid atresia or 
double-inlet single ventricle

Fontan repair (RA to pulmonary artery or RV) Cavoatrial shunting, atrial septal shunting, thrombus, 
RA-to-pulmonary-artery obstruction

Atrioventricular canal defects Patching of atrial and/or ventricular septal defects 
combined with valve repair

Residual mitral regurgitation
Iatrogenic mitral stenosis
Subaortic stenosis
Patch leaks

Tetralogy of Fallot VSD patch and relief of infundibular pulmonic 
stenosis

Pulmonic regurgitation
RV aneurysms (with older repairs)
Residual RV outflow obstruction
Ventricular septal patch leaks

TGA with ventricular septal 
defect (VSD) and pulmonic 
stenosis

Rastelli repair (conduit from RV to pulmonary 
artery with VSD patch directing subaortic flow)

VSD patch leak, subaortic obstruction
Prosthetic valve dysfunction

TGA with VSD and subaortic 
stenosis

Damus-Kaye-Stansel procedure VSD patch leak
Pulmonic regurgitation

Congenitally corrected TGA Various repairs, depending on associated defects Left-sided atrioventricular valve regurgitation
Heart block
Systemic (anatomic right) ventricular systolic dysfunction

Double-outlet RV Rastelli repair Obstruction of LV to aortic baffle
Residual VSDs
Obstruction in right-sided conduit

TABLE 
45-4 
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detect baffle leaks. With TEE, obstructed caval-baffle, midbaffle, 
or pulmonary venous baffle sites are diagnosed by an increased 
peak velocity of continuous systolic and diastolic flow in com-
bination with documented turbulent flow. TEE and/or intracar-
diac echocardiography are used in the catheterization laboratory 
to guide transcatheter interventions to relieve stenosis and/or 
to close baffle leaks.

Figure 45-10  Complete transposition of great arteries (D-TGA) after atrial switch repair (Mustard or Senning). A, Deoxygenated systemic 
venous return via superior vena cava (SVC ) and inferior vena cava (IVC ) is directed via intraatrial baffle (curved arrow ), across mitral valve (MV ), into 
subpulmonic LV and thereafter to pulmonary artery (PA ) for oxygenation in lungs. Oxygenated blood returns from lungs via left-sided pulmonary 
veins  that are baffled to  tricuspid valve  (TV ). Oxygenated blood crosses TV  into RV, which  is connected to aorta  (Ao ). B, 3D echocardiography, 
apical four-chamber view, demonstrating widely patent pulmonary venous atrium (PVA ) directing pulmonary venous return to TV and systemic RV. 
Systemic venous atrium (SVA ) is typically not as well visualized as PVA. 
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Figure 45-11  Pulmonary venous baffle stenosis in complete transposition of great arteries (D-TGA) late after Mustard procedure. A, The 
TEE apical 2D four-chamber view shows the systemic venous atrium (SVA) with minimal narrowing in midportion (arrow); pulmonary venous atrium 
(PVA) wraps around SVA and thus is seen only in two parts. SVA connects vena cavae with LV via a portion of previous LA, and PVA connects pos-
terior LA and pulmonary veins to RV via a portion of previous RA. B, Color flow imaging of PVA demonstrates color flow acceleration at narrowing 
of origin of right superior pulmonary vein (RSPV ). PVA now courses obliquely across SVA, which is only incompletely seen. In both images, subaortic 
systemic RV is dilated. 
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ARTERIAL SWITCH SURGERY

Because of late problems after atrial switch surgery, the  
arterial switch operation is preferred when possible. Issues 
include supravalvular aortic or pulmonary artery stenosis at 
the great arterial anastomoses as well as abnormalities of the 
proximal coronary arterial anastomoses with potential kink-
ing and abnormal myocardial perfusion.95-99 Postoperative 
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echocardiography plays an important role in evaluating the 
arterial anastomoses. Supravalvular pulmonic stenosis is the 
most frequent complication of the arterial switch operation. 
Neoaortic root dilatation as well as adequacy of the neoaortic 
(anatomic pulmonic) valve is a long-term concern. Proximal 
coronary artery torsion or kinking can be confirmed by intra-
operative echocardiography. Myocardial perfusion defects are 
relatively common after the arterial switch operation; coro-
nary events after the operation are not uncommon, usually 
occur early, and may be a cause of sudden death.98,100 Regional 
wall motion abnormalities have been seen after two-stage 
repairs and correlate with myocardial perfusion defects.101

TOTAL ANOMALOUS PULMONARY  
VENOUS CONNECTION

Total anomalous pulmonary venous connection is due to lack 
of development of communication of the common pulmonary 
vein and the LA. Most adults arrive already diagnosed and cor-
rected with connection of the common pulmonary vein to the 

Figure 45-12  Systemic venous return baffle obstruction in complete transposition of great arteries (D-TGA) late after Mustard procedure. 
A, The TEE apical view shows the narrowed superior limb of systemic venous atrium (SVA) with color flow acceleration. B, Pulmonary venous atrium 
(PVA) is widely patent, and entry of pulmonary veins is well seen. LSPV, Left superior pulmonary vein; MV, mitral valve; RSPV, right superior pulmonary 
vein; TV, tricuspid valve. 
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LA and closure of the obligatory ASD. After repair of total 
anomalous pulmonary venous connection, color flow and 
pulsed Doppler provide useful information regarding the pres-
ence of pulmonary venous obstruction.

FONTAN ATRIAL SURGERY

Fontan-type atrial surgery, used when biventricular repair is not 
possible (e.g., tricuspid atresia or double-inlet single ventricle 
or complex straddling of atrioventricular valves, or crisscross 
relationships and superior-inferior ventricles—where two func-
tioning ventricles cannot be established) has frequent short- 
and long-term morbidity and mortality.102-105 The several 
variants of the Fontan repair all result in complete or near-
complete (hemi-Fontan) separation of the pulmonary and sys-
temic circulations. The RA was an integral part of the original 
Fontan anatomy. Many adults still living had the old-style direct 
RA–pulmonary artery anastomosis (Fig. 45-13).103 In the past 
two decades, various modifications of the Fontan operations 
have been used. The RA-to-pulmonary-artery Fontan has been 

Figure 45-13  A, TTE of double-inlet left ventricle (DILV) with hypoplastic RV forming right outflow chamber (ROC ). There is a modified RA 
to pulmonary artery (PA) Fontan with RA divided by a patch (arrows). Note inflow from both RA and LA to single ventricle. B, RA-to-PA connection 
from suprasternal notch view. Ao, Aorta; MPA, main pulmonary artery. 
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arrhythmias are frequent.102,103,105,111,112 Surgical sequelae pur-
posely left behind in high-risk patients include atrial fenestra-
tions and adjustable ASDs.107 These communications are often 
closed later in the catheterization laboratory under TEE or 
intracardiac echocardiographic guidance.115,116

In adults, RA-RV conduits are occasionally seen by TTE 
examination but RA-pulmonary connections can be difficult to 
visualize (see Figs. 45-13 and 45-14).8,12,13 Evaluation of ven-
tricular hypertrophy and systolic and diastolic is important as 
they are determinants of long-term outcome.117,118 Multiplane 
TEE consistently images the Fontan anastomosis, although not 
always with the necessary alignment to allow accurate spectral 
Doppler assessment of peak velocity profiles.8,12,13

In the Fontan patient, an important determinant of outcome 
is the systolic and diastolic function of the systemic ventricle 
and its atrioventricular valve, both of which are readily  
evaluated by transthoracic Doppler echocardiography 
studies.2,12,13,119,120 TEE is useful when directed at suspected com-
plications or known residua of the Fontan atrial anatomy (baffle 
shunts, thrombi, stenotic connections).

With no functioning subpulmonary RV in most with the 
Fontan repair, pulmonary artery flow shows a bi- or triphasic 
pattern with diastolic velocities equal to or greater than systolic, 
with accentuation of diastolic velocity at the time of RA con-
traction in those with RA-PA variants; this is not as appreciated 
in total cavopulmonary shunts (Fig. 45-17).121 Inspiration aug-
ments pulmonary artery flow velocities (see Fig. 45-17), and 
pulmonary and systemic venous flow profiles remain relatively 

abandoned, mainly because of the unacceptably high risk of 
arrhythmias and thromboembolism (Fig. 45-14). The two most 
widely encountered contemporary Fontans are the extracardiac 
conduit and the lateral or intraatrial tunnel (Fig. 45-15). In 
high-risk Fontan patients, an adjustable ASD or fenestration 
may be performed (see Fig. 45-15, B).106,107 In double-inlet 
single ventricle, a direct atriopulmonary connection with patch 
exclusion of the right atrioventricular valve was a common 
modification of the Fontan procedure. The current total cavo-
pulmonary connection is more hemodynamically efficient.108 
The total cavopulmonary connection is either an extracardiac 
tube connecting inferior vena cava to right pulmonary artery 
plus connection of superior vena cava to pulmonary artery, or 
an intracardiac tube or lateral tunnel using the lateral wall of 
the RA to bring the inferior vena cava to the pulmonary artery 
with the superior vena cava attached to the right pulmonary 
artery (see Fig. 45-15).108-112 In adults whose Fontan circulation 
is failing or atrial arrhythmias are difficult to control, conver-
sion to either a modern total cavopulmonary connection often 
with a modified maze procedure with RA size reduction is con-
sidered.113 Patch exclusion of the RA may result in right atrio-
ventricular valve regurgitation. Postoperative subaortic stenosis 
(dynamic or fixed—at the bulboventricular foramen in single 
ventricle, at the subaortic conus in tricuspid atresia with trans-
posed great arteries) must be sought (Fig. 45-16).8,12,13,114 The 
most common complications in the atrial portion of the Fontan 
circulation include cavoatrial shunting, atrial septal shunting, 
thrombus, and RA-to-pulmonary-artery obstruction; atrial 

Figure 45-14  A, 2D TEE in patient with RA to main pulmonary artery (MPA) Fontan. Note large thrombus near entry of  inferior vena cava 
(IVC ) to RA. B, Short-axis view demonstrating widely patent RA-to-PA connection. C, Patient desaturated dramatically the next day and urgent 2D 
TTE demonstrated embolization of large RA thrombus to RA-to-PA connection. D, TEE following treatment with thrombolytic therapy and antico-
agulation for 4 weeks demonstrates complete resolution of thrombotic material in RA and RA-to-PA connection. Ao, Aorta. 
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Figure 45-15  Two most commonly 
employed Fontan modifications in the 
current era.  A,  Extracardiac  conduit 
(ECC )  from  inferior  vena  cava  (IVC )  to 
right pulmonary artery (RPA ). Glenn con-
nection from superior vena cava (SVC ) to 
pulmonary  artery  is  noted.  B,  Lateral 
tunnel  (LT )  Fontan  running  within  RA 
with fenestration and atrial septal defect 
(ASD ) left in place or created. Ao, Aorta. 
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Figure 45-16  Double-inlet LV (DILV). 
Modified  subcostal  views  show  a  nar-
rowed  bulboventricular  foramen  (BVF ) 
into  hypoplastic  morphologic  RV  that 
forms  left  outlet  chamber  (LOC )  This 
results in flow acceleration and subaortic 
stenosis. 
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mitral leaflet, and/or inlet VSD) or complete and will usually 
have been corrected in childhood or adolescence. The usual 
partial AVSD in adults is a primum ASD plus an anterior mitral 
leaflet cleft with abnormal chordal attachments to the LV 
outflow tract and variable degrees of mitral regurgitation. 
Repair requires primum ASD patching and mitral valve repair. 
Complete AVSDs, rarely first diagnosed in adults, are seen in 
patients surviving to adulthood after childhood repair. A com-
plete AVSD has a large septal defect with interatrial and inter-
ventricular components plus a common atrioventricular valve 
that connects both atria and both ventricles.

Follow-up imaging examines adequacy of mitral repair, 
amount of regurgitation, and presence of iatrogenic mitral ste-
nosis or subaortic stenosis. Subaortic stenosis may be due to a 
discrete fibromuscular narrowing or abnormal LV outflow tract 
attachments of anomalous chords and leaflet tissue, or may 
develop postoperatively because of reduction of LV outflow size 
as the cleft in the mitral leaflet is apposed.8 Owing to combined 
preoperative RV and LV volume overload, the size and function 
of both ventricles must be quantified postoperatively. Occasion-
ally, tricuspid regurgitation can be substantial, and tricuspid 
valvular repair requires postoperative evaluation. In addition, 
in complete AVSD repairs, the VSD patch must be evaluated. 

normal in patients with normal left (or single) ventricular func-
tion. Abnormal systemic ventricular performance is reflected  
in a reduced pulmonary arterial flow pattern velocity with 
decreased change on inspiration and a predominantly systolic 
profile.

Intraoperative TEE ensures patent connections and helps in 
sizing any surgical ASD or fenestration. Postoperative TEE may 
be required in the intensive care unit in Fontan patients to 
search for known complications (e.g., increasing pulmonary 
artery pressures with decreased cardiac output and “right heart 
failure” due to lateral tunnel Fontan thrombus embolization). 
TEE and intracardiac echocardiography can be used in the 
interventional catheterization laboratory to guide postoperative 
closure of surgical ASDs or fenestration.

ATRIOVENTRICULAR SEPTAL DEFECTS

Atrioventricular septal or canal defects (AVSD) are a group of 
anomalies that share a defect at the site of the atrioventricular 
septum and abnormalities of the atrioventricular valves.8,12,13,119 
They are considered “complex” lesions because of the usual 
association of two or more abnormalities. These defects may be 
partial (partial endocardial cushion or primum ASDs, cleft 

Figure 45-17  Single ventricle physiology with a total cavopulmonary connection (TCPC ) using a lateral tunnel (LT ) from inferior vena cava 
to the PA plus a Glenn anastomosis from the superior vena cava (SVC) to right pulmonary artery (RPA ). A, Suprasternal notch view with color 
Doppler demonstrating SVC-to-RPA Glenn connection. B, Pulsed-wave (PW) Doppler demonstrates continuous flow that is accentuated in early and 
late diastole. C, Color Doppler from suprasternal notch view clearly demonstrating flow from EC and Glenn into RPA. D, PW Doppler within ECC-
to-RPA connection demonstrates continuous flow that is accentuated with inspiration. Ao, Aorta. 
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ligated or the valve oversewn and a conduit placed from the 
ventricle to pulmonary artery (see Fig. 45-18). Long-term post-
operative survival is affected by age at operation, degree of relief 
of the loading conditions imposed on the ventricular myocar-
dium, myocardial protection during operation, electrophysio-
logic sequelae, and the durability of prosthetic materials, 
especially valved or nonvalved conduits.

TETRALOGY OF FALLOT

Tetralogy of Fallot is the most common complex congenital 
malformation with cyanosis at birth in which patients live to 
adulthood.7 Tetralogy of Fallot is due to anterior deviation 
of the outlet septum with infundibular narrowing and a 
malaligned VSD. Echocardiography shows the malaligned VSD 
with aortic override plus a spectrum of RV outflow tract and 
pulmonary artery obstructive lesions from mild to complete 
pulmonary atresia (see Fig. 45-5).8,12,13,119 Numerous associated 
defects must be identified for proper surgical and postoperative 
management—for example, ASDs, endocardial cushion abnor-
malities, Ebstein malformation, muscular VSDs, absent pul-
monic valve or left pulmonary artery, abnormal origin of one 
pulmonary artery from the aorta, systemic and pulmonary 

Some patients, especially those with Down syndrome, can have 
pulmonary vascular disease; tricuspid and pulmonic regurgi-
tant jets should quantify pulmonary artery pressure. To mini-
mize significant residual defects (e.g., valvular regurgitation, 
patch leaks), intraoperative TEE should be used.8,12,13

BIVENTRICULAR REPAIRS

Biventricular repairs result in two well-formed functional ven-
tricles with a subpulmonic ventricle and a subaortic ventricle 
that are able to provide a circulation in series without an admix-
ture of venous and systemic blood. Most complex congenital 
cardiac malformations amenable to biventricular repair are cya-
notic and consist of a mixture of septal defects; obstructive and 
regurgitant valvular, subvalvular, or supravalvular lesions; and 
malpositions of the cardiac chambers and great arteries.7 Ana-
tomic substrates that are typical candidates include tetralogy of 
Fallot, pulmonary atresia with VSD, transposition complexes of 
the great arteries, and double-outlet ventricles.7,8 The basic 
theme includes patch closure of a VSD and reconstitution of 
ventricular to pulmonary arterial blood flow (Fig. 45-18). If 
pulmonic stenosis cannot be directly repaired for anatomic or 
conduction system reasons, the pulmonary artery must be 

Figure 45-18  A, Rastelli repair in patient with double-outlet RV with severe pulmonic stenosis involves patching of ventricular septal defect 
(VSD) to form internal tunnel from LV to aortic valve. Valved conduit (VC ) is placed from RV to pulmonary artery (PA). B, TTE parasternal long-
axis  view  demonstrating  VSD  patch  and  internal  tunnel  from  LV  to  aortic  valve.  C,  Short-axis  subcostal  color  flow  Doppler  demonstrating  flow 
acceleration consistent with pulmonic stenosis (PS) within anteriorly located RV-to-PA conduit. D, CW Doppler from subcostal position demonstrates 
severe PS with estimated peak instantaneous systolic gradient of 77 mm Hg along with moderate pulmonic regurgitation (PR). 
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outflow tract, pulmonic valve, or pulmonary artery (e.g., 
branch stenosis) obstruction (see Fig. 45-19; Fig. 45-20). Post-
operative RV outflow tract scars and aneurysms may be present 
and lead to risk of ventricular arrhythmias and sudden death. 
2D echocardiography with color flow and spectral Doppler 
examines the RV outflow and pulmonary artery anatomy for 
obstruction or regurgitation (see Fig. 45-19)159; CW Doppler 
tricuspid regurgitant jet velocities reflect RV systolic pressure.8 
VSD leaks, usually eccentric, may occur anywhere along the 
patch and require color flow imaging for detection. RV restric-
tive physiology late after repair of tetralogy is common as 
detected by Doppler hemodynamics. The A wave contributes 
to forward pulmonary flow and shortens the duration of pul-
monic regurgitation, resulting in less RV enlargement and 
better exercise tolerance (see Fig. 45-19).8,118,133,138,160 When 
severe pulmonic regurgitation results in impaired exercise per-
formance, increasing RV size with decreasing RV systolic func-
tion, and increasing tricuspid regurgitation, pulmonic valve 
replacement is necessary. Aerobic capacity has been shown to 
improve after pulmonic valve replacement for severe pulmonic 
regurgitation after previous tetralogy of Fallot repair even if 

venous anomalies, discrete subaortic stenosis, right-sided aortic 
arch, aortopulmonary window, aortopulmonary collaterals, 
and coronary artery anomalies.8

Tetralogy of Fallot repair includes patch closure of the VSD 
and usually an RV outflow tract incision to relieve infundibular 
stenosis. The RV incision at times must extend through the 
pulmonary annulus thus requiring a transannular patch.  
Pulmonic valve, trunk, or branch artery stenosis should be 
relieved (Fig. 45-19). If there is extreme pulmonic stenosis or 
pulmonary atresia, a valved conduit connects the RV to the 
pulmonary artery. After tetralogy of Fallot repair, long-term 
concerns focus on the RV and its outflow tract, the pulmonic 
valve and pulmonary artery, the LV, the aortic valve and ascend-
ing aorta, and electrophysiologic residua and sequelae (see Fig. 
45-19).6,7,17,122-158

When tetralogy of Fallot is repaired in the first 5 years of life, 
late RV function remains normal in the absence of significant 
RV outflow obstruction provided low-pressure pulmonic valve 
regurgitation is only mild to moderate. Severe pulmonic regur-
gitation (see Fig. 45-19) causes RV enlargement and failure and 
tricuspid regurgitation, particularly if there is any residual RV 

Figure 45-19  Tetralogy of Fallot with pulmonary atresia status post transannular patch placement from RV to pulmonary artery (PA). 
A, TEE parasternal short-axis view shows residual stenosis of distal main pulmonary artery  (MPA)  that was treated with stent without obstructing 
right pulmonary artery (RPA) or left pulmonary artery (LPA) ostia. B, Color Doppler in diastole demonstrates severe pulmonic regurgitation (PR) with 
branch pulmonary artery flow reversal (RPA and LPA). Note that stent is well above level of pulmonic valve annulus. C, The PR index is the ratio of 
the duration of regurgitant flow (arrow in B) to the total duration of diastole (arrow in A). In this case, the PR index is < 0.77, suggesting severe PR. 
End-diastolic forward flow (* )  is sign of restrictive RV physiology. D, Flow chart for the likelihood of severe PR on velocity encoded MRI imaging, 
based on the presence of diastolic flow reversal in the branch pulmonary arteries and a PR index less than 0.77. When both are present, the likeli-
hood of severe PR is 100%; if neither is present, the likelihood of severe PR is 0%. (With permission from Renella P, Aboulhosn J, Lohan DG, et al: 
Two-dimensional and Doppler echocardiography reliably predict severe pulmonic regurgitation as quantified by cardiac magnetic resonance. J Am 
Soc Echocardiogr 23:880-886, 2010.)
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COMPLETE TRANSPOSITION OF  
THE GREAT ARTERIES

Transposition complexes have each great artery arising from the 
wrong ventricle (ventriculoarterial discordance) (see Chapter 
43). This definition is independent of the spatial relationships 
of the great arteries and the presence or absence of a subaortic 
infundibulum. In complete transposition of the great arteries 
(D-TGA), each atrium connects to its anatomically appropriate 
ventricle (atrioventricular concordance), but that ventricle gives 
rise to an anatomically inappropriate great artery (ventriculo-
arterial discordance). The aorta arises from the RV (with aortic-
mitral discontinuity) and usually sits to the right of and anterior 
to the pulmonary artery, which emerges from the LV. This 
results in two separate and parallel circulations, and some com-
munication between the two circulations must exist or be made 
iatrogenically after birth to sustain life.7

Echocardiographic imaging must define the course of each 
of the great arteries and 

1. Identify the size and location of a VSD;
2. Confirm the presence and severity of pulmonic stenosis;

the RV size and function does not. The use of transcatheter 
pulmonic valve replacement is expected to increase dra-
matically as this technology becomes more widely available 
(Fig. 45-21).

Late postoperative LV function in tetralogy of Fallot is related 
to age at the time of repair and to previous volume overload 
from palliative shunt procedures. Patients with severe cyanotic 
tetralogy of Fallot have decreased left heart volumes and 
decreased LV ejection fractions related to the reduced pulmo-
nary arterial blood flow. Repair in the first 2 years of life allows 
LV mass and volume to normalize; with repair after 2 years of 
age, left heart volumes increase but LV function remains sub-
normal. Medial aortic disease can cause a dilated aortic root or 
trunk; aortic regurgitation is common and at times has resulted 
in biventricular failure.54 Any combination of persistent VSD 
patch leaks, ventricular-to-pulmonary outflow obstruction, and 
significant valvular regurgitation may cause serious ventricular 
overload. Inadequate operative myocardial preservation or the 
preexistence of volume overload (as with large palliative shunts 
before more complete hemodynamic repair) may cause ven-
tricular failure over the long term.7

Figure 45-20  Bioprosthetic pulmonic valve dysfunction 14 years after tetralogy of Fallot surgery. A, Residual moderate pulmonic regurgita-
tion (PR) seen with color Doppler in a TTE parasternal view. B, Residual pulmonic stenosis (PS) with color flow acceleration at level of bioprosthetic 
valve. C, CW Doppler demonstrates estimated peak instantaneous systolic gradient of 67 mm Hg. 
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it transits. Long-term concerns include durability of a biopros-
thesis, patency of conduits, VSD patch leaks, and postoperative 
electrophysiologic residua and sequelae.7

The Damus-Kaye-Stansel procedure, as applied to D-TGA 
with a VSD without pulmonic stenosis but with subaortic ste-
nosis, consists of end-to-side anastomosis of the proximal pul-
monary artery to aorta, oversewing of the aortic valve or 
proximal aorta, and a VSD patch. The RV is connected to the 
distal main pulmonary artery, now separated from the proximal 
main pulmonary artery, by a valved conduit. A variation of the 
Damus-Kaye-Stansel procedure is used in single ventricle  
with TGA and “subaortic stenosis” (bulboventricular foramen 
obstruction). Imaging of the pulmonic arterial to aortic anas-
tomosis establishes lack of obstruction, pulmonary regurgita-
tion, conduit patency, or VSD patch leaks.

CONGENITALLY CORRECTED TRANSPOSITION 
OF THE GREAT ARTERIES

Congenitally corrected transposition of the great arteries 
(CCTGA) consists of discordant atrioventricular and ventricu-
loarterial connections with ventricular inversion (RA enters the 
LV via a mitral valve, LA enters the RV via a tricuspid valve; LV 

3. Detect other shunts; and
4. Evaluate the presence and severity of valvular 

regurgitation.8,12,13

Dynamic subvalvular pulmonic stenosis can be due to sys-
tolic anterior mitral motion into the LV outflow tract or 
dynamic subpulmonic septal contraction with obstruction 
versus fixed subvalvular stenosis. The pulmonic valve may be 
the site of obstruction. The location of the obstruction affects 
surgical planning; if not addressed, these problems contribute 
to postoperative morbidity and mortality.

Long-term outcome of surgical intervention for D-TGA, with 
or without VSD and pulmonic stenosis, depends on the type of 
repair.4-6 In the past, most patients underwent intraatrial baffle 
procedures (e.g., Mustard or Senning), causing persistence of a 
systemic subaortic RV and tricuspid valve (see Figs. 45-10 and 
45-11). In contrast, the arterial switch operation is now used and 
the LV is the systemic ventricle. Rastelli repair, whether for 
transposition of the great arteries (TGA) or for double-outlet 
right ventricle with VSD and pulmonic stenosis, uses an external 
conduit from RV to pulmonic artery and an intraventricular 
“tunnel” via the VSD from LV to aorta (see Fig. 45-18). An 
internal tunnel may develop a patch leak or obstruction due to 
kinking, or it may partially obstruct the chamber through which 

Figure 45-21  Transcatheter pulmonic valve replacement with 22-mm Melody valve in patient described in Figure 20. A, Leaflets of Melody 
valve are  seen are  seen coapting appropriately  in diastole. B, Color Doppler  in diastole demonstrating minimal pulmonic  regurgitation. C, CW 
Doppler demonstrating mild to moderate residual flow acceleration with peak instantaneous gradient of 38 mm Hg, a reduction of ~50% compared 
to pre-Melody assessment. PA, Pulmonary artery; RVOT, right ventricular outflow tract. 
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Rastelli repair for double-outlet RV with subaortic VSD and 
pulmonic stenosis consists of an external RV-to-pulmonary-
artery conduit and an intraventricular LV to the aorta via the 
VSD tunnel (see Fig. 45-18). The intraventricular course of 
the LV to the aortic baffle can be long and kinking may occur; 
this is best evaluated intraoperatively with TEE. An RV-to- 
pulmonary artery valved conduit can develop obstruction. In 
double-outlet RV of a tetralogy of Fallot type with normally 
related great arteries and a subaortic VSD, the repair may use a 
septal patch and primary repair of the site of pulmonic stenosis 
without resort to a conduit. Residual defects in the native ven-
tricular septum or around the patch may be more frequent in 
repair of double-outlet RV than in tetralogy of Fallot, presum-
ably because the distance from the VSD to the aorta is greater 
and more complex as a result of both the proximity of tricuspid 
valve tissue and anomalies of the ventricular septal muscula-
ture. “Intramural” residual interventricular defects seen after 
repair of conotruncal malformations, most commonly double-
outlet RV, are found around the anterior portion of the patch 
between the neosystemic outflow tract and RV and require 
careful color flow imaging to detect. In such cases, device 
occluder placement has reduced the shunt; successful surgical 
closure may require removal and reattachment of the anterior 
portion of the patch.

gives rise to the pulmonary artery, RV gives rise to the aorta). 
The atrioventricular valves follow their ventricles, revealing the 
left-sided systemic ventricle as the anatomic RV and vice versa. 
Echocardiographic crux anatomy shows the left atrioventricular 
valve more apically placed than the right atrioventricular valve, 
identifying tricuspid and mitral valves, respectively. The aorta 
leaves the RV leftward and anterior (L-TGA) and LV connects 
to a rightward and posterior pulmonary trunk, well shown on 
short-axis parasternal views or angulated apical or subcostal 
views.7,8 Associated anomalies include ASD, Ebstein-like abnor-
mality of the left-sided tricuspid valve and tricuspid regurgita-
tion (physiologically equivalent to mitral regurgitation), VSD, 
and subvalvular (fixed or dynamic) or valvular pulmonic ste-
nosis. A large VSD with significant pulmonic stenosis or severe 
systemic atrioventricular valve regurgitation prompts consider-
ation of surgery. A Rastelli procedure may be used in CCTGA 
with a VSD and subvalvular pulmonic stenosis. The LV may be 
connected to the pulmonic artery via a valved conduit, whereas 
the RV supplies the aorta once the VSD is patched. The subpul-
monary stenosis is often not resected because of the high inci-
dence of complete heart block.

Three issues materially influence long-term postoperative 
survival: 
1. Progressive tricuspid regurgitation;
2. High incidence of heart block often caused by operation; and
3. Progressive decrease in systemic subaortic morphologic RV 

function.6,7,161,162

Atrioventricular valve regurgitation is common preopera-
tively, is difficult to repair (often requiring replacement instead), 
may progress postoperatively, poses a continuing risk of endo-
carditis, and may affect long-term ventricular performance.

DOUBLE-OUTLET RIGHT VENTRICLE

Double-outlet right ventricle, a heterogeneous category, has 
both great arteries committed to the RV; the VSD may be com-
mitted to the aorta (subaortic, infracristal), to the pulmonary 
artery (subpulmonic, supracristal), to both (doubly committed, 
subarterial), or to neither. The VSD location affects the stream-
ing characteristics of blood, the degree of cyanosis, and the 
capacity for and type of repair.7 The presence or absence of 
pulmonic stenosis or increased pulmonary vascular resistance 
is a determinant of outcome. Double-outlet right ventricle with 
a subpulmonary VSD and an RV or biventricular pulmonary 
trunk (Taussig-Bing anomaly) may clinically resemble complete 
TGA with a nonrestrictive VSD. Cyanosis is usually mild ini-
tially but progresses as pulmonary vascular resistance rises. 
Favorable regulation of pulmonary blood flow occasionally 
establishes adequate but not excessive flow, with consequent 
amelioration of LV volume overload.

Echocardiography must address the spatial relationships 
between the great arteries, the outflow tract for each artery, the 
location and type of VSD, and the relationship of the VSD to 
the aorta. Associated anomalies must be sought (e.g., malposi-
tions or atrioventricular canal or septal defects).

KEY POINTS

 Advances in surgical and catheter treatments have 
resulted in more adults than children with congenital 
heart disease in the United States.

 Many adult echocardiographic laboratories are unpre-
pared for the full range of previously operated or 
complex congenital heart disease. Echocardiographic 
studies in these patients should be done where expertise 
is best, whether in an adult or a pediatric laboratory.

 Echocardiographic imaging with color and spectral 
Doppler recordings provides comprehensive anatomic, 
functional, and hemodynamic details in adults with con-
genital heart disease.

 For best results, imaging and hemodynamic study 
requires detailed knowledge of: (1) the anatomic and 
hemodynamic faults of the original defect; (2) the types 
of operative repairs (both past and present) available for 
each complex of lesions; and (3) the potential residua, 
sequelae, and complications of the “old” and “new” 
repairs.

 Echocardiographic data are integrated with other 
imaging and hemodynamic modalities (MRI, CT, and 
cardiac catheterization) for optimal management of 
adults with congenital heart disease.

REFERENCES

1. Hoffman JI, Kaplan S: The incidence of con-
genital heart disease. J Am Coll Cardiol 39:1890-
1900, 2002.

2. Hoffman JI, Kaplan S, Liberthson RR: Preva-
lence of congenital heart disease. Am Heart J 
147:425-439, 2004.

3. Warnes CA, Liberthson R, Danielson GK, et al: 
Task force 1: the changing profile of congenital 
heart disease in adult life. Care of the adult with 
congenital heart disease. Presented at the 32nd 
Bethesda Conference, Bethesda, Md., October 
2-3, 2000. J Am Coll Cardiol 37:1170-1175, 2001.

4. Graham TP, Jr: The year in congenital heart 
disease. J Am Coll Cardiol 45:1887-1899, 
2005.

5. Graham TP, Jr: The year in congenital heart 
disease. J Am Coll Cardiol 43:2132-2141, 
2004.



898 PART IX Adult Congenital Heart Disease and Cardiac Tumors

6. Warnes CA: The adult with congenital heart 
disease: born to be bad? J Am Coll Cardiol 46:1-
8, 2005.

7. Perloff JK, Child JS: Congenital heart disease in 
adults, ed 2, Philadelphia, 1998, WB Saunders.

8. Child JS: Transthoracic and transesophageal 
echocardiographic imaging: anatomic and 
hemodynamic assessment. In Perloff JKCJ, 
editor: Congenital heart disease in adults, 
ed 2, Philadelphia, 1998, WB Saunders,  
pp 91-128.

9. Tomar M, Radhakrishanan S: Role of echocar-
diography in catheter intervention in congeni-
tal heart defects. Indian Heart J 60:D1-21, 
2008.

10. Rhodes JF, Jr, Qureshi AM, Preminger TJ, et al: 
Intracardiac echocardiography during trans-
catheter interventions for congenital heart 
disease. Am J Cardiol 92:1482-1484, 2003.

11. Hijazi ZM, Shivkumar K, Sahn DJ: Intracardiac 
echocardiography during interventional and 
electrophysiological cardiac catheterization. 
Circulation 2009;119:587-596.

12. Child JS: Congenital heart disease. In Roelandt 
JRTC, Pandian NG, editors: Multiplane trans-
esophageal echocardiography, New York, 1996, 
Churchill Livingstone, pp 173-198.

13. Child JS: Atria and related structures. In 
Roelandt JRTC, Pandian NG, editors: Multi-
plane transesophageal echocardiography, New 
York, 1996, Churchill Livingstone, pp 
139-154.

14. Abdel-Massih T, Dulac Y, Taktak A, et al: 
Assessment of atrial septal defect size with 
3D-transesophageal echocardiography: com-
parison with balloon method. Echocardiogra-
phy 22:121-127, 2005.

15. Saric M, Perk G, Purgess JR, Kronzon I: 
Imaging atrial septal defects by real-time three-
dimensional transesophageal echocardiogra-
phy: step-by-step approach. J Am Soc 
Echocardiogr 23:1128-1135, 2010.

16. Kijima Y, Taniguchi M, Akagi T, et al: Torn 
atrial septum during transcatheter closure of 
atrial septal defect visualized by real-time 
three-dimensional transesophageal echocar-
diography. J Am Soc Echocardiogr 23:1222 
e1225-1228, 2010.

17. Perloff JK, Natterson PD: Atrial arrhythmias in 
adults after repair of tetralogy of Fallot. Circu-
lation 91:2118-2119, 1995.

18. Williams RG, Pearson GD, Barst RJ, et al: 
Report of the National Heart, Lung, and Blood 
Institute Working Group on research in adult 
congenital heart disease. J Am Coll Cardiol 
47:701-707, 2006.

19. Nahlawi M, Waligora M, Spies SM, et al: Left 
ventricular function during and after right 
ventricular pacing. J Am Coll Cardiol 44:1883-
1888, 2004.

20. Barber BJ, Batra AS, Burch GH, et al: Acute 
hemodynamic effects of pacing in patients 
with Fontan physiology: a prospective study.  
J Am Coll Cardiol 46:1937-1942, 2005.

21. Bacha EA, Zimmerman FJ, Mor-Avi V, et al: 
Ventricular resynchronization by multisite 
pacing improves myocardial performance in 
the postoperative single-ventricle patient. Ann 
Thorac Surg 78:1678-1683, 2004.

22. Janousek J, Tomek V, Chaloupecky VA, et al: 
Cardiac resynchronization therapy: a novel 
adjunct to the treatment and prevention of 
systemic right ventricular failure. J Am Coll 
Cardiol 44:1927-1931, 2004.

23. Masura J, Gavora P, Podnar T: Long-term 
outcome of transcatheter secundum-type 
atrial septal defect closure using Amplatzer 

septal occluders. J Am Coll Cardiol 45:505-507, 
2005.

24. Fu YC, Bass J, Amin Z, et al: Transcatheter 
closure of perimembranous ventricular septal 
defects using the new Amplatzer membranous 
VSD occluder: results of the U.S. phase I trial. 
J Am Coll Cardiol 47:319-325, 2006.

25. Masura J, Gao W, Gavora P, et al: Percutaneous 
closure of perimembranous ventricular septal 
defects with the eccentric Amplatzer device: 
multicenter follow-up study. Pediatr Cardiol 
26:216-219, 2005.

26. Zuo J, Xie J, Yi W, et al: Results of transcatheter 
closure of perimembranous ventricular septal 
defect. Am J Cardiol 106:1034-1037, 2010.

27. Carminati M, Butera G, Chessa M, et al: Trans-
catheter closure of congenital ventricular 
septal defects: results of the European Registry. 
Eur Heart J 28:2361-2368, 2007.

28. Fischer G, Apostolopoulou SC, Rammos S,  
et al: The Amplatzer Membranous VSD 
Occluder and the vulnerability of the atrioven-
tricular conduction system. Cardiol Young 
17:499-504, 2007.

29. Bacha EA, Cao QL, Galantowicz ME,  
et al: Multicenter experience with perventricu-
lar device closure of muscular ventricular 
septal defects. Pediatr Cardiol 26:169-175, 
2005.

30. Rome JJ. Balloon pulmonary valvuloplasty. 
Pediatr Cardiol 19:18-24; discussion 25-16, 
1998.

31. Harrild DM, Powell AJ, Tran TX, et al: Long-
term pulmonary regurgitation following 
balloon valvuloplasty for pulmonary stenosis 
risk factors and relationship to exercise capac-
ity and ventricular volume and function. J Am 
Coll Cardiol 55:1041-1047, 2010.

32. McCrindle BW: Independent predictors of 
long-term results after balloon pulmonary val-
vuloplasty. Valvuloplasty and Angioplasty of 
Congenital Anomalies (VACA) Registry Inves-
tigators. Circulation 89:1751-1759, 1994.

33. Ewert P, Bertram H, Breuer J, et al: Balloon 
valvuloplasty in the treatment of congenital 
aortic valve stenosis—a retrospective multi-
center survey of more than 1000 patients. Int J 
Cardiol 149:182-185, 2011.

34. Aboulhosn J, Child JS: Left ventricular outflow 
obstruction: subaortic stenosis, bicuspid aortic 
valve, supravalvar aortic stenosis, and coarcta-
tion of the aorta. Circulation 114:2412-2422, 
2006.

35. Brown ML, Burkhart HM, Connolly HM,  
et al: Late outcomes of reintervention on the 
descending aorta after repair of aortic coarcta-
tion. Circulation 122:S81-S84, 2010.

36. Holzer R, Qureshi S, Ghasemi A, et al: Stenting 
of aortic coarctation: acute, intermediate, and 
long-term results of a prospective multi-insti-
tutional registry—Congenital Cardiovascular 
Interventional Study Consortium (CCISC). 
Catheter Cardiovasc Interv 76:553-563, 2010.

37. Lucas V: Large diameter covered stent treat-
ment of aortic coarctation. Catheter Cardiovasc 
Interv 75:407, 2010.

38. Child JS, Perloff JK, Kubak B: Infective endo-
carditis: risks and prophylaxis. In Perloff JK, 
Child JS, editors: Congenital heart disease in 
adults, ed 2, Philadelphia, 1998, WB Saunders, 
pp 129-143.

39. Konstantinides S, Geibel A, Olschewski M,  
et al: A comparison of surgical and medical 
therapy for atrial septal defect in adults. N Engl 
J Med 333:469-473, 1995.

40. Attie F, Rosas M, Granados N, et al: Surgical 
treatment for secundum atrial septal defects in 

patients >40 years old. A randomized clinical 
trial. J Am Coll Cardiol 38:2035-2042, 2001.

41. Attenhofer Jost CH, Connolly HM, Danielson 
GK, et al: Sinus venosus atrial septal defect: 
long-term postoperative outcome for 115 
patients. Circulation 112:1953-1958, 2005.

42. Krumsdorf U, Ostermayer S, Billinger K, et al: 
Incidence and clinical course of thrombus for-
mation on atrial septal defect and patient 
foramen ovale closure devices in 1,000 con-
secutive patients. J Am Coll Cardiol 43:302-309, 
2004.

43. Chessa M, Carminati M, Butera G, et al: Early 
and late complications associated with trans-
catheter occlusion of secundum atrial septal 
defect. J Am Coll Cardiol 39:1061-1065, 2002.

44. Du ZD, Hijazi ZM, Kleinman CS, et al: Com-
parison between transcatheter and surgical 
closure of secundum atrial septal defect in  
children and adults: results of a multicenter  
nonrandomized trial. J Am Coll Cardiol 39:
1836-1844, 2002.

45. Vida VL, Barnoya J, O’Connell M, et al: Surgi-
cal versus percutaneous occlusion of ostium 
secundum atrial septal defects: results and 
cost-effective considerations in a low-income 
country. J Am Coll Cardiol 47:326-331, 2006.

46. Hijazi ZM, Cao Q, Patel HT, et al: Transesopha-
geal echocardiographic results of catheter 
closure of atrial septal defect in children and 
adults using the Amplatzer device. Am J Cardiol 
85:1387-1390, 2000.

47. Mullen MJ, Dias BF, Walker F, et al: Intracar-
diac echocardiography guided device closure 
of atrial septal defects. J Am Coll Cardiol 
41:285-292, 2003.

48. Salehian O, Horlick E, Schwerzmann M, et al: 
Improvements in cardiac form and function 
after transcatheter closure of secundum atrial 
septal defects. J Am Coll Cardiol 45:499-504, 
2005.

49. Masutani S, Taketazu M, Mihara C, et al: Use-
fulness of early diastolic mitral annular veloc-
ity to predict plasma levels of brain natriuretic 
peptide and transient heart failure develop-
ment after device closure of atrial septal defect. 
Am J Cardiol 104:1732-1736, 2009.

50. Holzer R, Cao QL, Hijazi ZM: Closure  
of a moderately large atrial septal defect with  
a self-fabricated fenestrated Amplatzer septal 
occluder in an 85-year-old patient with 
reduced diastolic elasticity of the left ventricle. 
Catheter Cardiovasc Interv 64:513-518; discus-
sion 519-521, 2005.

51. Moller JH, Patton C, Varco RL, Lillehei CW: 
Late results (30 to 35 years) after operative 
closure of isolated ventricular septal defect 
from 1954 to 1960. Am J Cardiol 68:1491-1497, 
1991.

52. Fedak PWM, Verma S, David TE, et al: Clinical 
and Pathophysiological Implications of a 
Bicuspid Aortic Valve. Circulation 106:900-904, 
2002.

53. Lewin MB, Otto CM: The bicuspid aortic valve: 
adverse outcomes from infancy to old age. Cir-
culation 111:832-834, 2005.

54. Niwa K, Perloff JK, Bhuta SM, et al: Structural 
Abnormalities of Great Arterial Walls in Con-
genital Heart Disease: Light and Electron 
Microscopic Analyses. Circulation 103:393-
400, 2001.

55. Gersony WM: Natural history of discrete sub-
valvar aortic stenosis: management implica-
tions. J Am Coll Cardiol 38:843-845, 2001.

56. Van Arsdell G, Tsoi K: Subaortic stenosis: at 
risk substrates and treatment strategies. Cardiol 
Clin 20:421-429, 2002.



  45  Echocardiographic Evaluation of the Adult with Postoperative Congenital Heart Disease 899

57. Oliver JM, Gonzalez A, Gallego P, et al: Discrete 
subaortic stenosis in adults: increased preva-
lence and slow rate of progression of the 
obstruction and aortic regurgitation. J Am Coll 
Cardiol 38:835-842, 2001.

58. Carr JA: The results of catheter-based therapy 
compared with surgical repair of adult aortic 
coarctation. J Am Coll Cardiol 47:1101-1107, 
2006.

59. Carr JA, Amato JJ, Higgins RS: Long-term 
results of surgical coarctectomy in the adoles-
cent and young adult with 18-year follow-up. 
Ann Thorac Surg 79:1950-1955; discussion 
1955-1956, 2005.

60. Vriend JW, Mulder BJ: Late complications in 
patients after repair of aortic coarctation: 
implications for management. Int J Cardiol 
101:399-406, 2005.

61. Vriend JW, Zwinderman AH, de Groot E, et al: 
Predictive value of mild, residual descending 
aortic narrowing for blood pressure and  
vascular damage in patients after repair of 
aortic coarctation. Eur Heart J 26:84-90, 
2005.

62. Toro-Salazar OH, Steinberger J, Thomas W,  
et al: Long-term follow-up of patients after 
coarctation of the aorta repair. Am J Cardiol 
89:541-547, 2002.

63. Stewart AB, Ahmed R, Travill CM, Newman 
CG: Coarctation of the aorta life and health 
20-44 years after surgical repair. Br Heart J 
69:65-70, 1993.

64. Cohen M, Fuster V, Steele PM, et al: Coarcta-
tion of the aorta. Long-term follow-up and 
prediction of outcome after surgical correc-
tion. Circulation 80:840-845, 1989.

65. Warnes CA: Bicuspid aortic valve and coarcta-
tion: two villains part of a diffuse problem. 
Heart 89:965-966, 2003.

66. Boyum J, Fellinger EK, Schmoker JD, et al: 
Matrix metalloproteinase activity in thoracic 
aortic aneurysms associated with bicuspid and 
tricuspid aortic valves. J Thorac Cardiovasc 
Surg 127:686-691, 2004.

67. Celermajer DS, Greaves K: Survivors of coarc-
tation repair: fixed but not cured. Heart 
88:113-114, 2002.

68. von Kodolitsch Y, Aydin MA, Koschyk DH,  
et al: Predictors of aneurysmal formation after 
surgical correction of aortic coarctation. J Am 
Coll Cardiol 39:617-624, 2002.

69. Vriend JW, de Groot E, Mulder BJ: Limited 
effect of early repair on carotid arterial wall 
stiffness in adult post-coarctectomy patients: 
in response to the article by Heger M, Willfort 
A, Neunteufl T, et al. Vascular dysfunction after 
coarctation repair is related to the age at 
surgery. Int J Cardiol  100:335-336, 2005.

70. Attie F, Rosas M, Rijlaarsdam M, et al: The 
adult patient with Ebstein anomaly. Outcome 
in 72 unoperated patients. Medicine (Balti-
more) 79:27-36, 2000.

71. Celermajer DS, Bull C, Till JA, et al:  
Ebstein anomaly: presentation and outcome 
from fetus to adult. J Am Coll Cardiol 23:170-
176, 1994.

72. Tede NH, Shivkumar K, Perloff JK, et al: Sig-
nal-averaged electrocardiogram in Ebstein 
anomaly. Am J Cardiol 93:432-436, 2004.

73. Zuberbuhler JR, Allwork SP, Anderson RH: 
The spectrum of Ebstein anomaly of the tri-
cuspid valve. J Thorac Cardiovasc Surg 77:202-
211, 1979.

74. Shiina A, Seward JB, Edwards WD, et al: Two-
dimensional echocardiographic spectrum of 
Ebstein anomaly: detailed anatomic assess-
ment. J Am Coll Cardiol 3:356-370, 1984.

75. Shiina A, Seward JB, Tajik AJ, et al: Two-dimen-
sional echocardiographic–surgical correlation 
in Ebstein anomaly: preoperative determina-
tion of patients requiring tricuspid valve plica-
tion vs replacement. Circulation 68:534-544, 
1983.

76. Benson LN, Child JS, Schwaiger M, et al: Left 
ventricular geometry and function in adults 
with Ebstein anomaly of the tricuspid valve. 
Circulation 75:353-359, 1987.

77. Chauvaud S: Ebstein malformation. surgical 
treatment and results. Thorac Cardiovasc Surg 
48:220-223, 2000.

78. Augustin N, Schmidt-Habelmann P, Wottke M, 
et al: Results after surgical repair of Ebstein 
anomaly. Ann Thorac Surg 63:1650-1656, 
1997.

79. Augustin N, Schreiber C, Lunge R: Valve pre-
serving treatment of Ebstein anomaly: periop-
erative and follow-up results. Thorac Cardiovasc 
Surg 48:316, 2000.

80. Knott-Craig CJ, Overholt ED, Ward KE, 
Razook JD: Neonatal repair of Ebstein 
anomaly: indications, surgical technique, and 
medium-term follow-up. Ann Thorac Surg 
69:1505-1510, 2000.

81. Knott-Craig CJ, Overholt ED, Ward KE, et al: 
Repair of Ebstein anomaly in the symptomatic 
neonate: an evolution of technique with 7-year 
follow-up. Ann Thorac Surg 73:1786-1792; dis-
cussion 1792-1783, 2002.

82. Mair DD, Seward JB, Driscoll DJ, Danielson 
GK: Surgical repair of Ebstein anomaly: selec-
tion of patients and early and late operative 
results. Circulation 72:II70-76, 1985.

83. Quaegebeur JM, Sreeram N, Fraser AG,  
et al: Surgery for Ebstein anomaly: the clinical 
and echocardiographic evaluation of a new 
technique. J Am Coll Cardiol 17:722-728, 
1991.

84. Pressley JC, Wharton JM, Tang AS, et al: Effect 
of Ebstein anomaly on short- and long-term 
outcome of surgically treated patients with 
Wolff-Parkinson-White syndrome. Circulation 
86:1147-1155, 1992.

85. Kammeraad JA, van Deurzen CH, Sreeram N, 
et al: Predictors of sudden cardiac death after 
Mustard or Senning repair for transposition of 
the great arteries. J Am Coll Cardiol 44:1095-
1102, 2004.

86. Sarkar D, Bull C, Yates R, et al: Comparison of 
long-term outcomes of atrial repair of simple 
transposition with implications for a late arte-
rial switch strategy. Circulation 100:II176-181, 
1999.

87. Wilson NJ, Clarkson PM, Barratt-Boyes BG,  
et al: Long-term outcome after the Mustard 
repair for simple transposition of the great 
arteries. 28-year follow-up. J Am Coll Cardiol 
32:758-765, 1998.

88. Puley G, Siu S, Connelly M, et al: Arrhythmia 
and survival in patients >18 years of age after 
the Mustard procedure for complete transposi-
tion of the great arteries. Am J Cardiol 83:1080-
1084, 1999.

89. Gelatt M, Hamilton RM, McCrindle BW, et al: 
Arrhythmia and mortality after the Mustard 
procedure: a 30-year single-center experience. 
J Am Coll Cardiol 29:194-201, 1997.

90. Gatzoulis MA, Walters J, McLaughlin PR, et al: 
Late arrhythmia in adults with the Mustard 
procedure for transposition of great arteries: a 
surrogate marker for right ventricular dysfunc-
tion? Heart 84:409-415, 2000.

91. Babu-Narayan SV, Goktekin O, Moon JC,  
et al: Late gadolinium enhancement cardiovas-
cular magnetic resonance of the systemic right 

ventricle in adults with previous atrial redirec-
tion surgery for transposition of the great 
arteries. Circulation 111:2091-2098, 2005.

92. Millane T, Bernard EJ, Jaeggi E, et al: Role of 
ischemia and infarction in late right ventricu-
lar dysfunction after atrial repair of transposi-
tion of the great arteries. J Am Coll Cardiol 
35:1661-1668, 2000.

93. Lubiszewska B, Gosiewska E, Hoffman P, et al: 
Myocardial perfusion and function of the sys-
temic right ventricle in patients after atrial 
switch procedure for complete transposition: 
long-term follow-up. J Am Coll Cardiol 
36:1365-1370, 2000.

94. Salehian O, Schwerzmann M, Merchant N,  
et al: Assessment of systemic right ventricular 
function in patients with transposition of  
the great arteries using the myocardial perfor-
mance index: comparison with cardiac mag-
netic resonance imaging. Circulation 110:
3229-3233, 2004.

95. Losay J, Hougen TJ: Treatment of transposition 
of the great arteries. Curr Opin Cardiol 12:84-
90, 1997.

96. Losay J, Touchot A, Serraf A, et al: Late 
Outcome After Arterial Switch Operation for 
Transposition of the Great Arteries. Circulation 
104:121I-126, 2001.

97. Schwartz ML, Gauvreau K, del Nido P, et al: 
Long-term predictors of aortic root dilation 
and aortic regurgitation after arterial switch 
operation. Circulation 110:II128-132, 2004.

98. Legendre A, Losay J, Touchot-Kone A, et al: 
Coronary events after arterial switch operation 
for transposition of the great arteries. Circula-
tion 108:II186-190, 2003.

99. Oskarsson G, Pesonen E, Munkhammar P,  
et al: Normal coronary flow reserve after arte-
rial switch operation for transposition of the 
great arteries: an intracoronary Doppler guide-
wire study. Circulation 106:1696-1702, 2002.

100. Rickers C, Sasse K, Buchert R, et al: Myocardial 
viability assessed by positron emission tomog-
raphy in infants and children after the arterial 
switch operation and suspected infarction.  
J Am Coll Cardiol 36:1676-1683, 2000.

101. De Caro E, Ussia GP, Marasini M, Pongiglione 
G: Transoesophageal atrial pacing combined 
with transthoracic two dimensional echocar-
diography: experience in patients operated on 
with arterial switch operation for transposition 
of the great arteries. Heart 89:91-95, 2003.

102. van den Bosch AE, Roos-Hesselink JW, Van 
Domburg R, et al: Long-term outcome and 
quality of life in adult patients after the Fontan 
operation. Am J Cardiol 93:1141-1145, 2004.

103. Gates RN, Laks H, Drinkwater DC, Jr, et al: The 
Fontan procedure in adults. Ann Thorac Surg 
63:1085-1090, 1997.

104. Gersony DR, Gersony WM: Management of 
the postoperative Fontan patient. Progr Pediatr 
Cardiol 17:73-79, 2003.

105. Veldtman GR, Nishimoto A, Siu S, et al: The 
Fontan procedure in adults. Heart 86:330-335, 
2001.

106. Thompson LD, Petrossian E, McElhinney DB, 
et al: Is it necessary to routinely fenestrate an 
extracardiac Fontan? J Am Coll Cardiol 34:539-
544, 1999.

107. Laks H, Pearl JM, Haas GS, et al: Partial Fontan: 
advantages of an adjustable interatrial com-
munication. Ann Thorac Surg 52:1084-1094; 
discussion 1094-1085, 1991.

108. de Zelicourt DA, Pekkan K, Wills L, et al:  
In vitro flow analysis of a patient-specific 
intraatrial total cavopulmonary connection. 
Ann Thorac Surg 79:2094-2102, 2005.



900 PART IX Adult Congenital Heart Disease and Cardiac Tumors

109. Pearl JM, Laks H, Stein DG, et al: Total cavo-
pulmonary anastomosis versus conventional 
modified Fontan procedure. Ann Thorac Surg 
52:189-196, 1991.

110. Kuroczynski W, Kampmann C, Choi YH, et al: 
The Fontan-operation: from intra- to extracar-
diac procedure. Cardiovasc Surg 11:70-74, 
2003.

111. Azakie A, McCrindle BW, Van Arsdell G, et al: 
Extracardiac conduit versus lateral tunnel 
cavopulmonary connections at a single institu-
tion: impact on outcomes. J Thorac Cardiovasc 
Surg 122:1219-1228, 2001.

112. Mavroudis C, Backer CL, Deal BJ, et al: Total 
cavopulmonary conversion and maze proce-
dure for patients with failure of the Fontan 
operation. J Thorac Cardiovasc Surg 122:863-
871, 2001.

113. Aboulhosn J, Williams R, Shivkumar K, et al: 
Arrhythmia recurrence in adult patients with 
single ventricle physiology following surgical 
Fontan conversion. Congenit Heart Dis 5:430-
434, 2010.

114. Lan YT, Chang RK, Laks H: Outcome of 
patients with double-inlet left ventricle or tri-
cuspid atresia with transposed great arteries.  
J Am Coll Cardiol 43:113-119, 2004.

115. Bhole V, Wright JG, De Giovanni JV, et al: 
Transcatheter interventions in the early post-
operative period after the Fontan procedure. 
Catheter Cardiovasc Interv 77:92-98, 2010.

116. Gomez C, Lloyd T, Mosca R, et al: Fontan  
fenestration closure in the catheterization  
laboratory—echocardiographic evaluation of 
residual right to left shunts. Am J Cardiol 
82:1304-1306, A1310-1301, 1998.

117. Border WL, Syed AU, Michelfelder EC, et al: 
Impaired systemic ventricular relaxation 
affects postoperative short-term outcome in 
Fontan patients. J Thorac Cardiovasc Surg 
126:1760-1764, 2003.

118. Tede NH, Child JS: Diastolic dysfunction in 
patients with congenital heart disease. Cardiol 
Clin 18:491-499, 2000.

119. Child JS: Echo-Doppler and color-flow 
imaging in congenital heart disease. Cardiol 
Clin 8:289-313, 1990.

120. Cheung YF, Penny DJ, Redington AN: Serial 
assessment of left ventricular diastolic function 
after Fontan procedure. Heart 83:420-424, 
2000.

121. Di Sessa TG, Child JS, Perloff J, et al: Systemic 
venous and pulmonary arterial flow patterns 
after Fontan’s procedure for tricuspid atresia or 
single ventricle. Circulation 70:898-902, 1984.

122. Niwa K, Siu SC, Webb GD, Gatzoulis MA: Pro-
gressive aortic root dilatation in adults late 
after repair of tetralogy of Fallot. Circulation 
106:1374-1378, 2002.

123. Warnes CA, Child JS: Aortic root dilatation 
after repair of tetralogy of Fallot: pathology 
from the past? Circulation 106:1310-1311, 
2002.

124. Roest AAW, de Roos A, Lamb HJ, et al: Tetral-
ogy of Fallot: postoperative delayed recovery of 
left ventricular stroke volume after physical 
exercise—assessment with fast MR Imaging. 
Radiology 226:278-284, 2003.

125. Roos-Hesselink J, Perlroth MG, McGhie J, Spit-
aels S: Atrial arrhythmias in adults after repair 
of tetralogy of Fallot. Correlations with clini-
cal, exercise, and echocardiographic findings. 
Circulation 91:2214-2219, 1995.

126. Murphy JG, Gersh BJ, Mair DD, et al: Long-
term outcome in patients undergoing surgical 
repair of tetralogy of Fallot. N Engl J Med 
329:593-599, 1993.

127. Mahle WT, Parks WJ, Fyfe DA, Sallee D: Tricus-
pid regurgitation in patients with repaired 
tetralogy of Fallot and its relation to right ven-
tricular dilatation. Am J Cardiol 92:643-645, 
2003.

128. Lucron H, Marcon F, Bosser G, et al: Induction 
of sustained ventricular tachycardia after surgi-
cal repair of tetralogy of Fallot. Am J Cardiol 
83:1369-1373, 1999.

129. Khairy P, Landzberg MJ, Gatzoulis MA, et al: 
Value of programmed ventricular stimulation 
after tetralogy of Fallot repair: a multicenter 
study. Circulation 109:1994-2000, 2004.

130. Joffe H, Georgakopoulos D, Celermajer DS, et 
al: Late ventricular arrhythmia is rare after 
early repair of tetralogy of Fallot. J Am Coll 
Cardiol 23:1146-1150, 1994.

131. Helbing WA, Roest AA, Niezen RA, et al: ECG 
predictors of ventricular arrhythmias and 
biventricular size and wall mass in tetralogy of 
Fallot with pulmonary regurgitation. Heart 
88:515-519, 2002.

132. Hokanson JS, Moller JH: Significance of early 
transient complete heart block as a predictor 
of sudden death late after operative correction 
of tetralogy of Fallot. Am J Cardiol 87:1271-
1277, 2001.

133. Helbing WA, Niezen RA, Le Cessie S, et al: 
Right ventricular diastolic function in children 
with pulmonary regurgitation after repair of 
tetralogy of Fallot: volumetric evaluation by 
magnetic resonance velocity mapping. J Am 
Coll Cardiol 28:1827-1835, 1996.

134. Hazekamp MG, Kurvers MMJ, Schoof PH, et 
al: Pulmonary valve insertion late after repair 
of Fallot’s tetralogy. Eur J Cardiothorac Surg 
19:667-670, 2001.

135. Harrison DA, Siu SC, Hussain F, et al: Sus-
tained atrial arrhythmias in adults late after 
repair of tetralogy of Fallot. Am J Cardiol 
87:584-588, 2001.

136. Gatzoulis MA: Tetralogy of Fallot. In Gatzoulis 
MA, Webb GD, Daubeney PEF, editors: Diag-
nosis and management of adult congenital heart 
disease, St. Louis, 2003, Churchill Livingstone, 
pp 315-326.

137. Gatzoulis MA, Balaji S, Webber SA, et al:  
Risk factors for arrhythmia and sudden  
cardiac death late after repair of tetralogy of 
Fallot: a multicentre study. Lancet 356:975-981, 
2000.

138. Gatzoulis MA, Clark AL, Cullen S, et al: Right 
ventricular diastolic function 15 to 35 years 
after repair of tetralogy of Fallot. Restrictive 
physiology predicts superior exercise perfor-
mance. Circulation 91:1775-1781, 1995.

139. El Rahman MYA, Abdul-Khaliq H, Vogel M, et 
al: Relation between right ventricular enlarge-
ment, QRS duration, and right ventricular 
function in patients with tetralogy of Fallot 
and pulmonary regurgitation after surgical 
repair. Heart 84:416-420, 2000.

140. Eidem BW, O’Leary PW, Tei C, Seward JB. Use-
fulness of the myocardial performance index 
for assessing right ventricular function in con-
genital heart disease. Am J Cardiol 86:654-658, 
2000.

141. Dittrich S, Vogel M, Dahnert I, et al: Surgical 
repair of tetralogy of Fallot in adults today. 
Clin Cardiol 22:460-464, 1999.

142. Dodds GA, III, Warnes CA, Danielson GK: 
Aortic valve replacement after repair of pulmo-
nary atresia and ventricular septal defect or 
tetralogy of Fallot. J Thorac Cardiovasc Surg 
113:736-741, 1997.

143. Discigil B, Dearani JA, Puga FJ, et al: Late  
pulmonary valve replacement after repair of 

tetralogy of Fallot. J Thorac Cardiovasc Surg 
121:344-351, 2001.

144. Daliento L, Folino AF, Menti L, et al: Adrener-
gic nervous activity in patients after surgical 
correction of tetralogy of Fallot. J Am Coll 
Cardiol 38:2043-2047, 2001.

145. Chandar JS, Wolff GS, Garson A, Jr, et al: Ven-
tricular arrhythmias in postoperative tetralogy 
of Fallot. Am J Cardiol 65:655-661, 1990.

146. Chaturvedi RR, Shore DF, Lincoln C, et al: 
Acute right ventricular restrictive physiology 
after repair of tetralogy of Fallot: association 
with myocardial injury and oxidative stress. 
Circulation 100:1540-1547, 1999.

147. Bricker JT: Sudden death and tetralogy of 
Fallot. Risks, markers, and causes. Circulation 
92:158-159, 1995.

148. Bacha EA, Scheule AM, Zurakowski D, et al: 
Long-term results after early primary repair of 
tetralogy of Fallot. J Thorac Cardiovasc Surg 
122:154-161, 2001.

149. Ghai A, Silversides C, Harris L, et al: Left ven-
tricular dysfunction is a risk factor for sudden 
cardiac death in adults late after repair of 
tetralogy of Fallot. J Am Coll Cardiol 40:1675-
1680, 2002.

150. Geva T, Sandweiss BM, Gauvreau K, et al: 
Factors associated with impaired clinical status 
in long-term survivors of tetralogy of Fallot 
repair evaluated by magnetic resonance 
imaging. J Am Coll Cardiol 43:1068-1074, 2004.

151. Abd El Rahman MY, Hui W, Yigitbasi M, et al: 
Detection of left ventricular asynchrony in 
patients with right bundle branch block after 
repair of tetralogy of Fallot using tissue-Dop-
pler imaging-derived strain. J Am Coll Cardiol 
45:915-921, 2005.

152. Davlouros PA, Kilner PJ, Hornung TS, et al: 
Right ventricular function in adults with 
repaired tetralogy of Fallot assessed with car-
diovascular magnetic resonance imaging:  
detrimental role of right ventricular outflow 
aneurysms or akinesia and adverse right-to-left 
ventricular interaction. J Am Coll Cardiol 
40:2044-2052, 2002.

153. Davos CH, Davlouros PA, Wensel R, et al: 
Global impairment of cardiac autonomic 
nervous activity late after repair of tetralogy of 
Fallot. Circulation 106:69I-75, 2002.

154. Frigiola A, Redington AN, Cullen S, Vogel M: 
Pulmonary regurgitation is an important 
determinant of right ventricular contractile 
dysfunction in patients with surgically repaired 
tetralogy of Fallot. Circulation 110:II153-157, 
2004.

155. Tulevski II, Hirsch A, Dodge-Khatami A, et al: 
Effect of pulmonary valve regurgitation on 
right ventricular function in patients with 
chronic right ventricular pressure overload. 
Am J Cardiol 92:113-116, 2003.

156. Vliegen HW, van Straten A, de Roos A, et al: 
Magnetic resonance imaging to assess the 
hemodynamic effects of pulmonary valve 
replacement in adults late after repair of tetral-
ogy of Fallot. Circulation 106:1703-1707, 2002.

157. Babu-Narayan SV, Kilner PJ, Li W, et al: Ven-
tricular fibrosis suggested by cardiovascular 
magnetic resonance in adults with repaired 
tetralogy of Fallot and its relationship to 
adverse markers of clinical outcome. Circula-
tion 113:405-413, 2006.

158. Giannopoulos NM, Chatzis AC, Bobos DP, et 
al: Tetralogy of Fallot: influence of right ven-
tricular outflow tract reconstruction on late 
outcome. Int J Cardiol 97:87-90, 2004.

159. Renella P, Aboulhosn J, Lohan DG, et al: Two-
dimensional and Doppler echocardiography 



  45  Echocardiographic Evaluation of the Adult with Postoperative Congenital Heart Disease 901

reliably predict severe pulmonary regurgita-
tion as quantified by cardiac magnetic  
resonance. J Am Soc Echocardiogr 23:880-886, 
2010.

160. van Straten A, Vliegen HW, Lamb HJ,  
et al: Time course of diastolic and systolic  
function improvement after pulmonary valve 

replacement in adult patients with tetralogy of 
Fallot. J Am Coll Cardiol 46:1559-1564, 2005.

161. Graham TP, Jr, Bernard YD, Mellen BG, et al: 
Long-term outcome in congenitally corrected 
transposition of the great arteries: a multi-
institutional study. J Am Coll Cardiol 36:255-
261, 2000.

162. Beauchesne LM, Warnes CA, Connolly HM,  
et al: Outcome of the unoperated adult who 
presents with congenitally corrected transposi-
tion of the great arteries. J Am Coll Cardiol 

40:285-290, 2002.



46  Cardiac Tumors
CHARLES J. BRUCE, MD

Background
Classification of Cardiac Masses
Diagnostic Approach

Cardiac Myxomas
Clinical Setting
Location
Gross Appearance
Echocardiographic Features
Other Imaging Modalities
Differential Diagnosis
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Clinical Manifestations:
Echocardiographic Diagnosis
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Differential Diagnosis
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Background

Although cardiac tumors are rare, with an autopsy frequency of 
only 0.001% to 0.03%,1,2 they represent an important group of 
cardiovascular abnormalities because an early and accurate 
diagnosis may permit a curative procedure or, in some circum-
stances, may even avoid unnecessary surgery.3-5 Before the intro-
duction of two-dimensional (2D) echocardiography in the 
1970s, ante mortem diagnosis of cardiac tumors was exception-
ally unusual.6 However, with the advent of 2D transthoracic 
echocardiography, the ability to identify cardiac tumors ante 
mortem has been possible. Moreover, ante mortem diagnosis of 
cardiac masses and tumors has steadily increased. This has been 
brought about by improvements in imaging technology that 
include higher frequency transthoracic imaging transducers, 
harmonic imaging, and refinements in transesophageal echo-
cardiography (TEE), including multiplane TEE and three-
dimensional (3D) imaging.7,8 Echocardiography is well suited as 
the initial imaging modality in patients suspected of having a 
cardiac tumor because it is a simple noninvasive technique with 
widespread availability and relatively low cost (Box 46-1). Com-
puted tomographic (CT) scan and magnetic resonance imaging 
(MRI) provide additional diagnostic information and should be 
seen as ancillary complementary techniques9 because they can 
provide information for staging and treatment planning, par-
ticularly when surgical resection is being considered.10

Patients with cardiac tumors may present with cardiovascular-
related or constitutional symptoms. However, more often than 
not, a cardiac mass is discovered incidentally during an echo-
cardiographic examination performed for an unrelated indica-
tion. These incidental masses usually represent thrombi or 
vegetations and often occur in a particular clinical milieu with 

associated unique concomitant echocardiographic abnormali-
ties.5 If a mass is indeed a tumor, it is most likely malignant as 
a result of a known malignant process elsewhere, usually from 
the breast or lung or malignant melanoma. Much less likely, the 
mass represents a primary cardiac tumor. In this case, it is most 
likely benign, with a nearly 50% likelihood of being a myxoma. 
Malignant primary cardiac tumors are very rare and represent 
only approximately a quarter of primary cardiac tumors. These 
are most often a variety of sarcoma.

Clinical symptoms and signs are often determined by loca-
tion of the tumor rather than its histologic type.11,12 Thus, the 
clinical significance of a “benign” tumor may be just as impor-
tant as a “malignant” type. Benign tumors may be locally inva-
sive and impair myocardial contractility or cause valve 
dysfunction presenting with heart failure or conduction system 
disease or fatal arrhythmias. Systemic or pulmonary tumor 
embolization is an important and relatively common complica-
tion that occurs in up to a quarter of cases and is related to 
specific structural and anatomic tumor characteristics. Tumors 
of the aortic valve and left atrium (LA) pose the highest embolic 
risk. In addition, and somewhat paradoxically, patients with 
minimal symptoms, hemodynamic alterations, and smaller 
tumors have higher embolic complications than patients with 
larger symptomatic tumors.13 Often, tumors present with peri-
cardial effusions with or without tamponade; others may 
present with constitutional or systemic symptoms.

The benefit of echocardiography lies in its ability to show 
precise anatomic details and pathology. It delineates the mor-
phologic appearance, location, and motion of tumors and 
determines the hemodynamic consequences of the tumor, if 
any.14 The sensitivity of echocardiography is greatest for endo-
cardial lesions, where the contrast between the tumor and the 
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newer emerging echocardiographic technologies with potential 
for better evaluation of cardiac tumors are also discussed.

CLASSIFICATION OF CARDIAC MASSES

A classification of cardiac masses is presented in Table 46-2, and 
diagnostic approach is presented in Figure 46-1. The most likely 
etiology of a cardiac mass is thrombus or vegetation. The clini-
cal setting provides diagnostic clues. For example, thrombi are 
most likely associated with atrial fibrillation or a LV apical 
infarct, and vegetations may be seen in patients with native 
valve disease or prosthetic valves. However, if a cardiac mass 
really represents a tumor, its etiology can often be determined 
with consideration of four factors:

1. the histology-based likelihood
2. the age of the patient at time of presentation
3. the tumor location; and
4. noninvasive tissue characterization 
With this approach, and integration of the clinical data, an 

accurate diagnosis and treatment strategy is usually possible 
without the need for percutaneous or open surgical biopsy.

Histology-Based Likelihood
Secondary malignant disease of the heart and pericardium is 
considerably more common than primary cardiac malignant 
disease; in some estimates, it is 30 to 1000 times more common.2 
In a random autopsy series, the frequency of metastatic involve-
ment is 0.4%; and in patients with diagnosed cancer cardiac 
involvement, it is as high as 20%.9 Spread to the heart is gener-
ally via direct tumor extension, venous/lymphatic spread, or 
arterial metastasis. The most common underlying malignant 
diseases with secondary cardiac involvement are carcinoma of 
the lung, breast, esophagus, stomach, and kidneys and mela-
noma, lymphoma, and leukemia.

Primary cardiac tumors are much rarer than secondary 
malignant lesions. Almost 90% of primary cardiac tumors 
excised surgically are benign, with nearly 80% of these tumors 
representing myxomas.6 In a report of 323 consecutive patients 
undergoing surgical resection of primary cardiac tumors 
between 1957 and 2006 at the Mayo Clinic, 94% of tumors were 
benign, and 50% of these were myxomas. The remaining benign 

echolucent chamber is greatest, permitting accurate character-
ization of the size and mobility of the mass. Intramyocardial 
lesions are less well appreciated, and pericardial tumors are the 
most difficult to detect, mainly because of the increased peri-
cardial echo density and its far-field position. MRI and CT scan 
offer benefits over echocardiography in defining lesions in these 
locations15 and are also helpful in staging tumors, assessing 
degree of mural infiltration, and detecting pericardial involve-
ment and presence of tumor extension or metastases (Table 
46-1). MRI and CT scan are also particularly good at evaluating 
tumor vascularity and fat composition.

Transthoracic echocardiography and TEE have unique attri-
butes and limitations in evaluation of cardiac tumors. Although 
the availability of transthoracic echocardiography is widespread 
and it is simpler to perform, multiplane TEE generates higher 
resolution images of structures, particularly near the esophagus. 
It is thus not only better suited to detection of tumors in the 
superior vena cava, right atrium, pulmonary arteries, LA, and 
descending thoracic aorta but also helpful in distinguishing 
these masses from thrombi and vegetations.16,17 Overall, TEE 
has better sensitivity and specificity than transthoracic echocar-
diography, especially in identification of smaller tumors.18 It is 
also particularly useful in distinguishing true pathology from 
normal or normal variant cardiac anatomy (e.g., a prominent 
crista terminalis or lipomatous hypertrophy of the interatrial 
septum).4 However, TEE is not as good at identification of left 
ventricular (LV) apical masses; if this is a clinical concern, trans-
thoracic echocardiography should be performed.16,19

The following discussion reviews the clinical scope of cardiac 
tumors and their incidence. A clinical classification and a diag-
nostic approach are presented, and the echocardiographic and 
pathologic correlation of the most common individual tumors 
is addressed in descending order of their prevalence. Alternative 
and complementary imaging techniques are also briefly dis-
cussed. Finally, conditions that mimic cardiac tumors and 

Box 46-1 

ECHOCARDIOGRAPHY IN THE EVALUATION, 
DIAGNOSIS, AND TREATMENT OF CARDIAC 
TUMORS

A. Evaluation of Cardiac Masses
Normal variant anatomy
Nontumor masses and disorders that mimic tumors

Thrombi
Vegetation
Infiltrative disorder
Device hardware

B. Diagnosis of Tumor
Morphology

Location
Attachment site
Mobility
Size
Shape

Hemodynamic impact

C. Guiding Interventions
Percutaneous biopsy
Pericardiocentesis
Intraoperative assessment before and after 

cardiopulmonary bypass

Diagnostic Techniques for the Diagnosis of Cardiac Tumors

Echocardiography
Computed 

Tomography

Magnetic 
Resonance 

Imaging

Primary Benign
Myxoma + + + + + + + + + + +
Lipoma + + + + + + + + + + + + +
Fibroelastoma + + + + + + + + +
Rhabdomyoma + + + + + + + + + + +
Fibroma + + + + + + + + + + +
Primary Malignant
Sarcomas + + + + + + + + + + + +
Mesotheliomas + + + + + + + + + + +
Lymphomas + + + + + + + + + + +
Secondary Tumors
Direct extension + + + + + + + + + + + + +
Venous extension + + + + + + + + + + + + +
Metastatic spread + + + + + + + + + + +

+, Of limited use; + +, may be of use; + + +, useful; + + + +, very useful; + + + + +, preferred 
diagnostic tool.

TABLE 
46-1 
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by direct invasion, present within the cardiac muscle if spread 
hematogenously and emanating from the pulmonary veins or 
inferior vena cava by intraluminal spread.

Noninvasive Tissue Characterization
Echocardiography provides limited but useful information 

regarding tissue characteristics (Table 46-4), including echo-
genicity of the mass and whether calcification is present. Vas-
cularity can also be assessed with color flow Doppler imaging 
and echocardiographic contrast. Strain imaging also has poten-
tial in identification of the noncontractile nature of masses, 
such as fibromas. CT scan provides information regarding vas-
cularity by contrast enhancement, presence of calcification, and 
presence of fat. MRI also provides information regarding vas-
cularity, presence of fat, degree of tissue edema, and possibly 
iron content.

Cardiac Myxomas
Three quarters of all primary cardiac tumors are benign, and 
nearly half of these are myxomas. Myxomas occur in all age 
groups, most frequently between the third and sixth decades of 
life (with an approximate incidence rate of 45% in adults and 
15% in children).20 Women are more commonly affected.21-26 
Although myxomas usually occur sporadically as an isolated 
tumor in the LA, familial myxomas have been reported (account-
ing for 7% of myxomas).27-30 The familial myxomas occur as an 
inherited autosomal dominant disorder, in combination with 
two or more of the following conditions: skin myxomas (single 
or multiple), cutaneous lentiginosis, myxoid fibroadenomas  
of the breast, pituitary adenomas, primary adrenocortical 
micronodular dysplasia with Cushing syndrome, and testicular 
tumors (characteristically large cell calcifying Sertoli cell 
tumors). Although multiple acronyms (LAMB and NAME) 
have been used to describe these associations in the past, these 
syndromes are now grouped under the broader category of 
Carney complex, named after the physician who first described 
the familial nature of the disorder.31 These patients tend to be 
younger and may have the germ-line mutation PRKAR1A.32 

tumors in descending order of frequency included papillary 
fibroelastomas (26%), fibromas (6%), lipomas (4%), and 
others, including calcified amorphous tumors, hemangiomas, 
teratomas, unilocular developmental cysts, and rhabdomyo-
mas.7 Although papillary fibroelastoma traditionally have been 
considered less frequent than myxoma, it is increasingly recog-
nized in our clinical experience that papillary fibroelastoma 
may in fact now represent the most common form of benign 
cardiac tumor. This fact underscores the increasing ante mortem 
diagnosis of cardiac masses resulting from the widespread use 
of echocardiography and the enhanced images newer echocar-
diographic technology affords.

In contrast to benign primary cardiac tumors, only about 
10% of primary cardiac tumors excised at surgery are malig-
nant, of which more than 90% are sarcomas. The remaining few 
are represented by lymphomas.7 To illustrate just how rare 
malignant primary cardiac tumors are, only 34 patients were 
identified at the Mayo Clinic between 1975 and 2007. All had 
sarcomas, and the commonest histologic type was angiosar-
coma (41%).8

DIAGNOSTIC APPROACH

Age at Presentation
Because the incidence rate of cardiac tumors varies with age 
(Table 46-3), age at presentation provides a clue to the diagno-
sis. For example, rhabdomyomas and fibromas are the most 
common benign cardiac tumors in children.

Location
Particular cardiac tumors have a predilection for certain loca-
tions (Fig. 46-2), which enables characterization by their loca-
tion. Myxomas most commonly arise in the LA, usually from a 
stalk attached to the atrial septum. Sarcomas can also present 
as a LA mass and are commonly mistaken for a myxoma before 
surgery.8 Angiosarcomas, in particular, tend to arise in the right 
atrium. Rhabdomyomas and fibromas are located within the 
ventricles. Papillary fibroelastomas are generally located on 
cardiac valves. Metastatic disease often affects the pericardium 

Cardiac Masses

Neoplastic

Primary Secondary Nonneoplastic Other

Benign
Myxoma
PFE*
Lipoma

Malignant
Sarcoma
Lymphoma

Direct extension
Breast
Lung
Esophagus
Mediastinal tumor

Hematogenous
Melanoma
Lung
Breast
GU
GI

Venous
Renal
Adrenal
Thyroid
Lung
Hepatoma

Lymphatic
Lymphoma
Leukemia

Hamartomas
Rhabdomyoma
Fibroma
PFE*

Age-related growths
Lipomatous hypertrophy

Reactive proliferation
Lambl excrescence
PFE†

Thrombus
Vegetation
CAT
Normal structure
Image artifact

CAT, Calcified amorphous tumor; GI, gastrointestinal; GU, genitourinary; PFE, papillary fibroelastoma.
*PFE arising de novo.
†PFE arising in setting of HOCM or after endocardial injury.

TABLE 
46-2 
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Figure 46-1  Diagnostic algorithm for evaluation of a cardiac mass based on histology-based likelihood, age, location, and imaging char-
acteristics. A/C, Anticoagulation; BCs, blood cultures; CT, computed tomography; IAS, interatrial septum; MRI, magnetic resonance imaging; PFE, 
papillary fibroelastoma; Rx, treatment. 

Cardiac mass

Thrombus or vegetation?

• Clinical milieu

Yes ? No

Appropriate
Rx

Trial of A/C or BCs

1x30–1000x

Reevaluate

Cardiac
malignancy

≈90% ≈10%

≈95% ≈5%≈80%

Secondary
malignancy

• Known primary
• Identify primary

Histology-
based

likelihood

• Age
• Location
• Imaging

Primary
benign

Primary
malignant

Primary
malignancy

Sarcoma Lymphoma

Mesothelioma• Usually LA
• Angiosarcoma
   Right atrium
   Typical CT/MRI

Age ?

Child Adult

Myxoma

• LA; attached to IAS
• Typical echo

Rhabdomyoma

Fibroma

• Ventricle, multiple

• Ventricle, solitary
• Strain imaging

PFE

Lipoma

Other

• Valve
• Typical echo

• Typical CT/MRI

• Hemangioma
• Paraganglioma
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echocardiographic follow-up examination has been recom-
mended for 4 years after surgery.33

LOCATION

Cardiac myxomas usually develop in the atria, with 75% origi-
nating in the LA and 15% to 20% in the right atrium. They 
characteristically arise from or near the interatrial septum at the 
border of the fossa ovalis membrane.11,22-24,34 Occasionally they 
may grow through the fossa ovalis and into both atria. Myxomas 
may also originate (in descending order of frequency) from the 
posterior atrial wall, anterior atrial wall, and atrial appendage. 
Three percent to 4% of myxomas originate in the LV, and 3% 
to 4% in the right.20,34 Tumors are usually solitary. Multiple 
tumors or atypical locations suggest familial myxoma. Myxomas 
of the heart valves have been reported but are extremely rare 
(Figs. 46-3 and 46-4).

GROSS APPEARANCE

The gross appearance of cardiac myxomas is variable. The 
tumors range in size from 1 to 15 cm in diameter but most 
frequently measure 5 to 6 cm in diameter.20 Myxomas are gener-
ally polypoid and often pedunculated, frequently arise from a 
narrow stalk, and are rarely sessile. They are usually round or 
ovoid in shape with a smooth or gently lobulated surface (Fig. 
46-5). The mobility of the tumor depends on its consistency, 
which varies in part depending on the extent of attachment and 
the length of its stalk. Polypoid myxomas are usually compact 
and show little tendency towards spontaneous fragmentation. 
The less common villous or papillary myxomas have a surface 
that consists of multiple fine villous extensions that are fragile 
and tend to break off. The risk of embolization is greatest with 
these tumors (Table 46-5).35-38 Adding to their embolic poten-
tial, they frequently have organized thrombi on their surface. 

They are also more likely to have multiple myxomas and have 
an increased risk of recurrence after resection.21

CLINICAL SETTING

The clinical features of myxomas, like most cardiac tumors, are 
determined by their location, size, and mobility. These charac-
teristics are easily addressed with echocardiography. Most 
patients present with one or more features of the triad of embo-
lism, intracardiac obstruction, and constitutional symptoms. 
Dyspnea may occur as a result of atrioventricular valve obstruc-
tion. Occasionally, there are no symptoms, particularly with 
small tumors. Myxomas may recur after surgical resection. The 
overall risk of recurrence after resection is 13%, but it is much 
more common with familial myxomas than with sporadic 
tumors (22% versus 3%). The hazard of recurrence increases 
linearly for 4 years after resection, after which risk of recurrence 
is low. On the basis of this observation, semiannual surveillance 

Figure 46-2  Diagram shows the distribution and 
pathologic characteristics of cardiac masses accord-
ing to intracardiac attachment site.  ca,  Carcinoma; 
IVC, inferior vena cava; LAA, left atrial appendage; met, 
metastatic; MV, mitral valve; SVC, superior vena cava; TV, 
tricuspid valve. (With permission from Dujardin KS, Click 
RL, Oh JK: The role of intraoperative transesophageal 
echocardiography in patients undergoing cardiac mass 
removal. J Am Soc Echocardiogr 13:1080-1083, 2000.)

LA
Myxoma
Thrombus
Sarcoma
Rhabdomyoma
Total

24
6
3
1

34

LAA
Fibroelastoma 1

MV
Fibroelastoma 3

Aortic valve
Fibroelastoma 5

LV
Thrombus
Fibroma
Met breast ca
Total

3
2
1
6

RV
Myxoma
Echinococcus cyst
Thrombus
Melanoma
Total

2
1
1
1
5

TV
Fibroelastoma 1

RA/IVC
Hypernephroma
Rhabdomyoma
Hepatoma
Total

7
1
1
9

RA
Myxoma
Thrombus
Melanoma
Adrenocortical ca
Total

5
2
1
1
9

RA/SVC
Thyroid ca
Inflammatory
pseudotumor
Total

1
1

2

Approximate Incidence Rate of Benign Tumors of the  
Heart in Adults and Children

Incidence (%)

Adults Children

Myxoma 45 15

Lipoma 20 –

Papillary fibroelastoma 15 –

Angioma 5 5

Fibroma 3 15

Hemangioma 5 5

Rhabdomyoma 1 45

Teratoma <1 15

Adapted from Shapiro LM: Cardiac tumours: diagnosis and management. Heart 85:218-
222, 2001.

TABLE 
46-3 
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Figure 46-3  Locations of myxomas. A, TEE four-chamber view shows a 3.5-cm lobulated LA myxoma (T ) arising from the fossa ovalis membrane. 
A mass at this  location typically represents an atrial myxoma. At surgery, several “streamers” were attached to the tumor, not seen on echocar-
diography. B, A TEE four-chamber view shows a RV myxoma (T ) measuring 7 × 4 cm that arises from the anterior tricuspid valve leaflet. This tumor 
extended through the RV outflow tract and pulmonic valve (not shown). Myxomas arising from unusual locations or from multiple sites should raise 
suspicion of Carney complex (see Figure 46-2). C, TEE in a 70-year-old woman presenting with a stroke. An 8-mm LA myxoma (arrow) is seen attached 
to the “Q tip” (junction of the left superior pulmonary vein [LSPV ] and LA appendage orifice [LAA]). A lesion at this location may be confused with 
a  thrombus. The mass did not  resolve with anticoagulation  therapy. At surgery, an additional smaller  friable  lesion was  identified  inferior  to  the 
primary lesion shown. 

RA

A B C

LA

LV
RV

RA

T

RV

LV

LA
LAA

LSPV
T

Features of Benign Primary Cardiac Tumors

Type of Tumor
Patient Age at 

Diagnosis
Associated 
Syndromes

Most Common 
Location

Typical Morphologic 
Characteristics

Echocardiographic 
Features CT Features MRI Features

Myxoma 30-60 years 
(younger if 
associated with 
Carney 
complex)

Carney complex Interatrial septum 
at fossa ovalis, 
LA more 
common than 
right

Gelatinous, attached to 
stalk; calcification 
common; 
hemorrhage or 
necrosis common

Mobile tumor, 
narrow stalk

Heterogeneous, 
low attenuation

Heterogeneous, bright 
on T2WI; 
heterogeneous 
enhancement

Papillary 
fibroelastoma

Middle-aged, 
elderly

None Cardiac valves Small (<1 cm), 
frond-like, narrow 
stalk; calcification 
rare; no hemorrhage 
or necrosis

“Shimmering” 
edges

Usually small 
pedunculated 
mass; may have 
calcifications 
and frond-like 
appearance 
when large

Usually small 
pedunculated mass; 
may have frond-like 
appearance when 
large

Lipoma Variable Multiple fatty 
lesions in 
tuberous sclerosis 
may be lipomas 
or 
angiomyolipomas

Pericardial space 
or any cardiac 
chamber

Large, broad-based; no 
calcification, 
hemorrhage, or 
necrosis

Usually 
hypoechoic in 
the pericardial 
space, echogenic 
in a cardiac 
chamber

Homogeneous fat 
attenuation 
(low 
attenuation)

Homogeneous fat 
signal intensity 
(increased T1); no 
enhancement

Hemangioma All ages; mean, 
fourth decade

None Anywhere; one 
third in RV, one 
third in LV; one 
fourth in right 
atrium

Multilobulated, 
unilocular, cystic, 
<1-8 cm

“Solid” echodense Intense central 
contrast 
enhancement

Rapid enhancement 
increased T2WI 
signal

Rhabdomyoma Infants, children 
<4 years

Tuberous sclerosis LV, RV in walls on 
aortic valves 
outflow tract

Mural pedunculated 
multiple, variable 
size, spontaneous 
regression

Brighter than 
surrounding 
myocardium

Hypodense on 
contrast CT

Isointense to 
myocardium T2WI; 
hyperintense to 
myocardium T2WI

Fibroma Infants, children, 
young adults

Gorlin syndrome Ventricles Large, intramural; 
calcification 
common; no 
hemorrhage or 
necrosis

Intramural, 
calcified

Low attenuation, 
calcified

Isointense on T1WI; 
dark on T2WI; 
usually little to no 
enhancement

Paraganglioma Young adults Many possible but 
almost always 
sporadic

LA, coronary 
arteries, aortic 
root

Broad-based, 
infiltrative or 
circumscribed; 
calcification rare; 
hemorrhage or 
necrosis common

Echogenic, 
relatively 
immobile

Low attenuation; 
avidly 
enhancing

Typically isointense or 
heterogeneous on 
T1WI, bright on 
T2WI; marked 
enhancement

Adapted from Araoz PA, Mulvagh SL, Tazelaar HD, et al: CT and MR imaging of benign primary cardiac neoplasms with echocardiographic correlation. Radiographics 20:1303-1319, 2000.
CT, Computed tomography; MRI, magnetic resonance imaging; T1WI, T1-weighted images; T2WI, T2-weighted images.

TABLE 
46-4 
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Figure 46-4  A 19-year-old woman presented with a stroke.  On 
examination, there were cutaneous myxomas and lentigines of the lips 
(bottom panel ). A TEE shows multiple  intracardiac myxomas. Tumors 
are seen in the LA near the fossa ovalis (double arrow) and related to 
the anterior tricuspid valve leaflet (single arrow). A LV myxoma attached 
to the anterior septum is also present but is poorly seen in this still frame 
image (top panel, arrowhead ). At surgery, an additional small RV apical 
myxoma was also identified with a thoracoscope. This was not appreci-
ated on preoperative or intraoperative echocardiography. This patient 
was diagnosed with Carney complex. A repeat echocardiogram 4 years 
after tumor excision showed no recurrence. This case also stresses the 
importance of a careful search for additional lesions. 

RA

LA

LV

RV

Morphologic Features of Myxomas Related to Embolism

Emboli

Morphologic Features Yes (n = 10) No (n = 27) P Value

Villous surface 90 37 .007

Diameter (mm) 48 ± 17 62 ± 26 .132

Gross calcifications 0 15 .557

Values given as percentage or mean plus or minus standard deviation, unless otherwise 
specified.

Adapted from Acebo E, Val-Bernal JF, Gomez-Roman JJ, Reveulta JM: Clinicopathologic 
study and DNA analysis of 37 cardiac myxomas: a 28-year experience.Chest 123:1379-
1385, 2003.

TABLE 
46-5 

Internally, myxomas often contain cysts and areas of necrosis 
and hemorrhage. Calcification has been observed but is rare, 
found only in 10% to 20% of cases.20,39 Occasionally, myxomas 
may become infected.40-43

ECHOCARDIOGRAPHIC FEATURES

Echocardiography accurately defines the location, size, shape, 
attachment, and mobility of the myxoma.20,38 Multiple myxomas 

may be missed, particularly if the imager is distracted by finding 
the index tumor. Careful evaluation of all cardiac chambers is 
necessary to exclude multiple tumors. The characteristic narrow 
stalk is the most important distinguishing feature, followed by 
tumor mobility and distensibility.9 When these features of a LA 
mass are seen, a diagnosis of cardiac myxoma can be made with 
a high degree of confidence,44 especially if the stalk originates 
from the atrial septum. The internal echocardiographic appear-
ance may be homogeneous or have central areas of hyperlu-
cency, which represent necrotic foci and hemorrhage.45,46 
Internal areas of calcification may be present. Depending on 
their size and mobility, myxomas may result in LV or right 
ventricular (RV) inflow obstruction, the degree of obstruction 
sometimes varying with body position (see Fig. 46-5). TEE may 
provide additional important information in detecting the 
precise site of insertion and morphologic features of atrial and 
ventricular myxomas. It is also more sensitive for identification 
of small tumors (1 to 3 mm in diameter) and satellite 
tumors.16,18,44,47-49

OTHER IMAGING MODALITIES

Tumor mobility, tumor distensibility and the thin delicate stalk 
are not as well seen with CT scan or MRI.9 However, unlike 
echocardiography, CT scan and MRI can differentiate tissue 
composition, for better identification of solid, liquid, hemor-
rhagic, and fatty space-occupying tumors. CT scan and MRI 
findings of cardiac myxomas are variable, usually reflecting 
their gross pathologic features. Because of their gelatinous con-
sistency, they have heterogeneous low attenuation at CT scan 
and calcification, if presence is also seen. They have markedly 
increased signal intensity on T2-weighted MRIs.50,51 Presence of 
calcification or hemosiderin may result in areas of decreased 
signal intensity. Contrast enhancement is usually heteroge-
neous, reflecting the presence of necrotic areas.9,52

DIFFERENTIAL DIAGNOSIS

Differentiation of cardiac myxoma from vegetations or 
thrombi is important. Usually, the echocardiographic appear-
ance of a cardiac myxoma is quite distinctive. Sometimes, 
however, the diagnosis may be less certain, particularly when 
the myxoma has an unusual location or attachment, such as 
the LA appendage. In these instances, the clinical scenario 
(atrial fibrillation), associated echocardiographic findings 
(impaired ventricular function, LA enlargement, and sponta-
neous echocardiographic contrast), and CT/MRI findings are 
helpful in distinguishing thrombus from tumor. Sometimes,  
if the mass is small, a diagnostic trial of anticoagulation 
therapy can be attempted and imaging repeated to confirm 
resolution.

Papillary Fibroelastoma
The true prevalence of papillary fibroelastomas is unknown. 
The reported prevalence of papillary fibroelastoma varies and 
is likely underreported because this condition is asymptomatic 
and thus underrepresented in surgical series, sometimes not 
appearing at all.53 However, in a surgical series from the Mayo 
Clinic39 and the Armed Forces Institute of Pathology,53 papil-
lary fibroelastomas accounted for 10% of primary cardiac 
tumors and were thus the second most common primary 
cardiac tumor.5 Also, with the advent of echocardiography 
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and improving imaging techniques, cardiac papillary fibro-
elastoma is detected earlier and increasingly reported.6 These 
benign endocardial papillomas predominantly affect the 
cardiac valves and account for three quarters of all cardiac 
valvular tumors.5 Patients with papillary fibroelastomas are 
often asymptomatic (30%) and diagnosed incidentally.5,54 
However, the clinical consequences of papillary fibroelastomas 
are significant and have been increasingly recognized as causes 
of stroke, transient ischemic attack, systemic embolism, and 
sudden cardiac death.5,54

CLINICAL SETTING

Cardiac papillary fibroelastomas occur in all age groups but are 
predominantly identified in adulthood, particularly between 
the fourth and eighth decades of life.5,54 The mean age of detec-
tion is approximately 60 years, which may reflect the increased 
use of echocardiography in older patients. Men and women are 
equally affected. There is a strong association with hypertrophic 
obstructive cardiomyopathy, and surgical, radiation, and hemo-
dynamic.33 The natural history of these tumors has not been 
characterized because serial studies with echocardiography have 
not been performed. They are considered generally slow-
growing tumors but are clinically important because they may 
serve as a nidus for thrombus formation and potential 
thromboembolism.

GROSS PATHOLOGY

Grossly, papillary fibroelastomas are small, usually less than 
1 cm in diameter (mean, 9 cm), but they can be as large as 
7 cm.5 When these tumors occur in the cardiac chambers, they 
are larger than those found on the aortic and mitral valves.54 
These tumors have a characteristic flower-like appearance with 
multiple papillary fronds attached to the endocardium by a 

short pedicle; when immersed in saline solution, they exhibit 
the typical “sea anemone” appearance.54,55 The papillary fronds 
are narrow, elongated, and branching and merge imperceptibly 
into the substance of the valve. Sometimes, the gross appear-
ance of the characteristic papillary structure may be obscured 
by attached thrombi.53,56 Calcification rarely occurs and has 
been reported in only two cases.56

LOCATION

Papillary fibroelastomas usually develop on cardiac valves (75% 
to 90%) but may arise anywhere in the heart, originating from 
the LV, ostium of the right and left coronary arteries, LA 
appendage, atrial and ventricular septum, right atrium, LV 
outflow tract, Eustachian valve, and Chiari network. They have 
also been found in the right atrial appendage and RV outflow 
tract (Fig. 46-6).

Left-sided valves are affected 95% of the time, with aortic 
valve involvement slightly more common than mitral valve.5,54 
Valvular papillary fibroelastomas usually arise from the mid 
portion of the valve rather than the free edge (a distinguishing 
characteristic from Lambl excrescences; see subsequent discus-
sion). Those that originate from the semilunar valves most 
often project into the arterial lumen but sometimes project 
into the ventricular cavity or even prolapse across the valve in 
diastole. Those that originate on the atrioventricular valves 
project into the atria. Rarely, they may arise from the subval-
vular apparatus of the mitral and tricuspid valves.57,58 Papillary 
fibroelastomas are usually solitary but can occur at multiple 
sites (9%).5,54

CLINICAL MANIFESTATIONS

Nearly 50% of papillary fibroelastomas are discovered inciden-
tally during echocardiography for unrelated reasons or during 

Figure 46-5  A 64-year-old woman presented with exertional and resting chest heaviness and shortness of breath for 3 months. The TEE 
shows the typical echocardiographic appearance of a large LA myxoma. A, A systolic frame shows a large 5 × 7 cm ovoid mass in the LA arising 
from a narrow stalk attached to the fossa ovalis (not shown). B, A diastolic frame shows the myxoma prolapsing through the mitral valve resulting 
in functional mitral valve stenosis (C and D). The mean gradient across the mitral valve is 14 mm Hg. 
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Figure 46-6  Location of cardiac papillary fibroelastoma in 611 
patients.  (With permission from Gowda RM, Khan IA, Nair CK, et al: 
Cardiac papillary fibroelastoma: a comprehensive analysis of 725 cases. 
Am Heart J 146:404-410, 2003.)
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Figure 46-7  An incidental mass was 
identified in an 80-year-old woman 
undergoing a routine transthoracic 
echocardiogram. The TEE shows a 14 × 
10 mm  globular  mass  with  an  irregular 
border (arrows, A and B) attached to the 
aortic  surface  of  the  aortic  valve  non-
coronary cusp by a  thin stalk  (arrow, C). 
Apart  from  aortic  valve  sclerosis,  there 
were  no  associated  valvular  abnormali-
ties  or  evidence  of  valvular  destruction. 
D, Multiple papillary fibroelastomas were 
seen on transthoracic echocardiography 
in  a  33-year-old  woman  with  Hodgkin 
lymphoma  and  radiation-induced  heart 
disease.  In  this  zoomed  apical  two-
chamber view image, one papillary fibro-
elastoma  is  seen  attached  to  the 
endocardial surface of the mid inferior LV 
wall.  The  fimbriated  surface  can  be 
appreciated  (small arrows)  Although 
papillary  fibroelastomas  are  most  com-
monly  found  on  valves,  they  may  arise 
anywhere in the heart. Ao, Aorta. 
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themselves (sometimes both) because, on occasion, confirmed 
tumor fragments have been isolated in embolic material.5,54

ECHOCARDIOGRAPHIC DIAGNOSIS

Papillary fibroelastomas are easily detected with echocardio-
graphy. Although transthoracic echocardiography can readily 
detect these tumors, the superior resolution of TEE makes this 
the definitive imaging modality for confirmation of the charac-
teristic appearance of these usually small, highly mobile tumors 
and plays a central role in the search for multiple lesions.5,59,60

On 2D echocardiography, papillary fibroelastomas are char-
acterized by a small, mobile, pedunculated valvular or, less com-
monly, endocardial mass, which on many occasions, flutters or 
prolapses into the cardiac chamber during systole or diastole 
(Fig. 46-7). Usually they have a well-defined “head,” but they 
may appear as elongated strand-like projections. Characteristi-
cally, they have a stippled edge with a “shimmer” or “vibration” 
at the interface of the tumor with the surrounding blood, a 
finding that may distinguish them from thrombi.5,61 Rather than 
being pedunculated and mobile, the tumors may be sessile. 
Sometimes, the tumors may be missed because they are small, 
the examination is not performed carefully enough because the 
clinical index of suspicion is low, or they are masked by an 
associated lesion or degenerative valvular disease.54 If a papillary 
fibroelastoma is suspected as a source of embolism, a TEE 
should be performed. A proposed treatment algorithm based 
on imaging characteristics is presented in Fig. 46-8.

evaluation of a cardiac source of embolism.13,33 Like most 
cardiac tumors, their clinical presentation depends on many 
factors, including tumor location, size, growth rate, and ten-
dency for embolization. The most common clinical presenta-
tions include cerebral and systemic embolization and coronary 
artery occlusion. Patients may also present with heart failure 
and sudden cardiac death. Embolism is thought to occur from 
superimposed thrombi or fragmentation of the papillary fronds 
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OTHER IMAGING MODALITIES

Although CT scan and MRI are getting faster and better at 
evaluation of cardiac valves, they are still less useful than echo-
cardiography. The temporal and spatial resolution is often still 
inadequate because most of these tumors are small and attached 
to moving valves. The main disadvantage of MRI is susceptibil-
ity to motion artifact.5,9

DIFFERENTIAL DIAGNOSIS

Again, the differential diagnosis includes thrombi, vegetations, 
other heart tumors, degenerative valvular calcification, and 
Lambl excrescences (Fig. 46-9). Lambl excrescences may be 
difficult to distinguish from papillary fibroelastomas.62 These 
filiform fronds, first described by Lambl in 1856,63 occur by 
definition at the sites of valve closure and are thought be the 
result of wear and tear lesions that originate as small thrombi 
on the endocardium of the contact margins of the valves at the 
site of minor endothelial damage, akin to the frayed edges of an 
old shirt cuff. In atrioventricular valves, Lambl excrescences are 
found at the site of valve closure on the atrial surface, but on 
semilunar valves, they can occur anywhere on the valve. Unlike 
papillary fibroelastomas, they usually do not occur on the arte-
rial side of the semilunar valves or on the mural endocardium.5 
Unlike papillary fibroelastomas, Lambl excrescences are much 

Figure 46-9  Vegetations and Lambl 
excrescences may be confused with 
papillary fibroelastomas.  The  upper 
panels show vegetations of the mitral (A) 
and aortic (B) valves in two patients with 
culture-positive  enterococcal  faecalis 
endocarditis.  The  vegetation  on  the 
aortic valve (arrow) is attached to the left 
ventricular outflow tract (LVOT ) aspect of 
the aortic valve.  It  is highly mobile and, 
like  the  mitral  vegetation,  is  associated 
with valve destruction and severe aortic 
regurgitation  (not shown).  Unlike  papil-
lary fibroelastomas, these vegetations do 
not  have  a  characteristic  thin  stalk  and 
fimbriated  shimmering  edge.  Papillary 
fibroelastomas are usually not associated 
with  valve  destruction.  Examples  of  a 
Lambl  excrescence  are  shown  attached 
to the aortic valve (arrows)  in systole (C) 
and  diastole  (D).  This  fine  filamentous 
highly  mobile  strand-like  structure  pro-
lapses  through  the  valve  into  the  LV 
outflow  tract  in diastole. Unlike a papil-
lary  fibroelastoma,  there  is  no  globular 
“head” component at its distal end, and 
unlike  a  vegetation,  apart  from  associ-
ated  degenerative  valve  disease,  overt 
valve destruction is unusual. Ao, Aorta. 
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Figure 46-8  Proposed management of papillary fibroelastomas 
based on echocardiography findings. CV, Cardiovascular; PFO, patent 
foramen ovale; Tx, therapy. 
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pericardial space.9 Subendocardial lipomas are often small and 
sessile, whereas subepicardial lipomas tend to be larger. Suben-
docardial lipomas may also grow as broad-based pedunculated 
masses protruding into the cardiac chambers. Lipomas are 
usually asymptomatic but may cause symptoms from local 
compression (rarely, lipomas become quite large, weighing as 
much as 4.8 kg)72 or cause arrhythmias; they occasionally may 
arise from the interatrial septum and extend into the LA cavity, 
mimicking a cardiac myxoma. Lipomas, unlike myxomas, 
however, have a broad base of attachment and are not as mobile 
as myxomas.73,74 An unusual observation is that the echocardio-
graphic appearance of lipomas varies depending on their  
particular location. In the pericardial space, they may  
appear echogenic or entirely hypoechoic or have hypoechoic 
regions.75-77 Intracavitary lipomas, on the other hand, are homo-
geneous and hyperechoic.74,78 The reason for this difference is 
not known (Fig. 46-11).9

If diagnostic uncertainty exists, with respect to identification 
of lipomatous hypertrophy or lipoma, CT scan and MRI are 
diagnostic because of their high specificity in identifying  
fat.9,79-81 In fact, because the dumbbell appearance is so charac-
teristic for lipomatous hypertrophy and noninvasive imaging is 
so specific for fat, a percutaneous tissue biopsy or surgical 
biopsy is unnecessary.82

HEMANGIOMA

Hemangiomas are benign vascular tumors that represent only 
2.8% to 10% of primary cardiac tumors.83,84 They can arise 
anywhere in the heart and have been found in both ventricles 
and both atria, on the epicardial surface, and in the 
pericardium.85-89 These tumors are seen more frequently in 

more common, reported in up to 85% of adults, with multiple 
tumors present in more than 90% of cases. Papillary fibroelas-
tomas, in contrast, are typically larger and more gelatinous and 
are present on valves away from the valvular lines of closure. 
They may also be found on endocardial surfaces of the atria and 
ventricles.64-68 Despite these reported differences, noninvasively 
distinguishing these two abnormalities can sometimes be 
difficult.

Other Benign Cardiac Tumors
LIPOMA AND LIPOMATOUS HYPERTROPHY

Lipomatous hypertrophy of the atrial septum is a benign condi-
tion and is not a true tumor. It is discussed here because it is 
often confused with a lipoma. Lipomatous hypertrophy is 
defined as “any deposit of fat in the atrial septum at the level of 
the fossa ovalis which exceeds 2 cm in transverse dimension.”53 
Lipomatous hypertrophy involves the interatrial septum, 
sparing the fossa ovalis membrane53 and resulting in a charac-
teristic dumbbell shape (Fig. 46-10). It results from adipose cell 
hyperplasia and is associated with increasing age and obesity.69,70 
It is a nonneoplastic condition and may be associated with atrial 
arrhythmias. It may very rarely result in superior vena cava 
obstruction.71 Echocardiographically, the atrial septum may 
measure up to 3 cm in thickness and appears hyperechoic. 
Unlike lipomatous hypertrophy, lipomas are much less common. 
Unfortunately, the number of reported cases is not clear from 
the literature because some series do not differentiate between 
lipomas and lipomatous hypertrophy.53 These homogeneous 
fatty encapsulated tumors usually arise from the epicardial 
surface, most often from a broad pedicle, and grow into the 

Figure 46-10  Typical appearance of exuberant lipomatous hypertrophy of the atrial septum. A, Transthoracic echocardiogram, apical four-
chamber view, shows a dumbbell-shaped mass in relation to the interatrial septum. The fossa ovalis membrane, which is characteristically spared 
in this condition, is thin, with most of the hypertrophy involving the superior limbus, resulting in a “mass-like” lesion in the roof of the right atrium. 
B, A zoomed  image from a subcostal  transthoracic echocardiographic view  in the same patient. C and D, TEE views of  lipomatous hypertrophy 
(arrows). Again, characteristically, the fossa ovalis membrane is spared. FO, Fossa ovalis membrane. 
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more than 8 cm.86 Morphologically, the tumors have been vari-
ably described as a solid echodense bulge of the interventricular 
septum, a large multilobulated mass, or a unilocular mass with 
a cystic structure.88 Although echocardiography can detect the 
tumor and its location, unfortunately no uniform diagnostic 
echocardiographic criteria exist (Fig. 46-12).88 TEE provides 
incremental information regarding the accurate localization of 
the tumor and estimation of intracardiac and extracardiac 
extension and determination of the attachment site. It is also 
useful in assessment of whether there is extension of right atrial 
tumors into the great veins.17 Cardiac catheterization and MRI 
are considered superior complementary diagnostic techniques. 
Cardiac catheterization reveals a characteristic “tumor blush” 

males than females, presenting at all ages, with a mean age at 
diagnosis of 43 years.90 These tumors are usually asymptomatic 
and are discovered incidentally with echocardiography, CT 
scan, or MRI or at autopsy.91 Symptoms depend on anatomic 
location and size of the tumor. They may cause arrhythmias, 
pericardial effusions, congestive heart failure, RV outflow tract 
obstruction, coronary insufficiency, and sudden cardiac death.86 
From a review of 56 reported cases, the localization of these 
tumors is approximately a third in the RV, a third in the LV, and 
a quarter in the right atrium. Other locations include the inter-
atrial septum and interventricular septum and LA in 10% of 
cases. In a third of cases, multiple extensive tumors are present. 
The size of cardiac hemangiomas ranges from less than 1 cm to 

Figure 46-12  Examples of cardiac hemangioma. An incidental finding noted on transthoracic echocardiography in a 53-year-old man with isch-
emic heart disease led to this TEE (A and B). A 2-cm thin-walled echolucent mass (arrow) consistent with a hemangioma is seen attached to the 
ventricular aspect of the anterior mitral valve leaflet. Echocardiographic contrast administered intravenously is seen within the tumor, confirming its 
vascular nature. C and D, Another example of a hemangioma measuring 1.7 × 1.5 cm involving the Eustachian valve at the inferior vena cava–right 
atrial junction. The outline of the hemangioma is clearly demarcated with administration of agitated saline contrast injection via an antecubital vein. 
Ao, Aorta; IVC, inferior vena cava. 
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Figure 46-11  Parasternal long-axis view images from a transthoracic echocardiogram in a 40-year-old woman with syncope and ventricular 
tachycardia are shown.  A,  A  large,  poorly  defined  hyperechoic  homogeneous  intracardiac  mass  (arrow).  involving  the  anterior  interventricular 
septum  is present. This mass also  involved  the anterior wall  and extended  to  the apex. The  size of  the mass  could not be accurately assessed 
because of acoustic shadowing, typical for a lipoma in this location (B). There was no evidence of significant outflow tract or valvular obstruction. 
MRI of the heart was diagnostic and showed the typical appearance of a lipoma. Ao, Aorta. 
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Figure 46-13  Rhabdomyoma. This  fetal echocardiogram,  longitudi-
nal axis view, shows multiple well-circumscribed large and small tumors 
(arrowheads),  typical  for  rhabdomyomas.  These  masses  result  in  near 
obliteration of the RV cavity. 

RV

LV

Figure 46-14  A transthoracic echocardiogram, parasternal long-axis view (A) and oblique short-axis view (B), shows multiple intracardiac 
tumors attached to the endocardial surface within the LV, LA (long arrow), and left ventricular outflow tract (LVOT, short arrow). The tumor 
in the LVOT resulted in mild outflow tract obstruction. An additional tumor was present in the RV (not shown). The patient was a 10-month-old child 
with tuberous sclerosis, seizures, and Wolf-Parkinson-White syndrome. These lesions in this clinical setting are typical for rhabdomyomas, and their 
size can be expected to regress with time. 
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Figure 46-15  Echocardiographic location of cardiac rhabdomyoma 
in the various cardiac chambers in 47 patients with tuberous scle-
rosis. Some patients had tumors in more than one cardiac chamber.
MPA, Main pulmonary artery. (With permission Nir A, Tajik AJ, Freeman 
WK, et al: Tuberous sclerosis and cardiac rhabdomyoma. Am J Cardiol 
76:419-421, 1995.)
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that results from the tumor vascularity, and MRI can show the 
increased vascularity of the hemangioma with rapid enhance-
ment during first pass gadolinium contrast infusion.92-95

The natural history of cardiac hemangiomas is poorly docu-
mented. Nevertheless, because the hemodynamic consequences 
of the tumor cannot be predicted, resection is recommended 
when feasible.

RHABDOMYOMA

This intramyocardial tumor is the most frequent cardiac neo-
plasm of childhood, representing 60% of pediatric cardiac 
tumors,15 and is often diagnosed in the first year of life, and 
increasingly in utero with the use of fetal echocardiography 
(Fig. 46-13).83,85,86,89,96,97 There is a well-described and common 
association with rhabdomyoma and tuberous sclerosis, an auto-
somal dominant syndrome characterized by hamartomas in 
several organs, epilepsy, mental deficiency, and characteristic 
skin lesions. In fact, nearly 50% of infants with tuberous scle-
rosis are reported to have a rhabdomyoma.98-100

These tumors are almost always multiple and occur with 
equal frequency in the LV and RV, growing in the ventricular 
walls or on the atrioventricular valves. They vary in size from a 
few millimeters to a few centimeters and may be pedunculated, 
often obstructing ventricular inflow or outflow. Hemorrhage 
and calcification are uncommon.53 Echocardiographically, they 
appear well circumscribed and slightly brighter than the sur-
rounding normal myocardium (Fig. 46-14).15

Rhabdomyomas appear hypodense on contrast CT scan, 
isointense to myocardium on T1-weighted images, and hyper-
intense on T2-weighted images.101 In contrast, fibromas (also a 
common childhood cardiac tumor; see subsequent discussion) 
appear as dark solitary masses, often with calcification on 
T2-weighted images.102

A characteristic and peculiar feature of rhabdomyomas is 
spontaneous regression (Fig. 46-15). The tumors usually regress 
in size or number or both in most patients less than 4 years of 
age. This phenomenon occurs less so in older patients, which 
probably accounts for their higher incidence in children and 
why, if found in adults, they are usually smaller than those 
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typically seen in children.100 These tumors are associated with 
a higher incidence of ventricular preexcitation and Wolff-
Parkinson-White syndrome and may increase the risk of 
arrhythmia.100 Because spontaneous tumor resolution is 
common, management is expectant in asymptomatic patients. 
Occasionally, surgical resection is necessary if the tumors are 
large and result in structural or hemodynamic complications.103-107

CARDIAC FIBROMA

Cardiac fibroma is a congenital neoplasm that typically affects 
children, a third of whom are younger than 1 year at presenta-
tion. Like rhabdomyomas, they may also be detected in utero. 
It is the most common resected cardiac neoplasm in children 
and the second most common benign primary cardiac tumor 
found at autopsy in children.53,108 Fibromas have been rarely 
reported in adults.109 Males and females are equally affected, 
with a mean age at presentation of 13 years. There is an increased 
prevalence of cardiac fibromas in Gorlin syndrome, an autoso-
mal dominant condition associated with multiple basal cell 
carcinomas, jaw cysts, skeletal anomalies, and tendency for 
development of neoplasms in several organ systems.110-112 
Patients with fibromas usually present with arrhythmias, heart 
failure, cyanosis, syncope, chest pain, or sudden death. One 
third may be asymptomatic.53,108

Cardiac fibromas are usually located in the ventricles and 
most often involve the LV free wall, the intraventricular septum, 
the RV, and rarely, the atria.113,114 The tumors are characteristi-
cally solitary (unlike rhabdomyoma), circumscribed, and often 
centrally calcified without cystic change, necrosis, or hemor-
rhage (although this may be present in large tumors).39,53,115-117 
The typical echocardiographic appearance is of a discreet, often 
obstructive, echogenic, noncontractile mass that ranges in size 
from 1 to 10 cm in diameter (mean, 5 cm) in a ventricular 
wall.53 The tumor may be nodular and discreet and may even 
mimic hypertrophic cardiomyopathy or ventricular septal 
hypertrophy (Fig. 46-16).113,117-119

With CT scan, fibromas appear as homogenous masses with 
soft tissue attenuation that may be either infiltrative or sharply 
marginated. Calcification is often seen. On MRI, they are homo-
geneous and hypointense on T2-weighted images and isoin-
tense relative to muscle on T1-weighted images. They show little 
or no contrast material enhancement.9,116 MRI also shows the 
extent of myocardial infiltration, which can guide tumor 
resection.120

Surgery appears to be the optimal treatment in patients with 
symptomatic resectable tumors. The role of surgery in the 
patient with asymptomatic tumors is less clear because cardiac 
fibromas can remain dormant for many years and even regress.116 
However, because of fatal arrhythmias, surgery is often recom-
mended, despite absence of symptoms. Transplantation is con-
sidered for large and unresectable tumors.

CARDIAC PARAGANGLIOMA

Cardiac paraganglioma is an exceeding rare tumor, with only 
30 cases reported before 1992 and 20 cases in the subsequent 
10 years. Patients may present with symptoms of catecholamine 
excess or compression of adjacent structures. Echocardiogra-
phy, particularly TEE, identifies ovoid, well-demarcated tumors 
characteristically within the atrioventricular groove adjacent to 
the epicardial arteries near the tricuspid and mitral annuli (Fig. 
46-17).121 MRI, CT scan, and nuclear medicine techniques for 

Figure 46-16  Fibroma. This 3-year-old girl presented with a cardiac 
mass diagnosed at 18 months of age when an incidental heart murmur 
was  appreciated.  She  was  entirely  asymptomatic.  A,  A  transthoracic 
echocardiogram, parasternal  long-axis view. A  large solitary homoge-
neous  echodense  mass  measuring  3.5 cm  ×  4 cm  is  seen  within  the 
posterior  wall,  just  beneath  the  mitral  valve  (white arrow),  extending 
from  the  base  to  the  apex  of  the  LV.  The  mass  did  not  involve  the 
atrioventricular groove or papillary muscles. Surgery was recommended 
because of the risk of ventricular arrhythmias and sudden death. B and 
C, At surgery a white mass was visualized in the posteroinferior aspect 
of  the  free  wall  of  the  LV  (black arrow).  The  tumor  was  completely 
shelled out without difficulty with sharp dissection and without having 
to enter the LV cavity. (With permission from Bruce CJ: Cardiac tumours: 
diagnosis and management. Heart 97:151-160, 2011.)
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localizing extraadrenal paragangliomas are also useful in detect-
ing and characterizing these tumors.

Malignant Primary Cardiac Tumors
Malignant primary tumors are rare. Metastatic disease or sec-
ondary cardiac malignant disease, on the other hand, is 30 times 
more common. Only approximately 15% of primary cardiac 
tumors are malignant. The vast majority (95%) of these primary 
malignant tumors are sarcomas, and the remaining 5% is made 
up of primary cardiac lymphomas and mesotheliomas.122

SARCOMA

Sarcomas are most frequently diagnosed between the third and 
fifth decades of life and are found equally in men and women. 
Although they can arise at any part of the heart, they more 
commonly affect the left side of the heart, most commonly 
the LA.123 The clinical course is dismal, rapidly progressive 
with death from widespread local infiltration, intracavitary 
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Figure 46-17  Cardiac paragangliomas. A, Transthoracic 
echocardiogram,  subcostal  view,  shows  an  echogenic, 
ovoid well-demarcated intrapericardial 6 × 5 cm mass in the 
right  atrioventricular  groove  producing  mass  effect  but 
without  invading  the  right  atrial  wall  (arrow).  There  is  no 
associated  pericardial  effusion.  B,  Transthoracic  echocar-
diogram  in a different patient, parasternal short-axis view, 
shows a mass (arrow) adjacent to the aortic valve, immedi-
ately beneath the aortic arch and adherent to the left pul-
monary  artery.  Masses  in  these  locations  (A  and  B)  are 
characteristic of this rare tumor. 
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Figure 46-18  A 33-year-old woman presented with pleuritic chest pain. A, Transthoracic echocardiogram, apical four-chamber zoomed view, 
shows an irregular mass in the right atrium (arrow) with an associated posterior pericardial effusion predominantly located around the RV. B, A TEE 
image shows the same right atrial mass (arrows). Associated abnormal thickening of the right atrial wall and atrioventricular groove is appreciated. 
C, Intracardiac ultrasound imaging guides percutaneous pericardial effusion drainage and biopsy of the tumor. The intracardiac ultrasound probe 
tip is located within the body of the right atrium. The bioptome (arrow) is seen facilitating biopsy of tumor tissue and avoiding the uninvolved thin 
right atrial wall. Pathology confirmed angiosarcoma. M, Mass; PE, pericardial effusion. 
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obstruction, or metastases, often already present at the time 
of initial presentation. Although sarcomas can be differentiated 
histologically, their echocardiographic characteristics are not 
significantly unique to permit a reliable noninvasive histologic 
distinction (Figs. 46-18 and 46-19). Furthermore, to date, there 
is no conclusive evidence that histologic classification of sar-
comas has any bearing on outcome or treatment.124,125

Angiosarcomas are the most common histologic subtype, 
with a male to female ratio of about two to one. Unlike 

other sarcomas, they usually arise in the right atrium or 
pericardium. The presenting signs and symptoms are non-
specific and may include right-sided heart failure, symptoms 
of pericardial involvement, or vena caval obstruction.19,126,127 
Echocardiography usually shows a broad-based right atrial 
mass near the inferior vena cava. Epicardial, endocardial, and 
intracavitary extension is common. On CT scan and MRI, 
they have avid, arterial phase enhancement that permits a 
definitive diagnosis. At surgery, local spread of the tumor to 
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Series report),129 the incidence of cardiac lymphoma is increas-
ing because of lymphoproliferative disorders related to viral 
infections (Epstein-Barr virus and HIV) and immunocompro-
mise in transplant cases.130-136 Cardiac lymphomas usually 
present during the fourth decade, with a slight predominance 
in men. All areas of the heart can be involved, including the 
pericardium. The lymphoma may become intracavitary and 
produce obstruction. The lesions appear as nodules and rarely 
as polypoid growths on the endocardial surface. Although echo-
cardiography is a sensitive imaging technique, a definitive tissue 
diagnosis is still required.137

MESOTHELIOMAS

Pericardial mesotheliomas are malignant tumors of the pericar-
dium, which present clinically either as pericarditis, a pericar-
dial effusion, or both. Some may present with features of 
constrictive pericarditis and signs of right heart failure (Fig. 
46-20).15 These tumors are more common in adults. Unlike 
pleural mesotheliomas, there is no association with asbestosis. 
Although solitary pericardial mesotheliomas occur, more fre-
quently, they cover most of the parietal and visceral surface of 
the pericardium, encasing the heart. In contrast to sarcomas, 

the pleural mediastinum is often found. Pulmonary metastases 
are frequent, and survival after diagnosis rarely exceeds 6 
months.

Rhabdomyosarcomas account for 20% of sarcomas.128 Mul-
tiple sites of myocardial involvement are common without pre-
dilection to any particular cardiac location.31 Fibrosarcomas, 
histiosarcomas, and osteosarcomas constitute the remaining 
histologic subtypes of sarcomas. Osteosarcomas characteristi-
cally develop near the junction of the pulmonary veins and  
can extend into these vessels, a feature readily appreciated  
with TEE.4

PRIMARY CARDIAC LYMPHOMA

The diagnosis of primary cardiac lymphoma requires the 
following:

1. Absence of lymphoma outside the pericardial sac (after a 
complete autopsy examination); and

2. The bulk of the tumor residing within the pericardium or 
cardiac symptoms that arise from lymphomatous cardiac 
infiltration at the time of initial diagnosis.

Although the incidence is exceedingly rare (1% of primary 
cardiac tumors in the Armed Forces Institute of Pathology 

Figure 46-19  Sarcoma. This 48-year-old man presented 
with  progressive  dyspnea  and  syncope.  A  transthoracic 
echocardiogram was performed, and the parasternal long-
axis view (A) and short-axis view (B) are shown. A large, 4 cm 
× 2 cm × 2 cm complex multilobulated intracavitary LV mass 
is readily appreciated on the short-axis view (arrow) and is 
less well appreciated on the accompanying long-axis view 
(arrow).  Large  pleural  and  pericardial  effusions  are  also 
seen.  Pericardial  tamponade  developed  that  necessitated 
emergency pericardiocentesis. A total of 800 mL of frankly 
bloody  fluid  was  aspirated.  The  presence  of  hemorrhagic 
pleural and pericardial effusions with this echocardiographic 
appearance  is  suspicious  for malignant disease. C  and D, 
Zoomed  2D  view  of  the  complex  mobile  intraventricular 
mass arising from the apex of the LV with corresponding 3D 
image.  Whole  body  CT  scan  documented  widespread 
metastases.  The  cardiac  tumor  was  considered  unresect-
able. PE, Pericardial effusion; PL, plural effusion. (With per-
mission from Bruce CJ: Cardiac tumours: diagnosis and 
management. Heart 97:151-160, 2011.)
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HEMATOGENOUS SPREAD

Metastatic spread to the heart is usually hematogenous, with 
right-sided and left-sided metastases equally reported.15 Ninety 
percent of metastases are clinically silent.31

Malignant melanoma, although a less common tumor than 
lung or breast carcinoma, is well recognized as having the 
highest rate of cardiac metastasis of any tumor,141 with as many 
as 50% of all autopsy cases having cardiac involvement.141 
Moreover, more cases of cardiac involvement are being diag-
nosed as a result of rising melanoma incidence and increasing 
survival. Melanoma can involve any cardiac chamber and any 
cardiac structure, but most metastases are located in the myo-
cardium, and valvular involvement is rare (Fig. 46-21). Glancy 
and Roberts142 found cardiac involvement in 45 of 70 cases of 
metastatic melanoma. Most had multiple small metastases 
throughout the heart, with the right atrium most commonly 
involved. Intracavitary metastases from malignant melanoma 
make up most published cases and are usually discovered inci-
dentally.141 In patients with a history of melanoma who have 
cardiac symptoms, cardiac involvement can be ascertained with 
either transthoracic echocardiography or TEE, although TEE is 
better suited in identification of smaller lesions and definition 
of mobility and attachment.16,143,144 MRI also shows site of mural 
attachment but defines extension of tumor into adjacent medi-
astinal structures better than TEE.141 It also produces a charac-
teristic hyperintense signal on T1-weighted images because of 
paramagnetic scavenging by melanin.141

Malignant carcinoid heart disease usually manifesting with 
characteristic valvular abnormalities may rarely present with 
metastatic cardiac disease typified by intramyocardial masses. 
These usually occur in the setting of known carcinoid syndrome 
(Fig. 46-22).145

LYMPHATIC SPREAD

Most patients with cardiac metastases from lymphomas or leu-
kemias have concomitant involvement of the mediastinal lymph 
nodes. Stagnated lymph flow allows for retrograde extension of 
the tumor. Lymphomas form discreet endomyocardial masses, 
which are usually clinical silent.

INTRALUMINAL VENOUS EXTENSION

Tumors may propagate within blood vessels returning to the 
heart, most commonly originating from abdominal tumors via 
the inferior vena cava to the right heart. Renal cell carcinoma, 
adrenal carcinoma, hepatocellular carcinoma, and uterine leio-
myosarcoma are the most common tumors that reach the heart 
in this manner.15 Of these, renal cell carcinoma is the most 
common. These tumors usually appear as large elongated 
masses inside and emanating from the inferior vena cava and 
entering the right atrium, sometimes extending into the RV 
(Fig. 46-23).4,146 These intraluminal tumors may be distin-
guished from simple thrombi because they have a rather more 
“mass-like” appearance, unlike thrombi, which usually appear 
as thin, elongated venous casts.147

Diagnostically, TEE is useful because it provides excellent 
visualization of venous inflow to the heart. It can also guide 
complete en bloc resection of the abdominal and intraluminal 
tumor and enable real-time monitoring of tumor embolization 
(see Figure 46-23).4,148-150 On occasion, these tumors may also 
cross a patent foramen ovale, appearing as a thrombus in transit. 

invasion into the myocardium is only superficial. CT scan and 
MRI define tumor extent and degree of myocardial invasion.

Secondary or Metastatic Malignant 
Tumors of the Heart
Whereas primary tumors of the heart are rare, secondary 
tumors are common. Among unselected autopsies, the inci-
dence rate is about 4% and may be as high as 20% in patients 
dying of malignant disease.138,139 Malignant tumors spread to 
the heart by direct extension, usually from mediastinal tumors, 
hematogenous spread, lymphatic spread, or intraluminal exten-
sion from the inferior vena cava.140 Metastatic involvement can 
be either localized or diffuse. The nodules may be found in 
discreet locations or encase the epicardial surface. Pericardial 
effusion or cardiac tamponade may often be the initial presenta-
tion of secondary cardiac involvement. The noninvasive imaging 
appearance of metastatic deposits seldom distinguishes the 
tumor type. Rather, a careful evaluation for the primary tumor 
or a detailed history of malignancy disease provides the stron-
gest clue.126

DIRECT EXTENSION

Most secondary tumors of the heart arise contiguously from 
tumors in the chest cavity, most commonly breast, lung, or 
esophageal carcinoma. The initial clinical manifestation of 
these tumors is usually from pericardial involvement, and con-
sequently, the most common echocardiographic finding in 
these patients is a pericardial effusion with or without cardiac 
tamponade.15

Figure 46-20  Pericardial mesothelioma. A TEE, four-chamber view, 
in a 47-year-old man with Hodgkin disease treated with radiation and 
chemotherapy presenting with a clinical diagnosis of constrictive peri-
carditis  is shown. The pericardium  is  thickened  (arrow), and there  is a 
small  associated  pericardial  effusion.  The  visceral  pericardium  also 
appears thick. At surgery, the pericardium was thick and friable. Histol-
ogy confirmed pericardial mesothelioma. 
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Figure 46-22  Metastatic carcinoid 
tumor with atypical cardiac involve-
ment.  A,  Apical  four-chamber  view 
shows  the  relationship  of  the  tumor  to 
the  atrioventricular  groove,  distorting 
the  mitral  annulus  and  mitral  leaflet 
(arrow).  B,  Parasternal  short-axis  image 
at  the  basal  LV  level  shows  the  large 
metastatic  tumor  located  in  the  lateral 
wall  (arrow).  C  and  D,  3D  images  show 
the relationship of the tumor to the mitral 
valve apparatus. 

RA
LA

LV RV

LV

LA

LV

LA

LV

A B

C D

Figure 46-21  Metastatic melanoma 
to the pericardium. A, In the TTE four-
chamber  apical  view,  the pericardium 
around the LV is thickened with an irreg-
ular surface and texture (arrow). There is 
a moderate to large pericardial effusion 
around  the  RV  and  right  atrium  (curved 
arrow)  and  large  pleural  effusion  (PE). 
B,  A  TEE  in  a  72-year-old  man  with  a 
history  of  melanoma  presenting  with 
fatigue shows a 4 × 6 cm polypoid tumor 
(T) arising from the right atrium and pro-
lapsing  into  the  RV.  Importantly,  the 
tumor  does  not  arise  from  the  atrial 
septum, a  factor potentially distinguish-
ing  it  from  a  myxoma.  It  did  not  arise 
from the  inferior vena cava  (not shown). 
At surgery, the tumor was black in color, 
and  pathology  confirmed  metastatic 
melanoma. VS, Ventricular septum. 
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Figure 46-23  Examples of classic venous extension of tumor thrombus from the kidney into the inferior vena cava characteristic for hyper-
nephroma (renal cell carcinoma). A complex tumor thrombus is seen within the lumen of the inferior vena cava (arrow, left image). The most distal 
extent of the tumor  is 2 cm proximal to the origin of the hepatic vein. No intracardiac tumor was present  in this patient. The right image shows 
tumor extension from the inferior vena cava into the right atrium (arrow). Both these tumors were successfully removed via a cavotomy with intra-
operative TEE guidance. Transesophageal  imaging confirmed complete removal of the tumor thrombus without embolization. HV, Hepatic vein; 
IVC, inferior vena cava. 
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Box 46-2 

ECHOCARDIOGRAPHIC FINDINGS THAT MAY 
BE CONFUSED WITH CARDIAC TUMORS

Normal or Normal-Variant Cardiac Structures
Right atrium
Crista terminalis
Eustachian valve
Chiari network
Left atrium
Floor of left upper pulmonary vein adjacent to the LA 

appendage (“Q-tip”)
Right ventricle
Moderator band
Left ventricle
Papillary muscles

Nontumor Cardiac Pathology
Intracardiac

Thrombi
Valves
Vegetations (infective and marantic)
Lambl excrescence
Flail or prolapsing leaflet
Severed mitral valve apparatus after mitral valve 

replacement
Fatty tricuspid valve annulus
Mitral annular calcification

Myocardium
Asymmetric ventricular hypertrophy
Noncompaction of the left ventricle
Hypereosinophilic syndrome

Atrial septum
Lipomatous hypertrophy
Atrial septum aneurysm

Extracardiac
Compression of LA by aorta
Coronary aneurysm or fistula
Potential space of the transverse sinus
Left lower lobe atelectasis
Hematoma
Hiatal hernia
Pericardial fat infiltration
Mediastinal tumor

Intracardiac Hardware
Pacing leads
Pulmonary artery catheter
Central line catheter

Infiltrative disorders that involve the heart may mimic cardiac 
tumors. These include cardiac involvement by sarcoidosis,153 
Wegener granulomatosis,154 hypereosinophilic syndrome,155 
and tuberculosis. Also, specific pathologic cardiac disorders 
reported to have been confused with cardiac tumors156 include 
cardiac varices,157 coronary artery fistula,158 coronary artery 
aneurysm,158,159 atrial septal aneurysm,160,161 intramyocardial 
hematoma162 after percutaneous intervention, blood cysts,163 
and pericardial cysts.164

Normal cardiac structures potentially confused with tumors 
include the crista terminalis (Fig. 46-26), Eustachian valve, 
Chiari network, lipomatous hypertrophy of the atrial septum, 
and the ridge of tissue seen between the left superior pulmonary 

In cases of intraluminal leiomyosarcoma, multiple points of 
attachment in the inferior vena cava may help distinguish these 
tumors from renal cell carcinoma or hepatoma. Thyroid carci-
noma has been described growing along the superior vena cava 
into the right atrium,151 and carcinoma of the lung may also 
extend into the LA intraluminally directly from the pulmonary 
veins.15,147,152

Differential Diagnosis
When confronted with a suspected “mass,” as always, it is 
important to integrate all the clinical information (e.g., age 
and history of malignancy disease) with all the echocardio-
graphic information. The most likely etiology of an intracardiac 
mass is a thrombus, followed by vegetation. Primary cardiac 
tumors are rare, with metastatic involvement of the heart more 
frequent and usually occurring in the setting of previously 
diagnosed malignancy disease. Often, a cardiac mass is diag-
nosed when in fact the “mass” really represents an unusual 
tomographic plane of a normal cardiac structure or normal 
variant of cardiac anatomy. It is important to distinguish these 
findings from cardiac tumors. Box 46-2 includes the most 
common normal or variants of normal cardiac anatomy that 
are often confused with abnormal masses or tumors. Apart 
from the clinical history, associated echocardiographic findings 
also provide important clues as to the etiology of the “mass.” 
For example, thrombi and vegetations have characteristic echo-
cardiographic features, but in addition, they can often be dis-
tinguished from one another and from other cardiac masses 
by their particular intracardiac location (e.g., LA appendage 
or ventricular apex versus valve leaflets) and the “company 
they keep” (e.g., atrial fibrillation, LA enlargement, mitral valve 
disease, valvular destruction, and bacteremia). Thrombi seldom 
occur as an isolated finding. Ventricular thrombi usually occur 
in the setting of coronary artery disease with associated akinetic 
or dyskinetic myocardial segments, most commonly an aneu-
rysmal LV apex with concomitant LV dysfunction. Atrial 
thrombi usually occur within the LA appendage in patients 
with atrial fibrillation, mitral valve disease, and LA enlarge-
ment. Ancillary features of sluggish blood flow, such as spon-
taneous echo contrast and reduced LA appendage emptying 
velocities, may be present. Another useful clinical strategy for 
determination of whether a mass is a thrombus or a tumor is 
to perform a serial echocardiographic evaluation after a period 
of systemic anticoagulation therapy. Thrombi usually resolve 
after 4 weeks of anticoagulation therapy, whereas tumors either 
increase in size or remain unchanged despite anticoagulation 
therapy (Fig. 46-24).

Vegetations may be confused with cardiac tumors (Fig. 
46-25). However, apart from papillary fibroelastomas, primary 
tumors of the cardiac valves are exceedingly rare. Vegetations 
appear as mobile echogenic masses attached to valves and are 
usually diagnosed in the setting of known or suspected valve 
disease and bacteremia. Occasionally, when vegetations are seen 
in the absence of a bacteremia, other clinical features such as 
rheumatologic disease or underlying malignant disease may 
signify Libman-Sacks endocarditis. Valvular vegetations in the 
setting of infective endocarditis are also usually accompanied 
by features of valvular destruction and consequent regurgita-
tion. Nonvalvular vegetations occur at sites of turbulence and 
may be attached to the ventricular endocardial surface in 
patients with hypertrophic obstructive cardiomyopathy and in 
patients with septal defects.
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Figure 46-24  Intracardiac thrombus. A transthoracic echocardiogram (A, apical four-chamber view; B, parasternal short-axis view) in a 20-year-old 
with pulmonary embolism shows a calcified thrombus in the RV apex (arrow). The etiology of the mass was indeterminate and did not resolve after 
a month of  systemic anticoagulation  therapy. Surgical excision was advised. Histology showed a calcified amorphous  tumor or  thrombus with a 
mixed inflammatory infiltrate and associated calcification. 
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vein and LA appendage on TEE commonly referred to as the 
“Q-tip.” Even a diaphragmatic hernia may be confused with a 
cardiac tumor. This can be readily identified by having the 
patient drink a carbonated beverage while being imaged and 
confirming the presence of gas bubbles in the stomach. Knowl-
edge of these normal cardiac structures and normal variants of 
cardiac anatomy is important to avoid unnecessary additional 
evaluation, biopsy, or operation (see Box 46-2).

Newer Echocardiographic Techniques
Although transthoracic echocardiography is an excellent screen-
ing tool, because of the limited image frequency of the trans-
ducer, detection of small tumors is insensitive. Transthoracic 
imaging has improved with the advent of tissue harmonic 

imaging, particularly in obese patients or those with chronic 
lung disease, and this has probably contributed to the increasing 
diagnosis of cardiac tumors ante mortem. Nevertheless, TEE is 
more sensitive than transthoracic echocardiography in diagno-
sis of small tumors, particularly papillary fibroelastomas. The 
reported diagnostic sensitivity for detection of mass lesions 
with transthoracic echocardiography and TEE is 93% and  
97%, respectively.165 TEE is also more sensitive in detection of 
abnormalities that involve the posterior cardiac structures,  
particularly the atria, interatrial septum, and pulmonary  
veins. Intracardiac ultrasound scan, with a variable frequency 
(5 to 10 MHz) phased array transducer affixed to the end of a 
deflectable catheter, provides very high-resolution images of 
intra cardiac structures. These imaging catheters have been used 
to guide intracardiac tumor biopsy (see Fig. 46-18). However, 

Figure 46-25  Vegetations may be confused with papillary fibroelastomas. These TEE images show distinguishing characteristics of endocar-
ditis. A mobile 6 × 7 mm globular vegetation (arrow) is attached to the atrial aspect of the anterior mitral valve leaflet tip, seen in diastole (A) and 
systole (B). Color flow imaging of the mitral valve (C) shows severe mitral regurgitation from destruction of the mitral valve as the result of a perfora-
tion  of  the  anterior  leaflet.  This  characteristic  mass  lesion,  associated  with  valvular  destruction  and  positive  blood  cultures,  is  consistent  with  a 
diagnosis of a vegetation and thus infective endocarditis. 
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Figure 46-26  Prominent crista terminalis. A, An apical four-chamber view shows an echogenic circular “mass” in the right atrium. Zoomed view 
depicts the “mass” (red arrow). B, TEE, 0-degree mid-esophageal view, shows the same structure. C, Rotating the transducer to 90 degrees provides 
an orthogonal view of the circular structure demonstrating its longitudinal extent (red arrow), typical for a prominent crista terminalis.
SVC, Superior vena cava. 
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because this is an invasive tool, more widespread application for 
cardiac tumor diagnosis is limited.166,167

From both a diagnostic and therapeutic standpoint, echocar-
diography not only has an important and established role in 
invasive procedures related to diagnostic biopsy of cardiac 
masses but also has a role in the therapeutic and diagnostic 
drainage of suspected malignant pericardial effusions. Open 
thoracotomy, cardiopulmonary bypass and resection, or open 
biopsy remains the diagnostic standard.167-172 However, in 
patients with right-sided lesions (most commonly malignant) 
who may be too ill, have unresectable disease, or only need a 
diagnostic tissue biopsy before chemotherapy, TEE or intracar-
diac echocardiography can be especially useful to guide percu-
taneous biopsy. Real-time visualization of the procedure 
enhances safety, minimizing risk of inadvertent damage to deli-
cate surrounding structures and increasing diagnostic yield by 
directing the bioptome to the tumor tissue directly, as compared 
with use of fluoroscopy alone. For pericardial effusions, con-
comitant transthoracic echocardiography complements percu-
taneous pericardiocentesis. This approach has been well 
described and not only enhances safety of the procedure but 
also permits immediate hemodynamic assessment after peri-
cardiocentesis and serial assessment after ongoing pericardial 
drainage.

Intraoperative TEE is also an important tool in guiding sur-
gical intervention. In a report from the Mayo Clinic on patients 
undergoing cardiac surgery primarily for resection of mass 
lesions, intraoperative TEE added diagnostic information that 
resulted in modification of the surgical procedure, both before 

and after cardiopulmonary bypass in 16% of cases. In fact, 
this study and others have documented the importance of 
confirming that the mass is indeed present immediately before 
the skin incision to avoid unnecessary surgery for tumors that 
may have embolized in the period between initial detection 
and surgery.173,174

In recent years, 3D transthoracic echocardiography and TEE 
have evolved into a new clinical diagnostic tool in cardiac 
imaging.175-178 With use of this technique, anatomy and pathol-
ogy can be appreciated without having to perform “mental 
reconstruction” of the problem, permitting morphologic, 
volume, and spatial assessment of masses and tumors in vivo 
(Fig. 46-27).179 It also permits noninvasive “sectioning” of 
the mass to better evaluate its morphologic and spatial charac-
teristics, thereby reportedly helping guide preoperative decision 
making.175,179 Unlike CT scan and MRI, a hemodynamic assess-
ment can be performed at the same time.

Although 3D reconstruction can be derived from both trans-
thoracic and transesophageal studies, transthoracic imaging 
yields poor quality images if poor acoustic windows are encoun-
tered. This can be overcome with TEE provided the probe is 
stabilized during held respiration and the study is gated to heart 
rate.180 3D TEE also permits volume quantification of intracar-
diac mass lesions. These volume assessments have been shown 
to correlate well with in vitro measured volumes of surgical 
specimens.181 Currently, transthoracic 3D image resolution and 
quality is suboptimal for detection of small tumors. Therefore, 
standard 2D imaging techniques should still be used to identify 
cardiac tumors.
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Figure 46-28  Newer echocardiographic-based strain analysis applied to cardiac tumor diagnosis. A, An apical four-chamber view shows three 
cardiac tumors in the LV (arrows) consistent with rhabdomyomas. Corresponding longitudinal color Doppler myocardial imaging curves are shown 
recorded from the tumor and adjacent interventricular septum. The upper, mid, and lower curves show myocardial velocity, strain rate, and strain, 
respectively. In early systole, the tumor moves and deforms in the same direction as the surrounding myocardium. Later in systole, the myocardium 
squeezes the soft mass in the opposite direction. B, Parasternal short-axis view shows a fibroma attached to the RV free wall extending toward the 
right ventricular outflow tract (RVOT). In this case, the fibroma neither moves nor deforms. These tissue Doppler characteristics may potentially be 
used to differentiate the rhabdomyoma from fibroma. PV, Pulmonic valve. (With permission Ganame J, D’Hooge J, Mertens L: Different deformation 
patterns in intracardiac tumors. Eur J Echocardiogr 6:461-464, 2005.)
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Figure 46-27  Comparison of 2D and 3D imaging of a cardiac tumor with corresponding excised gross pathology. This 57-year-old man with 
history of non-Hodgkin lymphoma presented with recently diagnosed Hodgkin lymphoma. A transthoracic echocardiogram before chemotherapy 
(A) documented an intracardiac mass; thus, a TEE was performed. Although the mass is appreciated well on 2D TEE (arrow), its volume and geom-
etry, and broad base of attachment to the base of the anterior mitral leaflet (AML), are readily appreciated with 3D TEE. B, In the 3D image, the 
mitral valve is viewed from above (surgeon’s view) and the arrow points to the mitral orifice. Histology of the tumor (C) confirmed nodular sclerosing 
Hodgkin lymphoma. 
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in gray scale have been reported in various cardiac masses with 
this technique.190 Malignant and highly vascular tumors showed 
greater enhancement than adjacent myocardium, whereas 
myxomas showed partial perfusion and quantitatively less 
enhancement than surrounding myocardium. Thrombi showed 
no perfusion. In this study, perfusion imaging also identified 
pericardial malignant disease, an area less well appreciated with 
standard noncontrast imaging. Although promising, a limita-
tion of this method in clinical practice is that it is time consum-
ing, requiring off-line analysis of time intensity curves. Also, the 
technique requires skill and experience in contrast administra-
tion and image acquisition.

Targeted microbubble delivery represents an exciting frontier. 
Echocardiographic contrast bubbles are being engineered to 
target tumors to “unmask” them, making them easier to identify 
and characterize and also potentially to serve as vehicles for 
targeted therapy delivery. A study in a tumor-bearing mouse 
model has evaluated the use of contrast microbubbles targeted 
to tumor vasculature via conjugation with the tumor-binding 
peptide arginine-arginine-leucine. With this technique, the 
investigators were able to distinguish normal tissue and tumor 
tissue in vivo. This pioneering work may open the possibility of 
ultrasonic molecular imaging of tumor angiogenesis in the 
clinical setting, thereby permitting improved noninvasive iden-
tification of tumors, assessment of malignant potential, and 
monitoring of tumor response.192
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Analysis of myocardial motion with tissue Doppler imaging 
has also been used to characterize differences in tissue velocity 
of tumors versus normal myocardial tissue. Strain imaging, 
derived from either tissue velocity data or speckle tracking 
algorithms, is less susceptible to translational motion. It iden-
tifies contracting from noncontracting tissue and thus may 
be potentially helpful in distinguishing noncontractile tumors 
and thrombi from normal contracting myocardium. This 
concept has already been explored to identify and distinguish 
fibromas and rhabdomyomas.182,183 Fibromas are composed of 
fibroblasts and collagen, and rhabdomyomas are composed 
of altered myocytes. Consequently, the fibroma has less deform-
ability than the rhabdomyoma or the surrounding normal 
myocardium. Echocardiographic derived strain data can iden-
tify this deformation or lack thereof, providing additional 
diagnostic information to identify and distinguish these tumors 
(Fig. 46-28). This technique can also be used with tagged 
MRI, but it is labor intensive.184

Although the concept that unique ultrasound-tissue interac-
tion holds potential in identification of abnormal from normal 
cardiac tissue, and despite being extensively explored in care-
fully controlled experiments, ultrasound-based tissue charac-
terization has not proved practical or robust enough to be 
useful clinically.185-187

Echocardiographic contrast imaging may be useful in evalu-
ation of cardiac tumors by enhancing border definition, better 
outlining tumor location and site of attachment, and also dis-
tinguishing vascular from avascular structures (e.g., thrombi) 
with assessment of myocardial perfusion.188 Perfusion imaging 
has improved significantly with advances in second generation 
contrast agents and new imaging techniques, such as power 
modulation.189-191 Both qualitative and quantitative differences 

KEY POINTS

 Cardiac tumors are rare. Incidental cardiac masses usually 
represent thrombi or vegetations. Three quarters of 
primary cardiac tumors are benign.

 Myxomas are the most common benign primary cardiac 
tumor and occur sporadically as an isolated tumor in the 
LA, usually attached to the fossa ovalis by a thin stalk. 
Multiple tumors or atypical locations suggest familial 
myxoma.

 Papillary fibroelastomas, characterized by a small mobile 
pedunculated “anemone”-like mass with a stippled edge, 
are the most common valvular tumors.

 Lipomatous hypertrophy of the atrial septum may be con-
fused with an intracardiac tumor. It results in a dumbbell-
shaped intraatrial septum with characteristic sparing of 
the fossa ovalis membrane. The diagnosis can be con-
firmed with MRI or CT scan.

 Rhabdomyomas are the most frequent cardiac neoplasm 
in childhood. They are almost always multiple, occurring 
in both the LV and the RV, and can be expected to spon-
taneously regress in size in most patients less than 4 years 
of age. They are seen in 50% of infants with tuberous 
sclerosis.

 Cardiac fibromas are the most common resected cardiac 
tumor in childhood. These characteristically solitary  

circumscribed tumors are usually located in the 
ventricles.

 Only 15% of primary cardiac tumors are malignant, the 
vast majority of which (95%) are sarcomas. Sarcomas do 
not have a characteristic echocardiographic appearance. 
They are most commonly found in the right atrium. 
Widespread local infiltration is usually present, and the 
clinical course is dismal.

 Secondary cardiac malignant disease or metastatic disease 
is 30 times more common than primary cardiac tumors. 
Malignant tumors spread to the heart by direct extension 
and hematogenous, lymphatic, and intraluminal spread. 
Malignant melanoma has the highest rate of cardiac 
metastasis of any tumor. Renal cell carcinoma is the most 
common tumor to spread to the heart by the inferior vena 
cava.

 Multiple tumors may be missed, particularly if the imager 
is distracted by finding the index tumor. Careful evalua-
tion of all cardiac chambers is necessary to exclude mul-
tiple tumors.

 When confronted with a suspected “mass,” it is important 
to integrate all the clinical information to make the most 
accurate noninvasive diagnosis.
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bicuspid, 761-762, 761f-762f, 846-849. See also 

Bicuspid aortic valve.
calcification of, assessment of, 426, 427f
congenital disorders of, determination of, 840
disease of. See also Aortic regurgitation (AR); Aortic 

stenosis (AS).
in rheumatoid arthritis, 720, 721f
3D echocardiography of, 81-82, 81f

echocardiographic guided interventions for, 
104-105

morphology of, 834-835
opening of, with ventricular assist devices, 605, 605f
prosthetic

high transprosthetic gradients in, interpretation 
of, 479t, 486-488, 487f

implantation of, transcatheter. See Transcatheter 
aortic valve implantation (TAVI).

regurgitation
evaluation of, integrative, multiparametric 

approach for, 481f-482f, 483
imaging considerations in, 480, 481f-482f
recognition and quantitation of, 480-483
severity of, parameters of, 481f-482f, 482-483, 

483t
stentless, Doppler evaluation of, 485
3D echocardiography of, 82, 82f

repair or replacement of, for heart failure, 508
sclerosis of, in aging, 778-779, 781, 781f-782f, 782t
transcatheter implantation of, echocardiography in, 

445
transesophageal echocardiography of, 13

Aortic views, in transesophageal echocardiography, 4t, 
10-11, 10f

Aortitis, in ankylosing spondylitis, 722-723, 724f
Aortopulmonary shunts, palliative, issues resulting 

from, 880-881, 880t, 881f
AR. See Aortic regurgitation (AR).
Arrhythmias, in pregnancy, 685
Arterial switch surgery, issues resulting from, 887t, 

888-889
Artery(ies). See also specific artery, e.g. Pulmonary 

artery (PA).
great. See Great arteries.

Arthritis, rheumatoid, 719-722, 721f-722f. See also 
Rheumatoid arthritis.

Artificial hart, 598t, 599, 600f
AS. See Aortic stenosis (AS).
ASD. See Atrial septal defect (ASD).
Asymmetric apical hypertrophic cardiomyopathy, 527, 

528f-529f
Atherosclerosis

aortic dissection risk and, 694
carotid artery, contrast-enhanced ultrasound in 

detection of, 60
in systemic lupus erythematosus, 715-717, 717f

Atherosclerotic plaque
intravascular ultrasound assessment of, 138, 139f
in proximal aorta, systemic embolic events and, 

802-804, 803f, 803t
Athlete’s heart, hypertrophic cardiomyopathy 

differentiated from, 520-521, 521f, 521t
Atrial fibrillation

atrial size and, 815-816
atrial thrombi detection in, 816-820, 816f-820f,  

816t
cardioversion of

electrical injury to atria from, 822
guidance of, 817-820, 817f-818f, 818b
thromboembolism mechanism after, 820-821

catheter-based therapy of, 3D echocardiography 
guiding, 84-85

mitral annular calcification and, in aging, 780
prevalence of, 814-815
symptoms and clinical impact of, 815
therapeutic interventions in, guidance of, 

echocardiography and, 822-823, 823f
thromboembolism predictors and, 817
transesophageal echocardiography in, 15-16

Atrial flutter, 822

Atrial septal defect (ASD)
closure of

intracardiac echocardiography guiding, 120-122, 
121b, 121f

3D echocardiography guiding, 84
congenital, 857-861, 858f

echocardiographic evaluation of, 858-860, 858t, 
859f-860f

management of, 860-861, 861f
corrective procedures for, issues resulting from, 

882-883, 882t, 883f
echocardiographic guided interventions for, 99-101, 

103f
transesophageal echocardiography in, 15, 798f, 

799-802, 800f
transthoracic echocardiography in, 799-802, 800f

Atrial septum
aneurysms of, echocardiography in, 800-801
defect of. See Atrial septal defect (ASD).
imaging of, in transesophageal echocardiography, 

4t, 5f-6f, 8
Atrial situs, congenital disorders of, determination of, 

836-838
Atrial switch surgery, issues resulting from, 887-888, 

887t, 888f-889f
Atrial systole, 197
Atrial volume, 3D echocardiography of, 76-77
Atrioventricular septal defects (AVSDs), corrective 

procedures for, issues resulting from, 887t, 
892-893

Atrioventricular valves
congenital disorders of, determination of, 838-840, 

839f
morphology of, 834, 834f

Atrium(ia)
congenital defects of, corrected, issues with, 877, 

877t
electrical injury to, from cardioversion, 822
left. See Left atrial entries; Left atrium.
mechanical function of, 814, 814f

return of, after cardioversion, assessment of, 821
morphology of, 833, 833f
right. See Right atrium.
size of, atrial fibrillation and, 815-816

Automated border detection (ABD)
active-appearance models of, 228-230, 230f
classification and, 230, 231f
in digital images. See also Digital images.
in echocardiography, 222-223

acquisition for, 222-223
contour definitions and consistency for, 223
detection technique choice for, 223
image quality and, 222-223
practical considerations for, 222-223, 223b
problems and pitfalls of, 222

future promise of, 230-231
geometric modeling in, 225-226
intelligent ultrasound systems in, 231
methods of

feature-driven, 223-224, 224f
object-based, 225-226
overview of, 223-230, 224t
population-based, 228-230, 230f
rules for, 222
structure-based, 224-225, 225f

pattern matching in, 226-227, 226f-227f
3D active surface detection in, 227-228, 228f-229f
tissue tracking in, 224-225, 225f

B
Bacteremia, in infective endocarditis, evaluation of, 

415-417
Ball and cage valves, 460f, 462, 465t
Balloon aortic valvuloplasty, echocardiographic 

guidance of, 104-105
Balloon mitral valvotomy (BMV), 389-407

complications of, 396, 396t
contraindications to, 400, 400b
echocardiography in

after procedure, early, 392-396, 394f-395f
during follow-up, 396



	 INDEX	 931

guiding procedure, 105, 106f
before procedure, 391-392, 392f, 393t-394t
during procedure, 392, 393f-394f

failure of, 396
imaging during, intracardiac echocardiography in, 

127
results of, 396-400

in elderly, 399, 400f
immediate, 396-397, 397f, 397t
late, 397-398, 397f-398f, 398t
in pregnant women, 400
in restenosis after previous commissurotomy, 

398-399, 399f
in young patients, 399

timing of, 401-402, 402t
Balloon tricuspid valvotomy, echocardiographic 

guidance of, 109
Beriberi heart disease, 752, 752t
Bicuspid aortic valve, 761-762, 761f-762f, 846-849

aortic dissection risk and, 696
conditions associated with, 847, 847b
corrective procedures for, issues resulting from, 

882t, 884, 885f
echocardiographic evaluation of, 847-848, 848f
management of, 848-849

Bileaflet valves, 460f, 461t-462t, 462, 463f-465f, 465t
Bioprostheses, 460f, 461t-462t, 466, 466f, 466t
Biopsy, endomyocardial, after cardiac transplantation, 

590-591, 590f-591f
Biventricular repairs, issues resulting from, 887t, 893, 

893f
Blalock-Taussig shunt, palliative, issues resulting from, 

880t, 881, 881f
Blood flow, coronary, 318-328

in acute coronary syndrome diagnosis, 325
assessment of, alternative approaches to, 325-326, 

326t
clinical applications of, 321-325
coronary artery anatomy and, 318, 319f
coronary flow velocity reserve measurement of, 

321-322, 322f
in coronary stenosis diagnosis, 322-323

Doppler evaluation of, 318-319
in detection of flow, 319, 320f-321f
technical aspects of, 318

no-reflow phenomenon in, 325, 325f
in noninvasive diagnosis of coronary stenosis, 

322-324, 324f
profile of, assessment of, 319-321, 322f
retrograde, in total occlusion detection, 323, 324f
to right ventricle, 615, 616f

BMV. See Balloon mitral valvotomy (BMV).

C
CAD. See Coronary artery disease (CAD).
Calcific aortic stenosis, imaging of, 425-426, 427f
Calcification

aortic valve, assessment of, 426, 427f
cardiac, in primary hyperparathyroidism, 744
mitral annular, in aging, 779-781, 780f-782f, 782t
valvular, in aging, 776-777, 777f, 778t

Cardiac amyloidosis, in aging, 786
Cardiac assist devices, 597-612

artificial hearts as, 598t, 599, 600f
ventricular assist devices as. See Ventricular assist 

device (VAD).
Cardiac chamber dimensions in aging, 775, 776t
Cardiac embolism, 791
Cardiac output (CO)

increased
in pregnancy, 664-665, 665f-666f, 665t
pulmonary hypertension related to, 638-639

in intraoperative ventricular function monitoring, 
26-28

measurement of, in pregnancy, Doppler, technical 
aspects of, 667t, 668-669

in monitoring separation from cardiopulmonary 
bypass, 32-33, 33t

Cardiac resynchronization therapy, in heart failure, 
508-511, 511f

Cardiac synchrony, 190-192
disorders of. See Dyssynchrony.

Cardiac tamponade, transesophageal 
echocardiography in, 16

Cardiac transplantation, 585-596
acute rejection in, structure and function of cardiac 

allograft during, 589-591
changes in left ventricular mass or wall thickness 

in, 590
changes in systolic and diastolic function in, 

589-590
endomyocardial biopsy in, 590-591, 590f-591f

cardiac allograft in
in acute rejection, 589-591
physiology of, 588
structure and function of, 587-589
vasculopathy in, posttransplant, diagnosis of, 

592-594, 593f, 593t
complications of, early postoperative, 591
donor heart evaluation before, 586
evaluation before, 585-586, 586b, 586f
exercise echocardiography applications in, 281-282
for heart failure, 512-513
monitoring after, 591-594, 591b, 592f
pericardial effusion after, 591
pregnancy after, 683
right ventricular structure and function after, 589
risk assessment before, 585-586, 586b, 586f
technique of, 587, 587f
tricuspid regurgitation after, 589, 589f
ventricular function monitoring during, 37, 38f
ventricular systolic and diastolic function after, 

588-589, 588f
Cardiac tumors, 902-928

background on, 902-904
benign

cardiac myxomas as, 904-908. See also Myxomas, 
cardiac.

features of, 907t
fibroma as, 907t, 915, 915f
hemangioma as, 907t, 912-914, 913f
lipoma as, 907t, 912, 912f-913f
papillary fibroelastoma as, 908-912. See also 

Papillary fibroelastoma.
paraganglioma as, 907t, 915, 916f
rhabdomyoma as, 907t, 914-915, 914f

classification of, 903-904, 904t, 905f
diagnostic approach to, 903t, 904, 906f, 906t-907t
differential diagnosis of, 920-921, 920b, 921f-922f
direct extension of, 918
hematogenous spread of, 918, 919f
intraluminal venous extension of, 918-920, 919f
lymphatic spread of, 918
malignant

metastatic (secondary), 918-920, 919f
primary, 915-918

lymphoma as, 917
mesotheliomas as, 917-918, 918f
sarcoma as, 915-917, 916f-917f

newer echocardiographic techniques for, 921-924, 
923f

transesophageal echocardiography in, 15, 795-797, 
796f-797f

transthoracic echocardiography in, 795-797, 796f
Cardioembolic event, transesophageal 

echocardiography in, 14-15
Cardioembolic stroke, 791
Cardiogenic thromboembolism, in aging, 786, 786f
Cardiology, handheld echocardiography in, 152-153, 

152f
Cardiomyopathy

dilated
diastolic function assessment in, 210-211
exercise echocardiography applications in, 281

hypertrophic, 517-541. See also Hypertrophic 
cardiomyopathy (HCM).

LV function quantitation in, 156, 158f
peripartum, 682-683
in pregnancy, 682-683, 682f
restrictive, 542-564. See also Restrictive 

cardiomyopathy.
uremic, 747, 747f

Cardiopulmonary bypass, separation from, 
monitoring of, 32-33

cardiac output in, 32-33, 33t
intracardiac air in, 32, 33f

CARDIOsphere, in ultrasound contrast imaging, 46
Cardioversion, of atrial fibrillation

atrial mechanical function after, assessment of 
return of, 821

electrical injury to atria from, 822
guidance of, 817-820, 817f, 818b
thromboembolism mechanism after, 820-821

Carotid artery atherosclerosis, contrast-enhanced 
ultrasound in detection of, 60

Catheter-based interventions, intracardiac, 3D 
echocardiography guidance of, 83-85

Catheterization
laboratory of future for, 113-114
transapical, echocardiographic guidance of, 98
transseptal, echocardiographic guidance of, 98, 99f

Central venous pressure air aspiration catheter 
positioning, intraoperative transesophageal 
echocardiography in, 29, 34

CHD. See Congenital heart disease (CHD).
Chest pain, acute, in emergency department, 236-246. 

See also Acute chest pain in emergency 
department.

Chest pain syndrome, coronary flow reserve in, 325
Chest pain units, echocardiography in, 240-241, 240b
Children, balloon mitral valvotomy in, 399-400
Chloroquine, restrictive cardiomyopathy induced by, 

555-556
Chronic obstructive pulmonary disease (COPD), 

pulmonary hypertension in, 637-638
Cineangiography, in structural heart disease 

interventions, 97
Circumferential stress, calculation of, 159
CO. See Cardiac output (CO).
Coarctation of aorta, 855-857, 856f, 857b

corrective procedures for, issues resulting from, 
882t, 884-885, 886f

Cocaine use, aortic dissection risk and, 695
Color Doppler echocardiography

in congenital heart disease evaluation, 842-843, 843f
M-mode

clinical use of, 207
in diastolic function evaluation, 206-207
in filling pressures estimation, 207
flow propagation velocity and hemodynamics in, 

206-207
image acquisition in, 206, 206f
prognosis and, 207
in restrictive cardiomyopathy, 547, 548f

in mitral regurgitation quantification, 336-341, 
337f, 338t

in myocardial velocity imaging, 177-178, 178f-180f
Commissurotomy, mitral valve repair involving, 362
Computed tomography (CT)

in aortic dissection diagnosis, 699, 701f
in guidance of structural heart disease 

interventions, 111-113
Conduction abnormalities, in ankylosing spondylitis, 

723
Conduit, in congenital heart disease repair, issues 

from, 878
Congenital aortic stenosis, imaging of, 426, 427f
Congenital heart disease (CHD)

“complex” malformations in, corrective procedures 
for, 887-897, 887t, 888f-896f

palliative procedures for, issues resulting from, 
878-882, 880f-881f, 880t

postoperative, 876-901
evaluation and management of, knowledge 

required for, 876
general issues in, 877-878, 877t

in pregnant patient
in acyanotic patients

with no prior surgical procedures, 673-674, 
673f-674f

with prior surgical procedures, 674-677
coarctation of aorta as, 675, 676f
cyanotic heart disease as, 677-678, 678f
Fontan repair of, 675-676

Balloon mitral valvotomy (BMV) (Continued)
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tetralogy of Fallot as, 675, 675f
transposition of great arteries as, 676-677, 677f

simple lesions in, corrective procedures for, 882-887, 
882t, 883f, 885f-886f

suspected, echocardiographic approach to, 830-845
basic principles of, 830-831
cardiac anatomy and, 835-840, 835t-836t, 

836f-839f
cardiac morphology and, 833-835, 833f-835f, 

833t
cardiac position and, 831-833, 831f-833f
color and spectral Doppler imaging and, 842-843, 

842f-843f
univentricular heart in, 840-842, 841f-842f

3D echocardiography of, 82-83, 83f
transesophageal echocardiography in, 16
unoperated, 846-875

complex, 867-871
by complexity, 847b
congenitally corrected transposition of great 

arteries as, 869-870, 869f, 870b
of left ventricular outflow tract and aorta, 

852-857
septal defects and shunt lesions as, 857-867
tetralogy of Fallot as, 867-869, 868f
valvular, 846-852

Connective tissue disorders, 758-773
alternate diagnostic approaches to, 770-771, 771f
aortic dilation in, 763-764, 763f-765f
aortic dissection in, 765
assessment limitations in, 769
assessment methods in, 767-769, 767f-768f
bicuspid aortic valve as, 761-762, 761f-762f
diastolic function in, 766
echocardiographic findings in, 763-766, 763f-765f
Ehlers-Danlos syndrome as, 759
familial thoracic aortic aneurysm and dissection as, 

762
fibrillinopathies as, 760
forms of, 758-762, 759b
histopathology of, 763
homocystinuria as, 760
left ventricle in, 766
Loeys-Dietz syndrome as, 760-761, 760b
Marfan syndrome as, 758-759, 759b
mitral valve prolapse in, 765-766, 765f
natural history of, 766-769, 767t
pharmacologic strategies for, 769-770, 769t
pulmonary artery in, 766
surgical strategies for, 770, 770f-771f
systolic function in, 766
therapeutic strategies for, 769-770, 769t
Turner syndrome as, 762

Conservation of mass, in fluid dynamics, 450-451, 
451f-452f

Constrictive pericarditis, 568-571
causes of, 568b
Doppler flow abnormalities in, 569-570
echocardiographic diagnosis of, 568-571
effusive, 579-580
M-mode abnormalities in, 568-569, 569f
pathophysiology of, 568
restrictive cardiomyopathy compared with, 557t, 

571
restrictive cardiomyopathy differentiated from, 

556-559, 557f-558f
strain imaging in, 570-571
tissue-Doppler imaging in, 570-571, 570f
2D abnormalities in, 568-569, 569f

Continuity equation method, for aortic valve area 
calculation, 429-430, 430f-431f, 431t

Gorlin formula compared with, 431-432, 432f
Continuous infusion imaging, 50
Continuous wave Doppler

in mitral regurgitation quantification, 343
in restrictive cardiomyopathy, 547, 547f

Contractile function, definition of, 157-159
Contractility

definition of, 159, 161
in intraoperative ventricular function monitoring, 

29

Control volume, in fluid dynamics, 450-451, 451f-452f
in energy analysis, 452-453

Cor pulmonale, in scleroderma, 725
Coronary artery(ies)

anatomy of, 318, 319f
anomalies of, corrective procedures for, issues 

resulting from, 882t, 886-887
in aortic dissection, transesophageal 

echocardiography in visualization of, 704-705, 
705f

blood flow in, 318-328. See also Blood flow, 
coronary.

fistulas of, 867, 867f
left circumflex, blood flow detection in, 319, 321f
left main

blood flow detection in, 319, 320f
disease of, assessment of, intravascular ultrasound 

in, 135, 135f
stenosis of, diagnosis of, noninvasive, 322-324, 324f

Coronary artery disease (CAD)
in aging, stress testing and, 784-786, 785f, 785t-786t
diagnosis of

nonexercise stress echocardiography in, accuracy 
of, 301-303, 302f, 302t

pharmacologic stress echocardiography versus 
perfusion scintigraphy in, 312, 312t

diagnostic challenge of, 236
exercise echocardiography in, applications of

in initial diagnosis, 279
in known coronary artery disease, 279-280
prognostic, 280, 280f
in women, 280-281, 281t

LV function quantitation in, 156, 157f
in mixed connective tissue disease, 723-725, 727t
in polymyositis and dermatomyositis, 726, 727t
preinterventional assessment of, in aortic stenosis, 

444-445
in primary antiphospholipid syndrome, 719, 727t
in rheumatoid arthritis, 719-720, 727t
in scleroderma, 724-725, 727t
stable, nonexercise stress echocardiography in 

prognostic evaluation in, 304-305, 305t
transesophageal echocardiography in, 16
ultrasonic contrast detection of, 53-58, 55f, 55t

during dobutamine or exercise stress 
echocardiography, 54-56, 56f-57f, 57t

vasodilator stress perfusion imaging in, 53-54, 
55f, 55t

Coronary blood flow, 318-328. See also Blood flow, 
coronary.

Coronary care unit, echocardiography in, 247-267
in acute myocardial infarction, 248-251

in complication detection, 251-260, 251b, 251t
diagnostic role of, 248, 248t
in localization of infarction, 248-250, 249f
right ventricular, 250-251, 250b

applicable modes of, 247-248
Coronary flow reserve, in risk stratification after acute 

myocardial infarction, 262-263
Coronary sinus, in transesophageal echocardiography, 

transgastric view of, 4t, 10, 10f
Coronary sinus annuloplasty, for mitral regurgitation, 

106-107
Coronary sinus cannulation positioning, 

intraoperative transesophageal echocardiography 
in, 36, 37f

Critically ill ICU patient, transesophageal 
echocardiography in, 16

Cryptogenic cerebral ischemia, transesophageal 
echocardiography versus transthoracic 
echocardiography in, 792, 792t

Cryptogenic stroke, 791
patent foramen ovale and, 800-801, 800f, 801t

Cushing syndrome, heart disease in, 745, 746f
Cysts, pericardial, 581

D
Definity, in ultrasound contrast imaging, 46
Dehiscence

annuloplasty, complicating mitral valve repair, 361, 
361f

suture, complicating mitral valve repair, 361
valvular, in infective endocarditis, 410t, 413, 414f

Dermatomyositis, 725-726, 727t-728t
Descending thoracic aorta, view of, in transesophageal 

echocardiography, 5f, 10
Diabetic heart disease, 733-738

aging and, 736
aortic elastic properties in, 735
diastolic dysfunction in, 735-736, 735t, 736f-737f
echocardiography in, clinical utility of, 736-738, 

738f
gender and, 736
hypertension and, 736, 738f
left ventricular systolic dysfunction in, 733-735, 

734f
obesity and, 736
renal insufficiency and, 736
right ventricular dysfunction in, 735
valvular function in, 735

Diastole
in left ventricular physiology, 188-189, 189f
physiology of, 197, 198f

Diastolic dysfunction
in chronic kidney disease, 747
definition of, 198-200, 199f, 199t
in diabetic heart disease, 735-736, 735t, 736f-737f
in hypothyroidism, 740

Diastolic function, 197-217
in acromegaly, 743
basic principles of, 197-200
in connective tissue disorders, 766
determinants of, 197-198
echocardiographic evaluation of, 200-210, 200t, 

201f
clinical utility of, 210-213

in hypertension and hypertensive heart disease, 
211-212

in ischemic cardiac disease, 212
in myocardial diseases, 210-211, 212f
in pericardial disease, 212
in restrictive versus constrictive physiology, 

213, 213f
Doppler techniques in, 201-207

color M-mode Doppler as, 206-207, 206f
tissue-Doppler imaging as, 203-206

prognosis and, 205-206
left atrial volume index in, 207, 208t
new ASE/EAE guidelines on, 210, 210f-211f
strain imaging in, 207-209, 208f
torsion echocardiography in, 209

in hyperthyroidism, 741t, 742
in obesity, 750
stages of, 201f

Digital images, 218-233
automated analysis of, 218-219

future promise of, 230-231
intelligent ultrasound systems in, 231

automated border detection in. See Automated 
border detection (ABD).

brightness level manipulations of, 220, 220f
cardiac, interpretation of, 221-222
characteristics of, 219
compression of, 219
enhancement of, 218

in medical image processing, 219-220
filtering of, 220
interpretation pyramid for, 221-222, 221f, 221t
level manipulations of, 219-220
medical, processing of, 219-222
overview of, 218
processing of, 218-219

definition of, 218
pseudocoloring of, 220
storage formats for, 219

Digital Imaging and Communications in Medicine 
(DICOM), 219

Dilated cardiomyopathy
diastolic function assessment in, 210-211
exercise echocardiography applications in, 281-282

Dipyridamole stress echocardiography, in coronary 
artery disease diagnosis, 301

Congenital heart disease (CHD) (Continued) Dehiscence (Continued)
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Displacement, myocardial, tissue Doppler imaging of, 
179f-180f, 181, 190

Distal jet area method, in mitral regurgitation 
quantification, 336, 337f, 338t

Distal vascular beds, perfusion of, complicating aortic 
dissection, 707

Dobutamine stress echocardiography (DSE)
in cardiac allograft vasculopathy diagnosis, 593-594, 

593t
in coronary artery disease detection, 54-56, 56f-57f, 

57t
in coronary artery disease diagnosis, 301
in coronary stenosis diagnosis, 324
in myocardial viability assessment, 306-307, 307f

Donor heart, evaluation of, 586
Doppler echocardiography

color. See Color Doppler echocardiography.
in congenital heart disease evaluation, 842-843, 

842f-843f
continuous wave

in mitral regurgitation quantification, 343
in restrictive cardiomyopathy, 547, 547f

of coronary blood flow, 318-319
in detection, 319, 320f-321f
technical aspects of, 318

in diastolic filling pattern assessment, 201-207
exercise, 274
in hemodynamic classification of myocardial 

infarction, 251-252
intravenous microbubbles enhancing, 59
in pericardial tamponade, 575-576, 575f-577f, 576t
in pregnancy

in cardiac output measurement, technical aspects 
of, 667t, 668-669

in hemodynamic evaluation, 669-670, 670f
in restrictive cardiomyopathy, 544-547, 545f-548f
in right heart evaluation, 203
spectral, in congenital heart disease evaluation, 

842-843, 843f
stress, nonexercise, 310-311, 310f
tissue, 177-183. See also Tissue-Doppler imaging 

(TDI).
transesophageal, 12

in acute aortic syndromes, 703-704
dP/dt

in intraoperative ventricular function monitoring, 
29-30, 30f

in right ventricular systolic function evaluation,  
624

Drug delivery, microbubbles in, 56f, 60-61
Drug-eluding stents (DES), in restenosis reduction, 

139, 140f
Drugs, restrictive cardiomyopathy induced by,  

555-556
DSE. See Dobutamine stress echocardiography (DSE).
Dyssynchrony, left ventricular mechanical, 

mechanisms of, 191

E
E′, relationship to active relaxation in tissue-Doppler 

imaging for diastolic function evaluation, 
204-205

Ebstein anomaly, 851-852, 851f-852f
corrective procedures for, issues resulting from, 

882t, 885-886
Echocardiography

in guidance of structural heart disease 
interventions, 95-117. See also Structural heart 
disease (SHD), interventions for, 
echocardiographic guidance of.

handheld, 146-154. See also Handheld 
echocardiography.

instruments for, types of, 146-147, 147t-148t
intracardiac, 118-129. See also Intracardiac 

echocardiography (ICE).
3D, 67-94. See also 3D echocardiography.

Effusion, pericardial, 571-572. See also Pericardial 
effusion.

Effusive constrictive pericarditis, 579-580
Ehlers-Danlos syndrome, 759
Ejection, in left ventricular physiology, 183t, 187

Ejection fraction
hemodynamic determinants of, 167
in intraoperative ventricular function monitoring, 

28-29, 29f
in left ventricular systolic function assessment, 

166-167
Elderly. See also Aging.

balloon mitral valvotomy in, 399-401, 400f-401f
diabetic heart disease in, 736
hypertrophic cardiomyopathy of, 530
septal hypertrophy in, hypertrophic cardiomyopathy 

differentiated form, 521
Electronic device, cardiac implantable

evaluation of patient with, 417, 418f
infected, imaging of, 410t, 413-414, 414f

Embolic events, systemic, 791-810. See also Systemic 
embolic events.

Embolism
cardiac, 791
cardiogenic, transesophageal echocardiography in, 

14-15
Emergency department

acute chest pain in, 236-246. See also Acute chest 
pain in emergency department.

handheld echocardiography in, 151, 151b
End-diastolic area, in intraoperative ventricular 

function monitoring, 25-26, 26f
End-systolic area, in intraoperative ventricular 

function monitoring, 25-26
Endocarditis

infective, 408-424. See also Infective endocarditis 
(IE).

mitral annular calcification and, in aging, 781
3D echocardiography in, 86-87, 87f

Endocrinopathies, heart disease in, 733-746
in acromegaly, 742-744, 743t, 744f
in adrenal diseases, 745-746
in Cushing syndrome, 745, 746f
in diabetes mellitus, 733-738. See also Diabetic heart 

disease.
in hyperaldosteronism, 745-746
in hyperthyroidism, 740-742, 741t
in hypothyroidism, 739-740, 740t, 741f
in metabolic syndrome, 738-739, 750f
in primary hyperparathyroidism, 744-745, 745t

Endomyocardial biopsy, after cardiac transplantation, 
590-591, 590f-591f

Endomyocardial fibrosis, restrictive cardiomyopathy 
in, 551-553

Esophageal intubation, for transesophageal 
echocardiography, 3-4

Exercise
hemodynamic changes in, pregnancy changes 

similar to, 669
physiology of, in pregnant women, 670

Exercise echocardiography, 268-291
appropriate use of, 278-279
in cardiac transplantation, applications of, 281-282
comparison of, with other stress modalities, 

277-279, 277t, 278f
coronary artery disease applications of

for initial diagnosis, 279
in known coronary artery disease, 279-280
prognostic, 280, 280f
in women, 280-281, 281t

cost effectiveness of, 278
diagnostic accuracy of, 276-277, 276f, 277t
in dilated cardiomyopathy, applications of, 281-282
Doppler, 274
equipment for, 272
exercise stressors used in, 270-272, 271b, 272t
future directions for, 283-286, 284f-285f
in hypertrophic cardiomyopathy, applications of, 

281, 282f
imaging in, 273-274
interpretation of, 275-276, 275t
methodology for, 272-276
personnel for, 274-275, 275b
physiologic principles of, 268-270, 269f-271f
procedure for, 272-273, 273b, 273f
in pulmonary hypertension, 642-643
quality assurance for, 278-279

in risk stratification prior to noncardiac surgery, 
281

room layout for, 274, 274f
safety of, 278, 279b
3D, 285-286
in valvular heart disease, applications of, 282-283, 

283f
Exercise-stimulating agents, in nonexercise stress 

echocardiography, 293-294
technical aspects of, 299-300

Exercise stress, cardiac response to, in aging, 778
Exercise stress echocardiography

as alternative to nonexercise stress 
echocardiography, 311, 311f

in coronary artery disease detection, 54-56, 57t

F
Fabry disease

hypertrophic cardiomyopathy differentiated from, 
519

restrictive cardiomyopathy, 554-555, 555f
Familial aortic dissection, 696
Familial thoracic aortic aneurysm and dissection,  

762
Femoral venous cannula positioning, intraoperative 

transesophageal echocardiography in, 37, 37f
Fibrillinopathies, 760
Fibroelastoma, papillary, 908-912. See also Papillary 

fibroelastoma.
Fibroma, cardiac, 907t, 915, 915f
Fistula(s)

coronary artery, 867, 867f
formation of, in infective endocarditis, 410t, 413, 

413f
management of, 420

Fluid dynamics, of prosthetic valves, 450-469. See also 
Prosthetic valve fluid dynamics.

Fluoroscopy, in structural heart disease interventions, 
97, 97t

Fontan atrial surgery, issues resulting from, 887t, 
889-892, 889f-892f

Foramen ovale, patent. See Patent foramen ovale 
(PFO).

Four-chamber views, in transesophageal 
echocardiography, 4t, 5f-6f, 8-9, 8f

Fractional shortening, in left ventricular systolic 
function assessment, 167-168, 167f

Frank-Starling mechanism, 160

G
Gaucher disease, restrictive cardiomyopathy, 553-554
Gender

diabetic heart disease and, 736
left ventricular response to aortic stenosis and, 

436-437
Gene delivery, microbubbles in, 56f, 60-61
Genetic diseases, aortic dissection risk and, 695-696
Genetics, molecular, of hypertrophic cardiomyopathy, 

518
Glenn shunts, palliative, issues resulting from, 880t, 

881-882
Global systolic function, in intraoperative ventricular 

function monitoring, 26-30
Glycogen storage disorder

hypertrophic cardiomyopathy differentiated from, 
519-520

restrictive cardiomyopathy, 554
Gorlin formula, in aortic valve area calculation, 

continuity equation method compared with, 
431-432, 432f

Great arteries
color and spectral Doppler evaluation of, 843,  

843f
congenital disorders of, determination of, 840
morphology of, 834-835, 835f
transposition of

congenitally corrected, 869-870, 869f, 870b
corrective procedures for, issues resulting from, 

887-888, 887t

Exercise echocardiography (Continued)
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H
Hand-carried ultrasound (HCU) devices, 146. See also 

Handheld echocardiography.
Handheld echocardiography, 146-154

accuracy of, 147-148, 149f
background on, 146-148
in cardiology, 152-153, 152f
clinical applications of, 151-153
education and training guidelines and requirements 

for, 150-151
for emergency physicians, 151
for intensivists, 151
for medical residents, 150-151
for medical students, 150
recommendations on, 151

in emergency department, 151, 151b
future directions for, 153
in intensive care unit, 151
in internal medicine, 150f, 152
reliability of, 147-148
ultrasound “stethoscope” in, 148-150, 149f-150f, 

150b
HCM. See Hypertrophic cardiomyopathy (HCM).
Heart

anatomy of, 835-840
atrial situs in, 836-838
atrioventricular valves in, 838-840, 839f
concordant and discordant arrangements in, 836, 

836f-837f, 836t
great arteries in, 840
nonsegmental abnormalities in, 836
segmental approach to, 835-836, 835t
semilunar valves in, 840
venous connections in, 836-838, 837f-838f
ventricles in, 838-840

artificial, 598t, 599, 600f
athlete’s hypertrophic cardiomyopathy differentiated 

from, 520-521, 521f, 521t
calcification of, in primary hyperparathyroidism, 

744
donor, evaluation of, 586
function of, changes in aging, 777-778, 778t, 779f
left-sided, 831
morphology of, 833-835, 833f-835f, 833t
position of, 831-833, 831f
response of

to exercise stress in aging, 778
to pressor stress in aging, 778

right, Doppler evaluation of, 203
right-sided, 831-833, 832f-833f
transplantation of, 585-596. See also Cardiac 

transplantation.
tumors of, 902-928. See also Cardiac tumors.
univentricular, 840-842, 841f-842f

functional, 871, 871b
valves of. See also Valve entries.

calcification of, in aging, 776-777, 777f, 778t
changes in, in aging, 775-776, 777t

Heart disease
congenital. See Congenital heart disease (CHD).
hypertensive, diastolic function assessment in, 

211-212
ischemic, diastolic function assessment in, 212
nutritional deficiencies and, 752-753, 752t
in pregnancy, 664-689. See also Pregnancy; 

Pregnancy, heart disease in.
structural, 95-97. See also Structural heart disease 

(SHD).
Heart failure (HF), 496-516

in aging, 782-784, 783b, 783f-784f
cardiac resynchronization therapy for, 508-511,  

511f
definition of, 496, 497f
diastolic, 198-200, 199f, 199t
end-stage, cardiac transplantation for, 585. See also 

Cardiac transplantation.
etiology of, 498, 498f
heart transplantation for, 512-513
intraaortic counterpulsation for, 508
left

acute, 498-499, 500f
chronic, 499-505, 500f-503f

echocardiographic diagnosis of, 498-505
systolic versus diastolic, 503-505, 505f

left ventricular dyssynchrony in, detection 
techniques for, 511-512, 512f-514f

left ventricular remodeling to, 502-503, 504f
mechanical therapies in, echocardiography for, 

507-513, 509f
pharmacologic therapy for, 507, 508f

echocardiography in, 507
in pregnancy, 684
prevalence of, 496-498
right

chronic, 506
echocardiographic diagnosis of, 505-507

right ventricular, acute, 505-506, 506f-507f
right ventricular remodeling to, 506-507
surgical valve repair or replacement for, 508
ventricular assist devices for, 508, 510f. See also 

Ventricular assist devices.
Heart murmur, in pregnancy, 684-685
Heart rate, diastolic function and, 198
Hemangioma, cardiac, 907t, 912-914, 913f
Hematoma, of aorta, intramural, 697

diagnosis of, transesophageal echocardiography in, 
703

Hemochromatosis, restrictive cardiomyopathy in, 551
Homocystinuria, 760
Hyperaldosteronism, primary, heart disease in, 

745-746
Hypereosinophilic syndrome, restrictive 

cardiomyopathy in, 551-553, 552f
Hyperparathyroidism, primary, heart disease in, 

744-745, 745t
Hypertension

in diabetic heart disease, 736, 738f
diastolic function assessment in, 211-212
pregnancy-induced, 670-671, 671t
pulmonary, 629-645. See also Pulmonary 

hypertension (PH).
Hypertensive heart disease, diastolic function 

assessment in, 211-212
Hyperthyroidism, heart disease in, 737f, 740-742
Hypertrophic cardiomyopathy (HCM), 517-541

alcohol septal ablation for, 109-110, 110f
asymmetric apical, 527, 528f-529f
athlete’s heart differentiated from, 520-521, 521f, 

521t
condition mimicking, 519, 519b
diagnosis of, 518-519, 518f
diastolic function assessment in, 211
diastolic function evaluation in, 530-531, 530b
differential diagnosis of, 519-521, 519b, 520f-521f, 

521t
Doppler evaluation in, technical aspects of, 525-526, 

526f
dual-chamber pacing in, 532
echocardiographic evaluation of, 521-523
of elderly, 530
epidemiology of, 517-518
exercise echocardiography applications in, 281, 282f
family screening for, 519, 519t
impaired coronary circulation in, 325
latent obstructive, 525
medical therapy in, 532
midventricular obstructive, 527-530, 529f
mitral regurgitation in, 526, 526b, 527f
molecular genetics of, 518
obstructive, treatment strategies for, compared, 537, 

537t
outflow tract obstruction in, Doppler assessment of, 

523-525, 525f
in pregnancy, 682, 682f
prognostication in, by echocardiography, 531-532
septal ethanol ablation in, 532-534, 533f-534f
septal hypertrophy in elderly differentiated from, 

521
storage diseases differentiated from, 519-520
strain imaging in, 531, 531f
subtypes of, 527-530
surgical myectomy in, 534-537, 535f-536f
3D echocardiography in, 86

Hypertrophy, septal, in elderly, hypertrophic 
cardiomyopathy differentiated from, 521

Hypothyroidism, heart disease in, 739-740, 740t,  
741f

I
ICE. See Intracardiac echocardiography (ICE).
ICU patients, critically ill, transesophageal 

echocardiography in, 16
IE. See Infective endocarditis (IE).
Image acquisition, in echocardiographic chest pain 

evaluation in ED, 237, 238f-239f
Image interpretation, in echocardiographic chest pain 

evaluation in ED, 238-239, 240f
Imagify, in ultrasound contrast imaging, 46, 47f-48f
Immune-mediated injury, systemic diseases 

characterized by, 712-732. See also Rheumatologic 
diseases.

Implantable electronic device, cardiac
evaluation of patient with, 417, 418f
infected, imaging of, 410t, 413-414, 414f

Infective endocarditis (IE), 408-424
acute aortic regurgitation from, 384
background of, 408
clinical decision making in

alternative approaches to, 421
echocardiographic approach to, 408-424

in diagnosis, 414-417, 415f, 415t-416t, 418f
in follow-up, 421
future directions for, 421
limitations of, potential, 421
in management, 417-421, 419f
quantitation of, 413
research applications of, 421
technical details of, 409-414

prosthetic valve, 471-472
evaluation of, alternative approaches to, 491,  

492f
management of, Doppler echocardiography in, 

490-491, 490f
transesophageal echocardiography in, 14

Inferior vena cava, plethora of, in pericardial 
tamponade, 574t, 575

Intensive care unit, handheld echocardiography in, 
151

Internal medicine, handheld echocardiography in, 
150f, 152

Interventional procedures, transesophageal 
echocardiographic monitoring of, 16-17

Intraaortic balloon pump positioning, intraoperative 
transesophageal echocardiography in, 34-35, 35f

Intraaortic counterpulsation, for heart failure, 508
Intracardiac air, in monitoring separation from 

cardiopulmonary bypass, 32, 33f
Intracardiac echocardiography (ICE), 118-129

developments in, 118
in device closure of interatrial communications 

guidance, 120-122, 121b, 121f
equipment and handling procedures for, 118-120, 

119b, 119f-120f, 119t
in guidance of structural heart disease 

interventions, 111, 112f-113f
limitations of, 127-128, 128t
in percutaneous left atrial appendage closure 

monitoring, 122, 122f
in periinterventional imaging

of ascending aorta, 125, 126f
of descending thoracic aorta, 125-127, 126f-127f
of mitral valve, 127

in perioperative imaging of ascending aorta, 125, 
126f

in radiofrequency pulmonary vein ablation 
guidance, 122-123, 122f-123f

standardized views using, 120t
in transcatheter aortic valve implantation 

monitoring, 123-125, 123f-125f
Intracardiac masses, 3D echocardiography in, 88
Intracardiac tumors. See Cardiac tumors.
Intramural hematoma, of aorta, 697

diagnosis of, transesophageal echocardiography in, 
703

Heart failure (HF) (Continued)
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Intraoperative echocardiography (IOE), in mitral valve 
repair, 351-366. See also Mitral valve repair, 
intraoperative echocardiography in.

Intravascular device positioning, intraoperative 
transesophageal echocardiography in, 34-37

Intravascular ultrasound (IVUS), 130-145
angiography versus, 133-134
in atherosclerotic plaque assessment, 138, 139f
in bioabsorbable stent evaluation, 140
in bioabsorbable stent implantation guidance, 

evaluation of results of, 140-142
clinical application of, 134-142
gray-scale, 130, 131f
image formation with, 130-132, 131f
image interpretation with, 132, 132f
in in-stent restenosis treatment evaluation, 140, 

141f-142f
integration of, into practice, 134
in interventional complications assessment, 138
in left main coronary artery disease assessment, 135, 

135f
in lesion length assessment, 135-136
in lesion morphology assessment, 136-138, 

136f-138f
in no-reflow prediction during interventional 

procedures, 138
practical recommendations for, 142
radiofrequency, 133, 133f
in reference lumen dimensions assessment, 135-136, 

135f
in restenosis reduction, 139-140, 140f
safety of, 131f, 134
standard acquisition protocol for, 134
in stenosis severity assessment, 134-135
technical background on, 130-134

Intubation, esophageal, for transesophageal 
echocardiography, 3-4

Ischemic cascade, 269, 269f
Ischemic heart disease

acute chest pain in emergency department in, 
236-246

acute ischemia in, physiology of, 236-237
coronary care unit for, 247-267. See also Coronary 

care unit.
diastolic function assessment in, 212
echocardiographic evaluation for, limitations of,  

243
in pregnancy, 683-684

Isovolumic acceleration, in right ventricular systolic 
function evaluation, 625

Isovolumic contraction, in left ventricular physiology, 
186-187

Isovolumic relaxation
in diastole, 197
in left ventricular physiology, 188

IVUS. See Intravascular ultrasound (IVUS).

K
Keshan heart disease, 752, 752t
Kidney. See Renal entries.
Kwashiorkor, heart disease in, 753

L
Leaflet fibrosis, in systemic lupus erythematosus, 

713-714
Leaflet perforation, in infective endocarditis, 409-410, 

412f, 431t
Left anterior descending (LAD) coronary artery, blood 

flow detection in, 319, 321f
Left atrial appendage

function of, 814, 815f
percutaneous closure of

echocardiographic guidance of, 110-111
intracardiac echocardiographic monitoring of, 

122, 122f
Left atrial appendage flow, in transesophageal 

echocardiography, 12
Left atrial pressure monitoring in operating room, 

23-25, 25f
Left atrial strain evaluation, 209

Left atrial thrombus(i)
detection of, in atrial fibrillation, 816-820, 

816f-820f, 816t
transesophageal echocardiography of, 14-15, 791, 

793f, 795f, 797-799, 798f
Left atrial volume index, in diastolic function 

evaluation, 207, 208t
Left atrium

anatomy of, 811-812, 812f
compression, inversion, or collapse of, 573, 574t
function of, diastolic function and, 198
size of

in aging, outcomes and, 782, 782t, 783f
atrial fibrillation and, 815-816
changes in, with aging, 775, 775f, 776t

volume of, in risk stratification after acute 
myocardial infarction, 262

Left bundle branch block (LBBB), effect of, on left 
ventricular function, 191-192, 191f-192f

Left circumflex (LCx) coronary artery, blood flow 
detection in, 319, 321f

Left heart disease, pulmonary hypertension related to, 
639-643

Left main coronary artery (LMCA)
blood flow detection in, 319, 320f
disease of, assessment of, intravascular ultrasound 

in, 135, 135f
Left ventricle

cavity of, opacification of, improved, microbubbles 
in, 58-59

compliance of, diastolic function and, 198, 198f
in connective tissue disorders, 766
diastolic function of, changes in, in aging, 778, 778t, 

779f
dimensions of, changes in, with aging, 774-775, 776t
dyssynchrony of

in heart failure, detection techniques for, 511-512, 
512f-514f

mechanical, mechanisms of, 191
3D echocardiography in, 85-86, 87f

filling of, monitoring of, in operating room, 23-26
filling pressures for, estimation of, 205, 205f
free wall of, rupture of, complicating acute 

myocardial infarction, 255-256, 256f
function of

effect of left bundle branch block on, 191-192, 
191f-192f

3D echocardiography of, 72-74
with ventricular assist devices, 605

geometry of, assessment of, 2D echocardiography 
in, 164-165

hypertrophy of
in acromegaly, 743, 743t
in aging, 781-782
in chronic kidney disease, 747, 747f
in obesity, 750-751, 751f
pressure overload, LV function quantitation in, 

156
volume overload, LV function quantitation in, 

156, 158f
mass of

assessment of
M-mode echocardiography in, 161-162, 161f, 

165b
2D echocardiography in, 164, 165b

changes in
with aging, 774-775
in cardiac allograft during acute rejection, 590

3D echocardiography of, 74-75, 76t
opacification of, contrast echocardiography for, 308
outflow tract of. See Left ventricular outflow tract 

(LVOT).
percutaneous interventions in, echocardiographic 

guidance of, 109-110, 110f
physiology of

diastole in, 188-189, 189f
ejection in, 183t, 187
isovolumic contraction in, 186-187
isovolumic relaxation in, 188
normal, 186-189, 187f-189f

in primary hyperparathyroidism, 745, 745t
pseudoaneurysm of, percutaneous closure of, 110

quantitative evaluation of, 156-176
definitions and theoretical considerations on, 

157-161, 159b, 159f
potential limitations of, 173-174
of structure

Doppler echocardiography in, 165-166, 165f
M-mode echocardiography in, 161-164, 161f, 

162t, 163f
magnetic resonance imaging in, 166
2D echocardiography in, 164-165, 165b

of systolic function, 166-173, 166b
ejection fraction in, 166-167
fractional shortening in, 167-168, 167f-168f
myocardial performance index in, 168, 168f
pressure-volume analysis in, 170-173, 

172f-173f
stress-shortening relations in, 168-170, 

169f-172f
remodeling of

to heart failure, 502-503, 504f
for mitral regurgitation, 107-108
in risk stratification after acute myocardial 

infarction, 262
response of, to valvular aortic stenosis, 435-437
rotation and twist of, speckle tracking 

echocardiography of, 185-186, 186f-187f
systolic dysfunction in, in diabetic heart disease, 

733-735, 734f
systolic function of

changes in, in aging, 777
in risk stratification after acute myocardial 

infarction, 260-261
torsion of. See Torsion, left ventricular.
in transesophageal echocardiography

four-chamber views of, 4t, 5f, 8
transgastric views of, 4t, 5f, 9, 9f-10f

volume of
assessment of

M-mode echocardiography in, 162, 162t,  
165b

2D echocardiography in, 164, 165b
3D echocardiography of, 72-74, 73t, 75f

wall motion of, regional, in risk stratification after 
acute myocardial infarction, 261

wall thickness of
assessment of, M-mode echocardiography in, 

161f, 162-164, 163f
changes in

with aging, 774, 775f
in cardiac allograft during acute rejection, 590

Left ventricular assist device (LVAD), positioning of, 
intraoperative transesophageal echocardiography 
in, 35-36, 36f

Left ventricular diastolic function monitoring in 
operating room, 25, 25f

Left ventricular end-diastolic diameter, in ventricular 
assist devices, 604-605

Left ventricular hypertrophy (LVH), severity, 
distribution, and patterns of, 521, 522f

Left ventricular outflow tract (LVOT)
congenital anomalies of, 852-857
in intraoperative ventricular function monitoring, 

26-27, 27f
obstruction of, 523-526

in hypertrophic cardiomyopathy, Doppler 
assessment of, 523-525, 525f

pathophysiology of, 523, 523b
in transesophageal echocardiography, four-chamber 

views of, 4t, 6f, 9
Left ventricular thrombus, complicating acute 

myocardial infarction, 259-260, 260f-261f
Left ventricular-type univentricular heart, 841, 

841f-842f
Left ventricular vent positioning, intraoperative 

transesophageal echocardiography in, 37
Left ventricular volumes, in intraoperative ventricular 

function monitoring, 26
Lesion length, assessment of, intravascular ultrasound 

in, 135-136
Lesion morphology, assessment of, intravascular 

ultrasound in, 136-138, 136f-138f

Left ventricle (Continued)
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Libman-Sacks vegetations, in systemic lupus 
erythematosus, 713, 713f-716f

Lipoma, 907t, 912, 912f-913f
Loeys-Dietz syndrome, 760-761, 760b
Lung transplantation

for pulmonary arterial hypertension, 638
ventricular function monitoring during, 37, 38f

LVOT. See Left ventricular outflow tract (LVOT).
Lymphoma, 917

M
M-mode echocardiography

changes on, in pregnancy, 668, 668t
in left ventricular mass assessment, 161-162, 161f, 

165b
in left ventricular relative wall thickness assessment, 

161f, 162-164, 163f
in left ventricular volume assessment, 162, 162t, 

165b
Magnetic resonance imaging (MRI)

in aortic dissection diagnosis, 701, 701f
cardiac

in guidance of structural heart disease 
interventions, 113

in restrictive cardiomyopathy, 547
in connective tissue disorder diagnosis, 770-771, 

771f
Malnutrition, protein-calorie, heart disease and, 753
Marfan syndrome, 758-759, 759b

aortic dissection risk and, 695-696, 695f
pregnancy in patients with, 683, 683f

Meridional stress, calculation of, 159
Mesotheliomas, 917-918, 918f
Metabolic syndrome, heart disease in, 738-739, 768f
Methamphetamine use, aortic dissection risk and, 695
MI. See Myocardial infarction (MI).
Microbubbles

in carotid artery atherosclerosis detection, 60
characteristics of, 45-46, 46t
in contrast perfusion imaging of other organs, 

59-60
diagnostic applications of, 58-60
in Doppler enhancement, 59
in drug and gene delivery, 56f, 60-61
for improved left ventricular cavity opacification, 

58-59
in molecular imaging with contrast ultrasound, 60
targeted delivery of, in cardiac tumor diagnosis, 924
therapeutic applications of, 60-61
in thrombolysis, 56f, 60-61

Midventricular obstruction, hypertrophic 
cardiomyopathy with, 527-530, 529f

Midwall stress-shortening analysis, 169-170, 169f-172f
Mitral annulus, 330-331, 331f

calcification of, in aging, 779-781, 780f-782f, 782t
remodeling of, for mitral regurgitation, 107-108

Mitral inflow
Doppler recordings of, in diastolic filling 

assessment, 201-202, 202f
at peak Valsalva maneuver, 202, 203f

Mitral regurgitation (MR), 330-350
acute, complicating acute myocardial infarction, 

252-253, 253f
causes of, 332t
complicating aortic dissection, 707
congenital, 850
in hypertrophic cardiomyopathy, 526, 526b, 527f
interventions for, echocardiographic guidance of, 

105-108
coronary sinus annuloplasty as, 106-107
percutaneous edge-to-edge mitral repair as, 106, 

107f-108f
percutaneous left ventricular and mitral annulus 

remodeling as, 107-108
in left heart failure, mechanism of, 501, 503f
mechanism of, 332-335, 332f-335f, 332t
mitral valve repair for, 353-358. See also Mitral valve 

repair, intraoperative echocardiography in, 
prepump, for mitral regurgitation.

paravalvular, percutaneous closure of, 363-364, 364f
percutaneous edge-to-edge repair of, 363, 363f

in pregnant patients, 681, 681f
quantification of, 335-343

color Doppler methods in, 336-341, 337f, 338t
continuous wave Doppler pattern in, 343
distal jet area method of, 336, 337f, 338t
proximal isovelocity surface area method of, 

338-341, 338f-339f, 338t
geometric factors influencing, 340, 340f
technical factors of, 340-341, 340f-341f

pulmonary venous inflow pattern in, 341-343, 
342f

supportive evidence in, 341-343
3D echocardiography in, 343, 344f, 345t
vena contracta method of, 337-338, 337f-338f, 

338t
volumetric methods of, with pulsed Doppler 

imaging, 341, 341f-342f
in risk stratification after acute myocardial 

infarction, 263, 263f
surgical intervention for, timing of, 343-346

determination of mechanism in, 345-346, 
346f-347f

pathophysiology in, 343-345, 344f, 346f
3D echocardiography of, 78-81, 79f-80f
transesophageal echocardiography in, 13

Mitral stenosis (MS)
alternative approaches to, 403-404
background on, 389
balloon mitral valvotomy for, 389-407. See also 

Balloon mitral valvotomy (BMV).
complicating mitral valve repair, 362
congenital, 850
echocardiographic approach to, 389-391

in assessment of consequences, 390
associated lesions and, 390-391
in diagnosis, 389-390
future directions for, 403
mitral regurgitation and, 390
potential limitations of, 403
research applications of, 402-403, 402t-403t
in severity evaluation, 390, 390t
techniques in, 391
thromboembolic complications and, 391
in valve anatomy assessment, 390, 391f, 403, 403t

in pregnant patients, 679-681, 680f
3D echocardiography of, 77-78, 78f-79f
transesophageal echocardiography in, 13

Mitral valve
anatomy of, 330-335

echocardiographic assessment of, before balloon 
mitral valvotomy, 390, 391f

evaluation of, in predicting BMV results, 403, 
403t

in mitral stenosis, in predicting BMV results, 392, 
393t-394t

chordae tendinae of, 331-332, 332f
congenital anomalies of, 850, 851f
congenital disorders of, determination of, 838-839, 

839f
disease of. See also Mitral regurgitation (MR); 

Mitral stenosis (MS).
in rheumatoid arthritis, 720, 721f
3D echocardiography of, 77-81

embryology of, 330-335
in intraoperative ventricular function monitoring, 

28
leaflets of, 331, 331f

systolic anterior motion of, in left ventricular 
outflow tract obstruction, 523, 524f

morphology of, 834, 834f
papillary muscles of, 331-332, 332f
periinterventional imaging of, intracardiac 

echocardiography in, 127
prolapse of

in connective tissue disorders, 765-766, 765f
in left heart failure, 501, 503f
mitral regurgitation from, 332-333, 332f
in pregnancy, 685

prosthetic
high transprosthetic gradients in, interpretation 

of, 487f, 488

regurgitation
imaging considerations in, 481f-482f, 483-484, 

484t
recognition and quantitation of, 483-484
severity of, parameters of, 484, 484t

repair of, 351-366. See also Mitral valve repair.
in transesophageal echocardiography

four-chamber views of, 4t, 5f, 8-9
transgastric views of, 4t, 9, 10f

transesophageal echocardiography of, 13
Mitral valve repair, 351-366

for heart failure, 508
intraoperative echocardiography in, 351-366

annuloplasty dehiscence complicating, 361, 361f
complications of, 360-362
equipment for, 352, 352f
examination for, 352-353, 353f
indications for, 351, 352b
involving commissurotomy, 362
left ventricular systolic function complicating, 

361-362
mitral stenosis complicating, 362
need for, in patients undergoing cardiac surgery 

for other reasons, determining, 358-359
perforation jet lesions complicating, 361
postpump, 359-360

impact on clinical outcome, 360
incomplete mitral repair in, 359-360
intraoperative findings in, 359, 359t
timing of, 359

prepump, for mitral regurgitation, 353-358, 353t
apical tethering of normal leaflets in, 357-358, 

358f
excessive leaflet motion in, 356-357, 357f-358f
mechanism of regurgitation in, 355-358
normal leaflet motion in, 358, 358t
organized approach to mitral valve imaging in, 

355-358, 355f-356f
restricted leaflet motion in, 357
severity of regurgitation in, 353-355

suture dehiscence complicating, 361
systolic anterior motion of mitral valve 

complicating, 360-361, 361f
technique of, 351-353
tricuspid regurgitation complicating, 362

minimally invasive and robotic, transesophageal 
echocardiography in, 362

transcatheter, transesophageal echocardiography in, 
363-364, 363f-364f

Mixed connective tissue disease, 726, 727t-728t
Molecular genetics, of hypertrophic cardiomyopathy, 

518
Molecular imaging, with contrast ultrasound, 60
MS. See Mitral stenosis (MS).
Multimodality imaging, in guidance of structural 

heart disease interventions, 113
Myectomy, surgical, for hypertrophic cardiomyopathy, 

534-537, 535f-536f
Myocardial contrast echocardiography, in acute chest 

pain evaluation in ED, 239, 241f
clinical use of, 239-240, 241f

Myocardial disease(s)
in ankylosing spondylitis, 723
diastolic function assessment in, 210-211, 212f
in hypothyroidism, 740, 741f
in mixed connective tissue disease, 726
in polymyositis and dermatomyositis, 726
in primary antiphospholipid syndrome, 719
in rheumatoid arthritis, 721-722
in scleroderma, 725
in systemic lupus erythematosus, 717

Myocardial infarction (MI)
acute. See Acute myocardial infarction.
diagnostic challenge of, 236
nonexercise stress echocardiography in prognostic 

evaluation after, 305, 306t
pericarditis and pericardial effusion after, 252
transesophageal echocardiography in, clinical utility 

and outcome data with, 792-794
transthoracic echocardiography in, clinical utility 

and outcome data with, 792-794

Mitral regurgitation (MR) (Continued) Mitral valve (Continued)
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Myocardial ischemia, 189-190, 190f
exercise ECG testing in diagnosis of, 269, 269f

Myocardial performance index, 168, 168f
Myocardial perfusion

contrast echocardiography in assessment of, 
308-309, 308f-309f

3D echocardiography in, 87-88
Myocardial velocities, tissue Doppler imaging of

color Doppler in, 177-178, 178f-180f
limitations of, 178-179

Myocardial viability
assessment of

in acute and chronic setting, 53, 54t
nonexercise stress echocardiography in, 305-308

diagnosis of, pharmacologic stress echocardiography 
versus perfusion scintigraphy in, 307f, 311-312, 
313t

Myocardium
displacement of, tissue Doppler imaging of, 

179f-180f, 181
mechanics of, 177-196

cardiac synchrony and, 190-192
left ventricular physiology and, 186-189, 

187f-189f
mechanical dispersion and, 192-193, 193f
right ventricular function and, 193-194
speckle tracking echocardiography in evaluation 

of, 183-186. See also Speckle tracking 
echocardiography (STE).

tissue-Doppler imaging in evaluation of,  
177-183. See also Tissue-Doppler imaging 
(TDI).

relaxation of, diastolic function and, 198
stunned, 269-270

Myxomas, cardiac, 904-908
clinical setting of, 906
differential diagnosis of, 908
echocardiographic features of, 908
features of, 907t
gross appearance of, 906-908, 908t, 909f
imaging modalities for, 908
location of, 906, 907f-908f

N
Nutritional deficiencies, heart disease and, 752-753, 

752t

O
Obesity

in diabetic heart disease, 736
heart disease in, 749-752, 749t, 750f-751f

Operating room, ventricular function monitoring in, 
23-44. See also Ventricular function, 
intraoperative, monitoring of.

Optisom, in ultrasound contrast imaging, 46

P
PA. See Pulmonary artery (PA).
Pacing stress, in nonexercise stress echocardiography, 

294
in coronary artery disease diagnosis, 302
technical aspects of, 300-301

PAH. See Pulmonary arterial hypertension (PAH).
Palpitations, in pregnancy, 685
Pannus, prosthetic valve, 470-471, 471f
Papillary fibroelastoma, 908-912

clinical manifestations of, 909-910
clinical setting of, 909
differential diagnosis of, 911-912, 911f
echocardiographic diagnosis of, 910, 910f-911f
features of, 907t
gross pathology of, 909
imaging modalities for, 911
location of, 909, 910f

PAPS (primary antiphospholipid syndrome), 718-719, 
719f

Paraganglioma, cardiac, 907t, 915, 916f
Paravalvular regurgitation, management of, Doppler 

echocardiography in, 491

Patent ductus arteriosus (PDA), 865-866, 865f
corrective procedures for, issues resulting from, 

882t, 884
echocardiographic evaluation of, 866, 866f
management of, 866, 866f
percutaneous device closure of, intracardiac 

echocardiography imaging in, 127, 127f
Patent foramen ovale (PFO), 857

cryptogenic stroke and, 800-802, 800f, 801t
echocardiographic guided interventions for, 

101-102, 104f
transesophageal echocardiography in, 799-801, 800f
transthoracic echocardiography in, 799-801, 800f

PDA. See Patent ductus arteriosus (PDA).
Percutaneous closure

of aortic pseudoaneurysms, 111
of left atrial appendage, 110-111

Percutaneous edge-to-edge mitral repair, 106, 
107f-108f

Percutaneous pulmonic valve implantation, 109
Perfusion scintigraphy, pharmacologic stress 

echocardiography versus, 311-312, 312t-313t
Pericardial disease, 565-584

in ankylosing spondylitis, 723
echocardiographic evaluation for, 567, 567b
pericardial effusion in, 571-572, 571f. See also 

Pericardial effusion.
pericardial tamponade in, 572-578. See also 

Pericardial tamponade.
transesophageal echocardiography in, 16

Pericardial effusion, 571-572
after cardiac transplantation, 591
appearance of, factors affecting, 572
clinical considerations on, 572, 572f
in hypothyroidism, 740
as incidental finding, 580
M-mode echocardiography in, 571-572, 571f
pericardial fluid volume in, determining, 572
pericardial tamponade from, 572-578. See also 

Pericardial tamponade.
postinfarction, 252
3D echocardiography in, 88
2D echocardiography in, 571-572, 571f

Pericardial fluid, 565, 566f
localized and loculated collections of, 576f, 577

Pericardial tamponade, 572-578
Doppler echocardiography in, 566f, 575-576, 

575f-577f
inferior vena cava in, plethora of, 574t, 575
left atrial compression, inversion, or collapse in, 

573, 574t
patient management in, echocardiography in, 

576-577
guiding pericardiocentesis, 577-578, 578b, 579f
in localized and loculated pericardial fluid 

collection detection, 576f, 577
phasic respiratory changes in, 574t, 575
right atrial compression, inversion, or collapse in, 

573, 573f, 574t
right ventricular compression, inversion, or collapse 

in, 572-573, 573f, 574t
Pericardiocentesis, echocardiographically guided, 

577-578, 578b, 579f, 580t
Pericarditis

acute, 579, 579f
causes of, 568b
constrictive, 568-571. See also Constrictive 

pericarditis.
in mixed connective tissue disease, 726
in polymyositis and dermatomyositis, 726
postinfarction, 252
in rheumatoid arthritis, 720
in scleroderma, 725
in systemic lupus erythematosus, 718

Pericardium
anatomy of, 565, 566f
congenital absence of, 580-581, 581f
congenital disorders of, 580-581, 581f
cysts of, 581
diastolic function and, 198
disease of, 565-584. See also Pericardial disease.
functions of, 565-567

inflammation of, 568-571. See also Pericarditis.
pressure-volume relationships in, 565-567, 566f
ventricular assist devices and, 606

PFO. See Patent foramen ovale (PFO).
PH. See Pulmonary hypertension (PH).
Pharmacologic stress echocardiography, 292-317.  

See also Stress echocardiography, nonexercise.
Pharmacologic therapy, for heart failure, 507, 508f

echocardiography in, 507
Plaque, atherosclerotic

intravascular ultrasound assessment of, 138, 139f
in proximal aorta, systemic embolic events and, 

802-804, 803f, 803t
Polymyositis, 725-726, 727t-728t
Posterior descending coronary artery, blood flow 

detection in, 319, 321f
Postpartum hemodynamic and cardiac anatomy 

changes, 669
Potts shunt, palliative, issues resulting from, 880-881, 

880t
Preeclampsia, 670-671, 671t
Pregnancy

alternative approaches in, 685
aortic dissection risk and, 695
arrhythmias in, 685
balloon mitral valvotomy in, 400
Doppler echocardiography in

in cardiac output measurement, technical aspects 
of, 667t, 668-669

in hemodynamic evaluation, 669-670, 670f
transvalvular flows in, 668-669, 669t

echocardiographic monitoring in, 684
heart disease in, 664-689

aortic dissection as, 683
cardiomyopathies as, 682-683, 682f
congenital, 673-678. See also Congenital heart 

disease (CHD), in pregnant patient.
ischemic, 683-684
Marfan syndrome as, 683, 683f
predictors of, 672b
valvular, 678-681

prosthetic heart valves for, 681, 682f
valvular regurgitation as, 681, 681f
valvular stenosis as, 678-681, 679f-680f

heart failure in, 684
heart murmur in, 684-685
hemodynamic changes in

Doppler echocardiographic evaluation of, 
669-670, 670f

exercise changes similar to, 669
normal, 664-665

hypertension induced by, 670-671, 671t
limitations of echocardiography in, 685
mitral valve prolapse in, 685
palpitations in, 685
pulmonary edema in, 684, 684t
pulmonary vascular disease in, 672-673

Preload, definition of, 160
Pressor stress, cardiac response to, in aging, 778
Pressure-volume analysis, in left ventricular systolic 

function assessment, 170-173, 172f-173f
Primary antiphospholipid syndrome (PAPS), 718-719, 

719f, 727t-728t
Prosthetic materials, in congenital heart disease repair, 

issues from, 878, 880f
Prosthetic valve(s)

aortic, 3D echocardiography of, 82, 82f
endocarditis of, management of, Doppler 

echocardiography in, 490-491, 490f
evaluation of patient with, 417
fluid dynamics of, 450-469. See also Prosthetic valve 

fluid dynamics.
function/dysfunction of, 470-494

Doppler-echocardiographic evaluation of, 
473-486

clinical data in, 473
data interpretation in, 486-488
Doppler velocity index in, 473t-474t,  

479-480
effective orifice area in, 476-479, 478f, 479t
energy loss index in, 480

Pericardium (Continued)
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leaflet morphology and mobility in, 472f, 
473-474, 475f

limitations, alternative approaches, and future 
directions of, 491-492, 491t, 492f

in management of specific prosthetic 
valve-related complications, 488-491

pressure recovery influence on, 480
in prosthetic pulmonary valve, 486
in prosthetic tricuspid valve, 485-486
in prosthetic valve regurgitation

aortic, 480-483, 481f-482f, 483t
indirect signs and consequences of, 485
mitral, 481f-482f, 483-484, 484t
recognition and quantitation of,  

480-485
in prosthetic valve stenosis recognition and 

quantitation, 473-480, 473t-474t
leaflet morphology and mobility in, 472f, 

473-474, 475f
quantitative parameters in, 473t-474t, 

474-480, 476f-478f, 479t
quantitatve parameters in, 474-480
in stentless aortic valve substitutes, 485
stress echocardiography in, 485
timing of, 473
in transcatheter aortic valves, 485, 486f
transprosthetic jet contour and acceleration 

time in, 473t-474t, 474-476, 477f
transprosthetic velocity and gradient in, 

473t-474t, 474, 476f
infective endocarditis as, 471-472
paravalvular regurgitation as, 472, 472f
patient-prosthesis mismatch as, 470, 471t
structural valve deterioration as, 471, 471f
thrombus and pannus as, 470-471, 471f

in vivo evaluation of, 458, 459f
leaflet mobility in, alternative approaches to 

evaluating, 491, 491t, 492f
paravalvular leaks in, repair of, 108
in pregnant patients, 681, 682f
pulmonic, percutaneous implantation of, 109
regurgitation quantitation in, alternative approaches 

to, 491
thrombosis in, management of, Doppler 

echocardiography in, 488-490, 489f-490f
transcatheter valve-in-valve implants for, 108
transesophageal echocardiography of, 13-14

Prosthetic valve fluid dynamics, 450-469
Bernoulli equation in, 452
in bioprostheses

stented, 460f, 461t-462t, 466, 466f, 466t
unstented, 460f, 461t-462t, 466, 466t

conservation of mass in, 450-451, 451f-452f
control volume energy analysis in, 452-453
Doppler gradient in, 455
effective orifice area in, 455-456
mechanical energy in, 451-452, 452f

loss(es) of, 457-458
conversion and, in stenosis, 454, 454f
mechanisms of, 453-454, 453f
novel parameters of, 458

in mechanical valves, 460f, 461t-462t, 462, 
463f-464f, 465t

ball and cage, 460f, 462, 465t
bileaflet, 460f, 461t-462t, 462, 463f-465f,  

465t
tilting disk, 460f, 461t-462t, 462, 463f, 465t

native valve hemodynamics and, 458-460, 459f
pressure drop in, 454-455, 455f
principles of, 450-454
regurgitant volume in, 457
in transcatheter valves, 466-467, 467f

Protein-calorie malnutrition, heart disease and, 753
Proximal coronary artery

blood flow detection in, 319
left, stenosis of, detection of, 323

Proximal isovelocity surface area (PISA) method, of 
mitral regurgitation quantification, 338-341, 
338f-339f, 338t

geometric factors influencing, 340, 340f
technical factors of, 340-341, 340f-341f

Pseudoaneurysm(s)
aortic, percutaneous closure of, 111
complicating acute myocardial infarction, 256-257, 

257f-258f
formation of, after grafts for aortic dissection, 707
in infective endocarditis, 413
of left ventricle, percutaneous closure of, 110

Pulmonary arterial hypertension (PAH), 632-634,  
633f

lung transplantation for, 638
pulmonary venous hypertension differentiated 

from, 640-642, 641f-642f, 641t
Pulmonary artery catheter positioning, intraoperative 

transesophageal echocardiography in, 34, 35f
Pulmonary artery (PA)

banding of, issues resulting from, 878-879, 880f, 
880t

congenital disorders of, determination of, 840
in connective tissue disorders, 766
in intraoperative ventricular function monitoring, 

27, 28f
morphology of, 834-835

Pulmonary artery pressure (PAP)
in pulmonary hypertension, 629
right ventricular afterload and, 629-630

Pulmonary artery systolic pressure, estimation of, 618, 
618f

Pulmonary bifurcation view, in transesophageal 
echocardiography, 8, 8f

Pulmonary edema, in pregnancy, 670f, 684
Pulmonary embolism, acute, pulmonary hypertension 

and, 634-635, 635f-636f
Pulmonary hypertension (PH), 629-645

acute pulmonary embolism and, 634-635,  
635f-636f

arterial, 632-634, 633f
causes of, 629
chronic pulmonary embolism and, 636, 636f
from chronic respiratory disease, 637-638
definition of, 629, 630b
exercise echocardiography in, 642-643
with increased cardiac output, 638-639
in mixed connective tissue disease, 726
in obesity, 751-752
in polymyositis and dermatomyositis, 726
in primary antiphospholipid syndrome, 718-719
pulmonary venous disease and, 636-637
related to left heart disease, 639-643
in rheumatoid arthritis, 722
in scleroderma, 725
in systemic lupus erythematosus, 718
without pulmonary vascular disease, 638-639

Pulmonary thromboembolism, in systemic lupus 
erythematosus, 715

Pulmonary valve
congenital disorders of, determination of, 840
morphology of, 834-835
prosthetic, Doppler-echocardiographic evaluation 

of, 486
Pulmonary vascular disease, 632-637

in pregnancy, 672-673
Pulmonary vascular resistance, estimation of, 618-619
Pulmonary vasculature, right ventricular interaction 

with, 630-632, 631f-633f
Pulmonary vein(s)

connections of, anomalous, 861, 862f
corrective procedures for, issues resulting from, 

887t, 889
disease of, pulmonary hypertension in, 636-637
radiofrequency ablation of, intracardiac 

echocardiographic guidance of, 122-123, 
122f-123f

Pulmonary vein flow
in diastolic filling assessment, 202-203, 204f
in transesophageal echocardiography, 12

Pulmonary venous hypertension, 639-643
pulmonary vascular hypertension differentiated 

from, 640-642, 641f-642f, 641t
Pulmonary venous inflow pattern, in mitral 

regurgitation quantification, 341-343, 342f
Pulmonic regurgitation (PR), 658-660, 658t, 659f,  

660t

Pulmonic stenosis (PS), 655-658, 656f, 849-850, 849f, 
850b

assessment of
alternate approaches to, 658
clinical utility and outcome data of, 657, 657t

basic principles and echocardiographic approach to, 
655

corrective procedures for, issue resulting from, 882t, 
886

technical data, quantitation, and data analysis on, 
655-657, 656f

Pulmonic valve
disease of, 655. See also Pulmonic regurgitation 

(PR); Pulmonic stenosis (PS).
3D echocardiography of, 82

prosthetic, implantation of, percutaneous, 109
transesophageal echocardiography of, 13

Pulmonic valvotomy, 109
Pulsatility index, with ventricular assist devices, 604
Pulsed Doppler echocardiography

in myocardial velocity imaging, 178, 181f
in volumetric methods of mitral regurgitation 

quantification, 341, 341f-342f

R
Radiation, restrictive cardiomyopathy after, 556
Radiofrequency intravascular ultrasound, 133, 133f
Reconstruction techniques, using 3D 

echocardiography, 67
Regional wall motion, in intraoperative ventricular 

function monitoring, 30-31, 32f
Renal disease

chronic, heart disease in, 746-749, 746t, 749f
mitral annular calcification and, in aging, 781

Renal insufficiency, in diabetic heart disease, 736
Respiratory disease, chronic, pulmonary hypertension 

from, 637-638
Restenosis

in-stent
after intravascular ultrasound-guided 

bioabsorbable stent implantation,  
140-142

treatment of, intravascular ultrasound evaluation 
of, 140, 141f-142f

reduction of, intravascular ultrasound in, 139-140, 
140f

Restrictive cardiomyopathy, 542-564
in amyloidosis, 548-551, 550f
classification of, 543t
constrictive pericarditis compared with, 557t,  

571
constrictive pericarditis differentiated from, 

556-559, 557f-558f, 557t
definition of, 542
diagnostic approaches to, 550t
Doppler features of, 544-547, 545f-548f
drug-induced, 555-556
echocardiographic features of, 542-544, 543t, 544f

in clinical decision making, 559, 559t
in endomyocardial fibrosis, 551-553
in Fabry disease, 550f, 554-555
in Gaucher disease, 553-554
in glycogen storage disorder, 554
in hemochromatosis, 551
in hypereosinophilic syndrome, 551-553, 552f
idiopathic, 555
imaging of, 542
postradiation, 556
in sarcoidosis, 553
speckle tracking echocardiography in, 543-544
in storage disorders, 553-555

Resynchronization therapy, in heart failure, 508-511, 
511f

Rhabdomyoma, 907t, 914-915, 914f
Rheumatic aortic stenosis, imaging of, 426, 427f
Rheumatoid arthritis, 719-722

coronary artery disease in, 719-720, 727t
myocardial disease in, 721-722
pericarditis in, 720
pulmonary hypertension in, 722
valve disease in, 720-721, 721f-722f, 728t

Prosthetic valve(s) (Continued)
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Rheumatologic diseases, 712-732
ankylosing spondylitis as, 722-723, 723f-724f
cardiovascular involvement in, 727t
dermatomyositis as, 725-726
mixed connective tissue disease as, 726
polymyositis as, 725-726
primary antiphospholipid syndrome as, 718-719, 

719f
rheumatoid arthritis as, 719-722, 721f-722f. See also 

Rheumatoid arthritis.
scleroderma as, 723-725
systemic lupus erythematosus as, 712-718. See also 

Systemic lupus erythematosus (SLE).
Right atrial pressure, estimation of, 618, 618t
Right atrium

anatomy of, 614, 791-792, 796f
compression, inversion, or collapse of, 573, 573f, 574t
physiology of, 614
size of, atrial fibrillation and, 815-816

Right heart. See also Right atrium; Right ventricle.
echocardiographic assessment of

basic approach to, 615-616
pressures in, estimation of, 618-619, 618f, 618t

Right-sided valve disease, 646-662. See also Pulmonic 
valve; Tricuspid valve.

Right ventricle, 614-628
anatomy and physiology of, 614-615, 615f-616f
compression, inversion, or collapse of, 572-573, 

573f, 574t
diastolic function of, evaluation of, 625, 625t
double-outlet, corrective procedures for, issues 

resulting from, 897
dysfunction of

in diabetic heart disease, 735
in preimplant assessment for ventricular assist 

device, 601, 601b
echocardiographic evaluation of

alternate approaches to, 625-626, 626f
basic approach to, 615-616
clinical application of, 623
future directions for, 625
outcome data for, 622-623, 623t
potential limitations of, 625
reference ranges, quantitation and data analysis 

for, 617f, 621, 621t
research applications of, 623-625, 624f, 625t
technical details of, 619-621
transesophageal imaging in, 619, 619f
transthoracic imaging in, 616-618, 617f

function of
in intraoperative ventricular function 

monitoring, 30, 31f
measures of, 619-621, 619f-620f

pericardial interaction with, 566-567, 567f
pulmonary vascular interaction with, 630-632, 

631f-633f
remodeling of, to heart failure, 506-507
size of, measures of, 619-621, 619f-620f
systolic function of, alternate measures of, 623-625
volume of, 3D echocardiography of, 75-76

Right ventricular assist device positioning, 
intraoperative transesophageal echocardiography 
in, 36

Right ventricular infarction, echocardiographic 
diagnosis of, 250-251, 250b

Right ventricular outflow tract, in intraoperative 
ventricular function monitoring, 27-28

Right ventricular overload, pulmonary artery pressure 
and, 629-630

Right ventricular-type univentricular heart, 841

S
Sarcoid, pulmonary, pulmonary hypertension in, 638
Sarcoidosis, restrictive cardiomyopathy, 553
Sarcoma, 915-917, 916f-917f
Scintigraphy, perfusion, pharmacologic stress 

echocardiography versus, 311-312, 312t-313t
Scleroderma, 723-725, 727t-728t
Semilunar valves

congenital disorders of, determination of, 840
morphology of, 834-835

Senile amyloidosis of heart, 786
Septal defects, congenital, 857-867
Septal ethanol ablation, in hypertrophic 

cardiomyopathy, 532-534, 533f-534f
Septal hypertrophy in elderly, hypertrophic 

cardiomyopathy differentiated from, 521
SHD. See Structural heart disease (SHD).
Shunt lesions, congenital, 857-867
Shunting, intracardiac, color and spectral Doppler 

imaging of, 842-843, 842f-843f
Shunts, aortopulmonary, palliative, issues resulting 

from, 880-881, 880t, 881f
Sinus of Valsalva aneurysms, 854-855, 855f
SLE. See Systemic lupus erythematosus (SLE).
Speckle tracking, in exercise echocardiography, 

284-285, 285f
Speckle tracking echocardiography (STE)

in diastolic function assessment, 209
of left ventricular rotation and twist, 185-186, 

186f-187f
physical principles of, 183-186, 183f-184f
in regional function analysis, 244
in restrictive cardiomyopathy, 543-544
of strain, 183-185, 184f, 185t

limitations of, 185
Spectral Doppler imaging, in congenital heart disease 

evaluation, 842-843, 843f
Spondylitis, ankylosing, 722-723, 723f-724f
Starling law of the heart, 160
STE. See Speckle tracking echocardiography (STE).
Stenosis

coronary, diagnosis of, noninvasive, 322-324, 324f
recurrence of. See Restenosis.
severity of, assessment of, intravascular ultrasound 

in, 134-135
valvular. See specific valve, e.g. Mitral stenosis (MS).

Stent(s)
bioabsorbable

implantation guidance by intravascular 
ultrasound, evaluation of results of, 140-142

intravascular ultrasound evaluation of, 140
drug-eluding, in restenosis reduction, 139, 140f
malapposition of, late-acquired, intravascular 

ultrasound assessment of, 139-140
restenosis in, treatment of, intravascular ultrasound 

evaluation of, 140, 141f-142f
size selection for, intravascular ultrasound in, 

135-136, 135f
Stent fracture, very late stent thrombosis and, 140, 

141f
Stent thrombosis

after intravascular ultrasound-guided bioabsorbable 
stent implantation, 140-142

late malapposition and, 139-140
very late, stent fracture and, 140, 141f

Stented bioprosthetic valves, 460f, 461t-462t, 466, 466f, 
466t

Stentless bioprosthetic valves, 460f, 461t-462t, 466, 466t
Strain

definition of, 181, 181f
imaging of, 181-182, 181f

in diastolic function evaluation, 207-209, 208f
in hypertrophic cardiomyopathy, 531, 531f
in myocardial ischemia, 189, 190f
in right ventricular systolic function evaluation, 

624-625
speckle tracking echocardiography in, 183-185, 

184f, 185t, 284-285
tissue Doppler imaging in, 182-183

Strain echocardiography
diastolic function assessment by, 207-208, 208f
in regional function analysis, 244, 244f

Strain rate
calculation of, 181
definition of, 284-285
in right ventricular systolic function evaluation, 

624-625
Stress

cardiac response to, in aging, 778
definition of, 159
mechanical, in aortic dissection, 693-694
shear, in aortic dissection, 693-694, 693f

Stress echocardiography
in acute chest pain evaluation in ED, 237-238
coronary artery disease in aging and, 784-786, 785f, 

785t-786t
exercise stressors used in, 270-272, 271b, 272t
in mitral stenosis, research applications of, 402
nonexercise, 292-317

alternatives to, 311-312
basic principles of, 293-298
combined approaches to, 294
contrast

in left ventricular opacification, 308
in myocardial perfusion assessment, 308-309, 

308f, 309t
in coronary artery disease diagnosis, accuracy of, 

301-303, 302f, 302t
in disease significance assessment, 303-305, 303f
dobutamine. See Dobutamine stress 

echocardiography (DSE).
Doppler, 310-311, 310f
echocardiographic approach to, 295-298

image acquisition in, 295, 295f
image processing in, 295
qualitative interpretation in, 295-298, 

296f-299f, 296t
in evaluation of therapy, 305
exercise-stimulating agents in, 293-294

technical aspects of, 299-300
future of, 313
image quality in, new technologies for, 308-309, 

308f-309f
indications for, 292-293, 293b
interpretation of, quantitative approaches to, 

309-310, 310f
mechanism of action of nonexercise stressors in, 

293
in myocardial viability assessment, 305-308

agents used for, 293
clinical significance of, 305-306
dobutamine echocardiography in, 306-307, 

307f
in global function and outcome recovery 

prediction, 307-308
new technologies in, 308-311
pacing stress for exercise stimulation in, 294
perfusion scintigraphy versus, 307f, 311-312, 

312t-313t
pharmacology and physiopathology of, 293-294
in prediction of cardiac events in patients 

undergoing major noncardiac surgery, 304, 
304f

prognostic evaluation using, 304
after myocardial infarction, 305, 306t
of stable coronary disease patients, 304-305, 

305t
in risk stratification after acute myocardial 

infarction, 262
technical aspects of, 298-301
3D, 85, 86f, 309, 309f
vasoactive agents in, 293-294

pharmacologic. See Stress echocardiography, 
nonexercise.

in prosthetic valve function evaluation, 485
Stress-shortening relations, in left ventricular systolic 

function assessment, 168-170, 169f-172f
Stroke

cardioembolic, 791
cryptogenic, 791

patent foramen ovale and, 800-802, 800f, 801t
Stroke volume, in intraoperative ventricular function 

monitoring, 28-29, 29f
Structural heart disease (SHD)

definition of, 95
examples of, 96f
interventions for, 95-96, 96t

cardiac magnetic resonance imaging guiding, 113
catheterization laboratory of future for, 113-114
cineangiography in, 97
computed tomographic guidance of, 111-113
echocardiographic guidance of, 95-117

for aortic valve disorders, 104-105
for assisting with access routes, 97-98
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for atrial septal defects, 99-101, 103f
for closure of aortic pseudoaneurysms, 111
for closure of intracardiac communications, 

99-104
for closure of left atrial appendage, 110-111
in left ventricle, 109-110, 110f
limitations and alternate approaches to, 

111-113
for mitral regurgitation, 105-108
modalities for, 97, 98f
for patent foramen ovale, 101-102, 104f
for prosthetic valves, 108
for recognizing and analyzing catheters and 

devices, 98, 99t, 100f
for right heart valve disease, 109
for septal defects, 99t
for transapical catheterization, 98
for transcatheter mitral valve replacement,  

109
for transseptal catheterization, 98, 99f
for valves, 102t
for ventricular septal defects, 102-104

fluoroscopy in, 97, 97t
intracardiac ultrasound guidance of, 111, 

112f-113f
multimodality imaging guiding, 113
for other abnormalities, 102t

Stunned myocardium, 269-270
Subaortic stenosis, 852-853, 853b, 853f

corrective procedures for, issues resulting from, 
882t, 884

Supravalvular aortic stenosis, 853-854, 854b
Surgical myectomy, for hypertrophic cardiomyopathy, 

534-537, 535f-536f
Surgical procedures

for congenital heart disease, problems after, 
876-901. See also Congenital heart disease 
(CHD), postoperative.

noncardiac
cardiac events in patients undergoing, 

nonexercise stress echocardiography 
predicting, 299, 304f

risk stratification prior to, exercise 
echocardiography in, 281

transesophageal echocardiographic monitoring of, 
16-17

Sympathomimetic agents, in nonexercise stress 
echocardiography, 299-300

Syndrome X, coronary flow reserve in, 325
Systemic embolic events, 791-810

atherosclerotic plaque in proximal aorta and, 
802-804, 803f, 803t

transesophageal echocardiography in
alternate approaches to, 805
in catheterization laboratory, 804, 805f
clinical utility and outcome data with, 792-794
indications for, 791-792
in intracardiac tumors, 795-797, 796f-797f
in left atrial thrombus, 797-799, 798f
limitations and future approaches, 805
in myocardial infarction, 792-794
in patent foramen ovale, 799-801, 800f
research applications of, 805
safety of, 792
technical aspects of, 792, 792t
in valvular vegetations, 794-795, 795f, 795t

transthoracic echocardiography in
alternate approaches to, 805
in catheterization laboratory, 804, 805f
clinical utility and outcome data with, 792-794
indications for, 791-792
in intracardiac tumors, 795-797, 796f
limitations and future approaches, 805
in myocardial infarction, 792-794
in patent foramen ovale, 799-801, 800f
research applications of, 805
technical aspects of, 792t, 796f
in valvular vegetations, 794-795, 795t

Systemic lupus erythematosus (SLE), 712-718
atherosclerotic disease in, 715-717, 717f
cardiovascular involvement in, 712-718, 727t

intracardiac thrombosis and thromboembolism in, 
715

myocardial disease in, 717
pericarditis in, 718
pulmonary hypertension in, 718
valve disease in, 712-715, 728t

Systolic dysfunction
in chronic kidney disease, 747
in hypothyroidism, 739, 740t

Systolic function
in acromegaly, 743
in connective tissue disorders, 766
definition of, 157-159
in hyperthyroidism, 737f, 740-742
in obesity, 750, 750f

T
TAVI. See Transcatheter aortic valve implantation 

(TAVI).
TDI. See Tissue-Doppler imaging (TDI).
TEE. See Transesophageal echocardiography (TEE).
Teleechocardiography, for acute chest pain in 

emergency department, 244
Tetralogy of Fallot, 867-869, 868f

corrective procedures for, issues resulting from, 
887t, 893-895, 894f-896f

Thoracic aorta
aneurysm of, familial, 762
descending

dissection of, type B, intracardiac 
echocardiographic imaging of, 125-126

periinterventional imaging of, intracardiac 
echocardiography in, 125-127, 126f-127f

view of, in transesophageal echocardiography, 5f, 
10

dissection of, familial, 762
measurements of, 767, 768f

Three-dimensional (3D) echocardiography,  
67-94

advantages and disadvantages of, 71, 72f
of aortic dissection, 87
of aortic regurgitation, 81-82
of aortic stenosis, 81, 434
of aortic valve

disease of, 81-82, 81f
prosthetic, 82, 82f

of atrial volume, 76-77
of congenital heart disease, 82-83, 83f
of endocarditis, 86-87, 87f
evidence-based applications of, 72-88
future considerations for, 88-89, 88f
of hypertrophic cardiomyopathy, 86
for intracardiac catheter-based intervention 

guidance, 83-85, 84f-85f
of intracardiac masses, 88
of left ventricle

for dyssynchrony, 85-86
mass of, 74-75, 76t
volume and function of, 72-74, 73t, 75f

of mitral regurgitation, 78-81, 79f-80f
in mitral regurgitation quantification, 343, 344f, 

345t
of mitral stenosis, 77-78, 78f-79f
of mitral valve disease, 77-81
of myocardial perfusion, 87-88
overview of, 67
of pericardial effusion, 88
of pulmonic valve disease, 82
reconstruction technique using, 67
of right ventricle, volume of, 75-76, 77t
of right ventricular evaluation, 623, 624f
in stress echocardiography, 85, 86f
technical considerations for, 67-71
transesophageal, 11-12, 11f, 11t
transthoracic, in cardiac tumor diagnosis, 922,  

923f
of tricuspid valve disease, 82, 82f
of valvular heart disease, 77-82
volumetric technique using, 67-69, 68f-71f
work flow, 71-72, 74f

Thromboembolism
after cardioversion, mechanism of, 820-821
cardiogenic, in aging, 786, 786f
mitral annular calcification and, in aging, 780-781
predictors of, atrial fibrillation and, 817
in primary antiphospholipid syndrome, 718
in systemic lupus erythematosus, 715

Thrombolysis, microbubbles in, 61, 62f
Thrombosis

intracardiac
in primary antiphospholipid syndrome, 718, 719f
in systemic lupus erythematosus, 715

prosthetic valve, management of, Doppler 
echocardiography in, 488-490, 489f-490f

Thrombus(i)
left atrial

detection of, in atrial fibrillation, 816-820, 
816f-820f, 816t

transesophageal echocardiography of, 14-15, 
797-799, 798f

left ventricular
complicating acute myocardial infarction, 

259-260, 260f-261f
transesophageal echocardiography in, 792-794
transthoracic echocardiography in, 792-794,  

793f
prosthetic valve, 470-471, 471f

Thyroid disorders, heart disease in, 739-742, 
740t-741t, 741f

Tilting disk valves, 460f, 461t-462t, 462, 463f, 465t
Tissue Doppler echocardiography (TDE), in 

pericardial tamponade, 576
Tissue-Doppler imaging (TDI)

angle dependency limiting
in strain-rate imaging, 182
in velocity imaging, 178

cardiac translation limiting, 179
in cardiac tumor diagnosis, 923f, 924
in clinical routine, preferred modalities for, 183, 

183t
of deformation, 181-182
in diastolic function evaluation, 203-206

in hypertrophic cardiomyopathy, 530
in intraoperative ventricular function monitoring, 

29, 30f
load dependency limiting, 179
movement of sample volume relative to 

myocardium limiting, 178
of myocardial displacement, 179f-180f, 181
in myocardial ischemia, 190, 191f
of myocardial movement, 183
of myocardial velocity, 177-181

by color Doppler, 177-178, 178f-180f
limitations of, 178-179
by pulsed Doppler, 178, 181f

physical principles of, 177-183
in regional function analysis, 244, 244f
in restrictive cardiomyopathy, 547, 547f-548f
reverberations limiting

in strain-rate imaging, 182-183
in velocity imaging, 178

signal noise limiting, 182
of strain and strain rate, 182-183
techniques of, 204
tethering effects limiting, 179

Torsion, left ventricular
definition of, 185
validation of, by speckle tracking, 209

Torsion echocardiography, in diastolic function 
assessment, 209

TR. See Tricuspid regurgitation (TR).
Transapical catheterization, echocardiographic 

guidance of, 98
Transcatheter aortic valve implantation (TAVI)

echocardiographic guidance of, 84, 105
echocardiographic sizing and positioning of, 485, 

486f
intracardiac echocardiography monitoring, 123-125, 

123f-125f
late postoperative follow-up of, 473t, 478f, 485
3D echocardiography guiding, 84, 105
2D echocardiography guiding, 105

Structural heart disease (SHD) (Continued) Systemic lupus erythematosus (SLE) (Continued)
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Transcatheter valve-in-valve implants, 108
evaluation of, alternative approaches to, 491-492

Transcatheter valves, 466-467, 467f
Transesophageal echocardiography (TEE), 2-22

in acute aortic syndromes, 702-705, 702f
Doppler findings in, 703-704
inconclusive results with, 705
safety of, 703

aortic arch views in, 10-11, 10f
in aortic dissection

hematoma and rupture, 15
operative uses of, 706b

in aortic dissection diagnosis, 698-699, 700f, 703, 
703f

aortic views in, 4t, 10-11, 10f
in atrial fibrillation, 15-16
in atrial septal abnormalities, 15
basal views in, 4-8, 4t

of aortic valve, 6f-8f
of atrial septum, 5f-6f, 8
pulmonary bifurcation, 8, 8f

in cardiac tumor detection, 921-922
in cardiac tumors, 15
in cardioembolic events, 14-15
in cardioversion in atrial fibrillation, 817-820, 818b, 

818f
complications of, 17-18, 17b
in congenital heart disease, 16
contraindications to, 17, 17b
in coronary artery disease, 16
in critically ill ICU patient, 16
descending thoracic aorta view in, 5f, 10
Doppler, 12

in intraoperative ventricular function 
monitoring, 26

esophageal intubation for, 3-4
four-chamber views in, 4t, 5f-6f, 8-9, 8f
image format for, 4
indications for, 12-17, 13b
in infective endocarditis, 14, 414-417, 415f, 416t
intraoperative

in cardiac tumor intervention and evaluation, 
922

in mitral valve repair, 351-352, 352f
in intraoperative ventricular function monitoring, 

23-44. See also Ventricular function, 
intraoperative, monitoring of.

left atrial appendage flow in, 12
in minimally invasive and robotic mitral valve 

repair, 362
in monitoring during surgical and interventional 

procedures, 16-17
in native valve disease, 13
patient preparation for, 2-3
performance of, 2-4

cognitive and technical skills for, 3b
in pericardial disease, 16
in postoperative congenital heart disease 

visualization, 876-877, 877f
pulmonary vein flow in, 12
in right ventricle assessment, 619, 619f
standard imaging planes for, 4-11, 4t, 5f-6f
in systemic embolic events, 791-792. See also 

Systemic embolic events, transesophageal 
echocardiography in.

3D imaging in, 11-12, 11f, 11t
in transcatheter mitral valve repair, 363-364, 

363f-364f
transgastric views of, 9-10

Transmitral flow, in diastolic filling assessment, 
201-202, 202f

Transplantation. See Cardiac transplantation; Lung 
transplantation.

Transposition of the great arteries (TGA)
complete, corrective procedures for, issues resulting 

from, 887t, 895-896
congenitally corrected, 869-870, 869f, 870b

issues resulting from, 887t, 896-897
corrective procedures for, issues resulting from, 

887-888, 887t
Transseptal catheterization, echocardiographic 

guidance of, 98, 99f

Transthoracic echocardiography (TTE)
in aortic dissection diagnosis, 698, 698f-700f
in infective endocarditis, 414-417, 415f, 416t
in mitral stenosis diagnosis, 389-390
in right ventricle assessment, 616-618, 617f
in systemic embolic events, 791-792. See also 

Systemic embolic events, transthoracic 
echocardiography in.

3D, in cardiac tumor diagnosis, 922, 923f
Trauma

to aorta, 697-698
aortic dissection risk and, 694-695, 694b

Tricuspid balloon valvotomy, 109
Tricuspid regurgitation (TR), 646-654

after cardiac transplantation, 589, 589f
assessment of

future directions for, 654
limitations of, 654

basic principles and echocardiographic diagnosis of, 
646-647

clinical utility and outcome data on, 652-654, 
652f-653f, 653t-654t

complicating mitral valve repair, 362
congenital, 851-852
etiology of, determining, 647-650, 647b,  

648f-649f
research applications of, 654
severity of, determining, 650-652, 650f-651f, 652t

Tricuspid stenosis (TS), 654-655, 655b
Tricuspid valve

anatomy of, 646, 647f
atresia of, 870-871, 870f
congenital anomalies of, 851-852, 851f-852f

determination of, 838-839, 839f
disease of, 646. See also Tricuspid regurgitation 

(TR); Tricuspid stenosis (TS).
3D echocardiography of, 82, 82f

morphology of, 834, 834f
prosthetic, Doppler-echocardiographic evaluation 

of, 485-486
transesophageal echocardiography of, 13

TS. See Tricuspid stenosis (TS).
TTE. See Transthoracic echocardiography (TTE).
Tumors, cardiac, 902-928. See also Cardiac tumors.
Turbulent losses, in fluid dynamics, 453
Turner syndrome, 762

aortic dissection and, 696
Twist, left ventricular, definition of, 185
Two-dimensional (2D) echocardiography

changes on, in pregnancy, 668, 668t
in left ventricular geometry assessment, 164-165
in left ventricular mass assessment, 164, 165b
in left ventricular volume assessment, 164, 165b

U
Ulcers, of aorta, penetrating, 697

diagnosis of, transesophageal echocardiography in, 
703

Ultrasound, intravascular, 130-145. See also 
Intravascular ultrasound (IVUS).

Ultrasound contrast imaging, 45-66
in acute ischemia/risk area detection in emergency 

setting, 52-53
artifacts in, 50-51
in carotid artery atherosclerosis detection, 60
clinical applications of, 52-58
continuous infusion, 50, 50f-51f
contrast agents for, 46, 47f-48f
in coronary artery disease detection, 53-58, 55f, 55t

during dobutamine or exercise stress 
echocardiography, 54-56, 56f-57f, 57t

large arteriolar imaging in, 58
real-time myocardial contrast echocardiography 

in, 58, 58f
vasodilator stress perfusion imaging in, 53-54, 

55f, 55t
in drug and gene delivery, 56f, 60-61
harmonic high–mechanical-index intermittent 

imaging in, 46-48
harmonic power Doppler in, 48
image processing in, 50-51

low–mechanical-index imaging schemes in, 48-49, 
49f, 49t

microbubbles in, 45-46, 46t. See also Microbubbles.
molecular, 60
in myocardial perfusion assessments, artifacts in, 

56-58, 57f-58f
in myocardial viability assessment in acute and 

chronic setting, 53, 54t
perfusion imaging techniques in, 46-49
perfusion imaging techniques of, for other organs, 

59-60
qualitative and quantitative methods of analysis in, 

49-51
safety of, 51-52, 52t
technical equipment for, 50-51
therapeutic applications of, 60-61
in thrombolysis, 56f, 61

Ultrasound “stethoscope,”, 148-150, 149f-150f,  
150b

Univentricular heart, 840-842, 841f-842f
functional, 871, 871b

Uremic cardiomyopathy, 747, 747f

V
VAD. See Ventricular assist device (VAD).
Valve disease

in ankylosing spondylitis, 722-723, 723f, 728t
congenital, corrected, residua and sequelae of, 

877-878, 879f
in mixed connective tissue disease, 726, 728t
in polymyositis and dermatomyositis, 726, 728t
in primary antiphospholipid syndrome, 718, 719f, 

728t
in rheumatoid arthritis, 720-721, 721f-722f, 728t
right-sided, 646-662. See also Pulmonic valve; 

Tricuspid valve.
in scleroderma, 725, 728t
in systemic lupus erythematosus, 712-715, 728t

Valve hemodynamics
native, 458-460, 459f
prosthetic, of specific designs, 460-467, 460f, 

461t-462t
Valvotomy

balloon
mitral, 389-407. See also Balloon mitral 

valvotomy (BMV).
tricuspid, echocardiographic guidance of, 109

pulmonic, echocardiographic guidance of, 109
Valvular heart disease

in acromegaly, 744
in aging, 778-781, 780f-782f, 782t
aortic, 81-82, 81f
catheter-based therapy of, 3D echocardiography 

guiding, 84, 85f
in chronic kidney disease, 748
congenital, 846-852

bicuspid aortic valve as, 846-849
mitral valve anomalies as, 850, 851f
pulmonic valve stenosis as, 849-850, 849f,  

850b
tricuspid valve anomalies as, 851-852, 851f-852f

exercise echocardiography applications in, 282-283, 
283f

in hyperthyroidism, 742
infective endocarditis as, 408-424. See also Infective 

endocarditis (IE).
mitral, 77-81
mitral valve repair for, 351-366. See also Mitral valve 

repair.
in pregnancy, 678-681
prosthetic valve fluid dynamics in, 450-469. See also 

Prosthetic valve fluid dynamics.
prosthetic valves for. See Prosthetic valves.
pulmonic, 3D echocardiography of, 82
regurgitation as

aortic, 81-82, 367-388. See also Aortic 
regurgitation (AR).

in infective endocarditis, management of, 420
mitral, 78-81, 79f-80f, 330-350. See also Mitral 

regurgitation.

Ultrasound contrast imaging (Continued)
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stenosis as
aortic, 81, 425-449. See also Aortic stenosis (AS).
mitral, 77-78, 78f-79f, 389-407. See also Mitral 

stenosis (MS).
3D echocardiography of, 77-82
transesophageal echocardiography of, 13
tricuspid, 3D echocardiography of, 82, 82f

Valvular regurgitation(s)
in fluid dynamics, 453-454, 454f
in pregnancy, 669, 681, 681f

Valvular stenosis, in pregnancy, 678-681, 679f-680f
Valvulopathy

in obesity, 751-752
in ventricular assist device dysfunction, 602-603, 

603f
Valvuloplasty, balloon aortic, echocardiographic 

guidance of, 104-105
Vasculopathy, cardiac allograft, diagnosis of, 592-594, 

593f, 593t
Vasoactive agents, in nonexercise stress 

echocardiography, 293-294
Vasoconstrictor protocols, for nonexercise stress 

echocardiography, 300
Vasodilator stress

with adenosine echocardiography in CAD diagnosis, 
301

protocols for, for nonexercise stress 
echocardiography, 300

Vasodilator stress perfusion imaging in coronary 
artery disease detection, 53-54, 55f, 55t

Vegetations
in infective endocarditis, 409-412, 410f-412f, 410t

management of, 417-420, 419f
Libman-Sacks, in systemic lupus erythematosus, 

713, 713f-716f
thrombotic valve, in primary antiphospholipid 

syndrome, 718, 719f
valvular

transesophageal echocardiography in, 794-795, 
795f, 795t

transthoracic echocardiography in, 794-795, 795t
Velocities

myocardial, imaging of
in myocardial ischemia, 189-190, 190f
by tissue Doppler

color, 177-178, 178f-180f
pulsed, 178, 181f

transvalvular flow, in pregnancy, Doppler imaging 
of, 668-669, 669t

Velocity propagation index (Vp), as preload 
independent index for relaxation, limitations of, 
207

Vena contracta method, of mitral regurgitation 
quantification, 337-338, 337f-338f, 338t

Venous connections, cardiac, congenital disorders of, 
determination of, 836-838, 837f-838f

Venous shunts, systemic to pulmonary, 639, 640f
Ventricle(s). See also Left ventricle; Right ventricle.

congenital disorders of
corrected, issues with, 877, 877t
determination of, 838-840

morphology of, 834, 834f
recovery of, ventricular assist devices and, 604

Ventricular assist device (VAD), 597-612
alternate approaches for, 610
cannulae and, 606, 606f-608f, 608t
clinical utility and outcome data for, 607-608
dysfunction of, approach to, 602-604, 602b, 

603f-604f
flows with, 604
future directions for, 609
for heart failure, 508, 510f
implanted, 597-599, 598t, 599f

periprocedural guidance for, 602, 602f
limitations of, 609, 609f-610f
optimization of, 606
percutaneous, 598t, 599, 600f
preimplant assessment for, 599-601, 601b, 601t
technical details, quantitation, and data analysis for, 

604-607
weaning/turndown of, 607, 609f

Ventricular function
intraoperative, monitoring of, 23-44

cardiac output in, 26-28
in cardiopulmonary bypass, separation from, 

32-33
cardiac output in, 32-33, 33t
intracardiac air in, 32, 33f

in central venous pressure air aspiration catheter 
positioning, 34, 35f

contractility in, 29
in coronary sinus cannulation positioning, 36, 

37f
dP/dt in, 29-30, 30f
ejection fraction in, 28-29, 29f
end-diastolic area in, 25-26, 26f
end-systolic area in, 25-26
in femoral venous cannula positioning, 37,  

37f
global systolic function in, 26-30
in heart transplantation, 37, 38f
in intraaortic balloon pump positioning, 34-35, 

35f
in intravascular device positioning, 34-37
left atrial pressure in, 23-25, 25f

in left ventricular assist device positioning, 35-36, 
36f

left ventricular diastolic function in, 25, 25f
left ventricular filling in, 23-26
left ventricular outflow tract in, 26-27, 27f
in left ventricular vent positioning, 37
left ventricular volumes in, 26
mitral valve in, 28
in noncardiac surgery, 33, 34t
in off-pump coronary bypass surgery, 33, 34f
practical considerations for, 28
in pulmonary artery catheter positioning, 34,  

35f
pulmonary artery in, 27, 28f
regional wall motion in, 30-31, 32f
in right ventricular assist device positioning, 36
right ventricular function in, 30, 31f
right ventricular outflow tract in, 27-28
stroke volume in, 28-29, 29f
tissue Doppler imaging in, 29, 30f
transesophageal Doppler technology in, 26
transesophageal echocardiography in

Doppler, 26
impact on postoperative outcomes and 

cost-effectiveness, 26f-29f, 34t, 37-42, 40t
in probe placement, problems in, 23, 24f
in specific clinical entities, 32-37

in postoperative congenital heart disease, 878
Ventricular septal defect (VSD), 861-865, 862t, 

863f-864f
corrective procedures for, issues resulting from, 

882t, 883-884
echocardiographic evaluation of, 864-865,  

864f-865f
echocardiographic guided interventions for, 

102-104
management of, 865

Ventricular septal rupture, complicating acute 
myocardial infarction, 253-255, 254f-256f

Viscous losses, in fluid dynamics, 453, 453f
Vitamin deficiencies, heart disease and, 752, 752t
Volumetric methods, of mitral regurgitation 

quantification, with pulsed Doppler imaging, 341, 
341f-342f

Volumetric techniques, using 3D echocardiography, 
67-69, 68f-71f

VSD. See Ventricular septal defect (VSD).

W
Waterson shunt, palliative, issues resulting from, 

880-881, 880t

Valvular heart disease (Continued) Ventricular function (Continued)
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