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Abbreviations

1D one-dimensional
2D two-dimensional
2DE two-dimensional echocardiography
3D three-dimensional
3DE three-dimensional echocardiography
4D four-dimensional
A2C apical two-chamber
A3C apical three-chamber
A4C apical four-chamber
A5C apical five-chamber
AAA abdominal aortic aneurysm
AAS acute aortic syndrome
ABI ankle–brachial index
AF atrial fibrillation
AMI acute myocardial infarction
ANP atrial natriuretic peptide
AoV aortic valve
APS antiphospholipid syndrome
AR atrial regurgitation
ARDS acute respiratory distress syndrome
ARO anatomical regurgitant orifice
ARVC arrhythmogenic right ventricular 

cardiomyopathy
ARVC/D arrhythmogenic right ventricular 

cardiomyopathy/dysplasia
AS aortic stenosis
ASA alcohol septal ablation
ASD atrial septal defect
ASE American Society of Echocardiography
ASH asymmetric septal hypertrophy
ATA anterior tibial artery
AV atrioventricular
AVA aortic valve area
AVR aortic valve replacement
BA basilar artery
BAI blunt aortic injury
BAV bicuspid aortic valve
BNP brain-type natriuretic peptide
BSA body surface area
BSE British Society of Echocardiography

CABG coronary artery bypass grafting
CAD coronary artery disease
CAT common arterial trunk
CAV cardiac allograft vasculopathy
CCA common carotid artery
ccTGA congenitally corrected transposition of the great 

arteries
CE contrast echocardiography
CEA cervicoencephalic artery
CFA common femoral artery
CFM colour flow mapping
CFR coronary flow reserve
CFVR coronary flow velocity reserve
CHD congenital heart disease
CME continuing medical education
CMR cardiac magnetic resonance
CO cardiac output
CoA coarctation of the aorta
CPB cardiopulmonary bypass
CRT cardiac resynchronization therapy
CS coronary sinus
CSA cross-sectional area
CT computed tomography
cTn cardiac troponin
CTRCD cancer therapeutics-related cardiac dysfunction
CV cardiovascular
CW continuous wave
DCM dilated cardiomyopathy
DCRV double-chambered right ventricle
DICOM Digital Imaging and Communications in 

Medicine
DMI Doppler myocardial imaging
DSE dobutamine stress echocardiography
DT deceleration time
DUS duplex ultrasound
EACVI European Association of Cardiovascular 

Imaging
EAE European Association of Echocardiography
ECA external carotid artery
ECG electrocardiography/electrocardiogram
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ECMO extracorporeal membrane oxygenation
EDP end-diastolic pressure
EDT E deceleration time
EDV end-diastolic velocity
EE exercise echocardiography
EF ejection fraction
EMB endomyocardial biopsy
EOA effective orifice area
EOAi effective orifice area index
EPJ electronic patient journal
ERO effective regurgitant orifice
EROA effective regurgitant orifice area
ESC European Society of Cardiology
ESE exercise stress echocardiography
EVLW extravascular lung water
ExECG exercise electrocardiography
FA Friedreich’s ataxia
FAC fractional area change
FAP femoral artery pseudoaneurysm
FDG fluorodeoxyglucose
FO fossa ovalis
FoCUS focused cardiac ultrasound
FP filling pressure
GLS global longitudinal strain
HCM hypertrophic cardiomyopathy
HF heart failure
HFPEF heart failure with preserved ejection fraction
HR heart rate
HT heart transplantation
IABP intra-aortic balloon pump
IAS interatrial septum
ICA internal carotid artery
ICD implantable cardioverter defibrillator
ICE intracardiac echocardiography
ICU intensive care unit
IE infective endocarditis
IMH intramural haematoma
IMT intima–media thickness
IPPV intermittent positive pressure ventilation
ISPTA spatial peak-temporal average intensity
IVC inferior vena cava
IVNC isolated ventricular non-compaction
IVO intraventricular obstruction
IVRT isovolumic relaxation time
IVS interventricular septum
IVUS intravascular ultrasound
LA left atrium/atrial
LAA left atrial appendage
LAD left anterior descending artery
LAVi left atrial volume index
LBBB left bundle branch block
LEAD lower extremity artery disease
LGC lateral gain compensation
LS longitudinal strain
LUS lung ultrasound

LV left ventricle/ventricular
LVAD left ventricular assist device
LVEDD left ventricular end-diastolic diameter
LVEDP left ventricular end-diastolic pressure
LVEF left ventricular ejection fraction
LVH left ventricular hypertrophy
LVM left ventricular mass
LVO left ventricular opacification
LVOT left ventricular outflow tract
LVOTO left ventricular outflow tract obstruction
MA mitral annulus
MAPSE mitral annular plane systolic excursion
MBF myocardial blood flow
MCA middle cerebral artery
MCE myocardial contrast echocardiography
MCS mechanical circulatory support
MCTD mixed connective tissue diseases
MD myotonic dystrophy
MI mechanical index or myocardial infarction
mPA main pulmonary artery
MPAP mean pulmonary arterial pressure
MPI myocardial perfusion imaging
MR mitral regurgitation
MRI magnetic resonance imaging
MS mitral stenosis
MSCT multislice computed tomography
MV mitral valve
MVA mitral valve area
MVR mitral valve repair
NYHA New York Heart Association
OR odds ratio
PA pulmonary artery
PAA popliteal artery aneurysm
PACS picture archiving and communicating system
PASP pulmonary artery systolic pressure
PAU penetrating atherosclerotic ulcer
PCWP pulmonary capillary wedge pressure
PDA posterior descending coronary artery
PE pericardial effusion or pulmonary embolism
PET positron emission tomography
PFO patent foramen ovale
PGF primary graft failure
PH pulmonary hypertension
PHE pocket-size hand-held echocardiography
PHT pressure half-time or pulmonary hypertension
PISA proximal isovelocity convergence area
PLAX parasternal long-axis
PM papillary muscle
PMC percutaneous mitral commissurotomy
PNX pneumothorax
PP pulse pressure
PR pulmonary regurgitation
PRF pulse repetition frequency
PS pulmonary stenosis
PSAP pulmonary systolic artery pressure
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PSAX parasternal short-axis
PSV peak systolic velocity
PTA posterior tibial artery
PTX tension pneumothorax
PV pulmonary valve
PVF pulmonary venous flow
PVL paravalvular leak
PVR pulmonary vascular resistance or paravalvular 

regurgitation
PW pulsed wave
PWV pulse wave velocity
RA right atrium/atrial or rheumatoid arthritis
RAS renal artery stenosis
RCA right coronary artery
RI resistance index
RIMP right index of myocardial performance
ROI region of interest
RV right ventricle/ventricular or regurgitant volume
RVOT right ventricular outflow tract
RVOTO right ventricular outflow tract obstruction
RWT relative wall thickness
SAM systolic anterior motion
SBP systolic blood pressure
SCD sudden cardiac death
SD sudden death
SE stress echocardiography
SEC spontaneous echo contrast
SFA superficial femoral artery
SLE systemic lupus erythematosus
SR strain rate
STE speckle tracking echocardiography
SV stroke volume
SVC superior vena cava
SVi stroke volume index

TA tricuspid annulus
TAPSE tricuspid annulus plane systolic excursion
TAVI transcatheter aortic valve implantation
TBI toe–brachial index
TCD transcranial Doppler
TDE tissue Doppler echocardiography
TDI tissue Doppler imaging
TEVAR thoracic endovascular aortic repair
TGA transposition of the great arteries
TGC time gain compensation
THV transcatheter heart valve
TI thermal index
TnI troponin I
TOE transoesophageal echocardiography
ToF tetralogy of Fallot
TR tricuspid regurgitation
TS tricuspid stenosis
TTC takotsubo cardiomyopathy
TTE transthoracic echocardiography
TV tricuspid valve
UA unstable angina
UCA ultrasound contrast agent
URL upper reference limit
US ultrasound
UVH univentricular heart
VA ventriculo-arterial
VC vena contracta
VCA vena contracta area
VCW vena contracta width
VSD ventricular septal defect
VTI velocity time integral
WMA wall motion abnormality
WMSI wall motion score index
WT wall thickness
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CHAPTER 1

General principles of 
echocardiography
Madalina Garbi, Jan D’hooge, and  
Evgeny Shkolnik

Principles of ultrasound
Physics of ultrasound
Ultrasound waves are sound waves with a higher than audible frequency. The audible 
frequency range is 20 hertz (Hz) to 20,000 Hz (20 kilohertz (kHz)). Cardiac imaging 
applications use an ultrasound frequency range of 1–45 megahertz (MHz) (% Table 1.1).

The sound wave is a longitudinal compression wave, consisting of cyclic pressure varia-
tion which travels, inducing displacement of encountered media particles in the direction 
of wave propagation. The wavelength determines imaging resolution. In echocardiogra-
phy, adequate resolution is obtained with wavelengths less than 1 mm. The characteristics 
of the ultrasound wave are illustrated in % Fig. 1.1.

A shorter wavelength corresponds to a higher frequency, and vice versa. The wave-
length (cycle length) multiplied by frequency (cycles per second) gives the ultrasound 
wave propagation speed, which is constant in a certain medium:

Propagation speed (m/s) = wavelength (m) × frequency (HZ).

The average propagation speed in soft tissues is 1540 m/s, higher in less compressible 
media (e.g. bone) and lower in more compressible media (e.g. air in the lungs). The aver-
age propagation speed is used by the ultrasound machine to calculate the distance of a 
structure and confine it to an appropriate location in the image formed.

Ultrasound is a form of energy, travelling in a beam. The energy transferred in the unit 
of time defines the power, measured in milliwatts (mW). The power per unit of beam 
cross-sectional area represents the average intensity (mW/cm2). Power and intensity are 
proportional with the square of the wave amplitude.

The intensity increases with power increase or cross-sectional area decrease by focusing 
the ultrasound beam. The intensity varies across the beam, being highest in the centre and 
lower towards the edges.

An estimate of peak intensity is given by the mechanical index (MI) calculated from the 
peak negative pressure (MPa) divided by the square root of transmitted frequency (MHz).

Current echocardiography uses intermittent repetitive generation of ultrasound pulses 
consisting of a few cycles each. Continuous transmission is used only for continuous wave 
Doppler. Consequently, the ultrasound beam intensity varies with time, being zero in 
between pulses. The intensity varies also within each pulse, decreasing throughout the 
pulse length, as a result of damping.
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Rayls). The impedance difference between media at an interface—
acoustic impedance mismatch—influences the return signal 
ratio. Higher mismatch enhances reflection and lower mismatch 
enhances transmission. The high mismatch at air/soft tissue inter-
faces explains the need for using ultrasound gel as a coupling 
medium during examination.

At a rough interface or when encountering small structures 
(with dimensions in the range of the wavelength) the ultrasound 
suffers scattering, returning towards the source and being trans-
mitted in all directions (% Fig. 1.2). The proportion of ultrasound 
returning to the source (backscatter) is independent of the insona-
tion angle. Scatter reflections allow the generation of an image of 
the examined structures instead of generating a mirror (specular) 
image of the transducer.

Amplitude and intensity drop as ultrasound travels through tis-
sues, a phenomenon named attenuation (measured in decibels, 
dB) and due predominantly to absorption but also to reflection 
and scattering (% Fig. 1.2). Attenuation increases with travelled 
distance and with ultrasound frequency. It depends on a specific 
attenuation coefficient—assumed as being constant in soft tissues 
(0.5 dB/cm/MHz). For image formation the ultrasound travels 
from and to the source, which doubles attenuation—1 dB/cm/MHz 
per centimetre of depth.

Reflection and transmission of ultrasound at 
interfaces
Travelling through tissues, the ultrasound encounters interfaces 
where acoustic properties change, influencing propagation. 
Propagation depends also on the angle of incidence (insona-
tion angle) with the interface. Encountering an interface, the 
ultrasound partially returns towards the source and is partially 
transmitted (% Fig. 1.2).

At a smooth and large interface the ultrasound obeys rules of 
specular reflection, returning towards the source with direction 
angle equal to the angle of incidence. Every medium has specific 
acoustic impedance (density × propagation speed, measured in 

Table 1.1 Currently used frequency range for cardiac imaging 
applications (including paediatric)

Transthoracic 1–8 MHz

Transoesophageal 3–10 MHz

Intracardiac 3–10 MHz

Epicardial 4–12 MHz

Intracoronary 10–20 MHz

Fig. 1.1 Characteristics of an ultrasound wave. Each cycle of complete pressure variation occurs over a certain length of time (period—measured in time 
units) and also occurs over a certain length of space (wavelength—measured in distance units, usually millimetres). The frequency is the number of complete 
cycles occurring in the unit of time, measured in hertz (one cycle per second). The maximal pressure variation above or below baseline represents the sound 
wave amplitude, measured in pressure units—megapascals (MPa) for ultrasound. As the wave travels, the encountered media particles are displaced, resulting 
in compression of the medium (increased particle density) corresponding to the high-pressure wave travelling past and rarefaction of the medium (decreased 
particles density) corresponding to low acoustic pressure.
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bandwidth providing simultaneously high resolution and penetra-
tion (pure wave crystals, single crystal technology, etc.).

The transducer has a housing case for the piezoelectric element. 
Elements backed with damping material stop backwards propaga-
tion of waves towards the case walls, to prevent interference with 
waves returning from examined structures (ring-down artefact). 
Damping restricts the number of oscillations per pulse (not nec-
essary for continuous wave Doppler-only transducers) and their 
amplitude. Shorter pulse duration improves axial resolution and 
increases the range of generated frequencies.

The generated ultrasound frequency is determined by the elec-
tric pulse frequency. The nominal frequency of the transducer 
depends on the resonance frequency of the piezoelectric element, 
generated when the element thickness is half the wavelength (only 
tenths of millimetres, explaining why elements break easily if we 
drop or bang the transducer). Damping and electrical current 
modulation help generate a broad band of frequencies around the 
nominal frequency.

The piezoelectric element has much higher impedance than the 
tissues; direct contact would create a highly reflective interface. 
Materials with intermediate impedance are used to cover the ele-
ment in one or more matching layers.

The transducer generates a main ultrasound beam, which cre-
ates diagnostic images, and accessory beams (side lobes) which 
can also create images (artefact). The beam of a basic single disc-
shaped element transducer has progressively increasing width due 
to diffraction (deviation from initial direction) after a natural focus 
point, separating the beam in two zones. The narrow beam of the 
near zone (Fresnel field) offers better lateral resolution. Its length 
is proportional with the ultrasound frequency and the transducer 
aperture dimensions. The wide beam of the far zone (Fraunhofer 
field) offers reduced image resolution.

Transducer types
The first transducers were single-element transducers, which could 
generate and receive ultrasound waves along a single line, result-
ing in A-mode and M-mode imaging (for explanation of A-mode 
and M-mode imaging see % ‘Ultrasound imaging principles’). The 
grey-scale M-mode had a high frame rate (2000–5000 frames/s), 
limited only by the time necessary for the waves to return from 
examined structures. Focusing was achieved with a concave lens or 
by giving curved shape to composite piezoelectric elements.

Two dimensional (2D) imaging emerged from development of 
sector scanning necessitating beam steering—sweeping across the 
imaging plane. Steering prolonged imaging time, restricting frame 
rate, compared with single-line scanning. Mechanical steering was 
used first. The mechanical transducer had a small footprint though 
was inappropriate for Doppler imaging advances. Electronic 
steering was a breakthrough in the development of transduc-
ers (% Fig. 1.3a). It enabled parallel 2D and Doppler imaging 
advances, and in refined versions it enabled development of three 
dimensional (3D) imaging. Sequential firing of elements is also 
used for electronic focusing (% Fig. 1.3b).

Transducers
Transducer construction and characteristics
The transducers are both generators and receivers of ultrasound 
waves used to create echocardiographic images, based on the pie-
zoelectric effect (the conversion of electricity in ultrasound waves 
and the reverse, the conversion of ultrasound waves in electricity).

The main component of the transducer is a piezoelectric element, 
which generates ultrasound waves as a result of electricity-induced 
deformation and generates electricity as a result of the returning 
ultrasound wave-induced deformation. The piezoelectric proper-
ties are natural or induced by heating the material up to a specific 
temperature—Curie temperature—at which the molecules align 
in a strong electric field. Modern transducers use manufactured 
piezoelectric materials. Crystals, ceramics, polymers, and compos-
ites with a range of electromechanical coupling efficiencies (ideally 
high) and acoustic impedances (ideally low) have been used over 
the years. The piezoelectric properties are lost with heating, a 
reason why heat-based transducer sterilization is inappropri-
ate. Current transducers use new-generation crystals with high 

Fig. 1.2 Specular reflection: the reflected ultrasound returns to the source 
in cases of perpendicular incidence, but does not return to the source in 
cases of an oblique incidence. Transmission of ultrasound continues in the 
same direction in cases of perpendicular incidence or occurs with a change 
in direction—refraction—in cases of oblique incidence. Scatter reflection: 
the backscatter is higher with higher ultrasound frequency and depends 
on scatterer size. A point scatterer sends ultrasound homogenously in all 
directions. The backscatter from the multitude of scatterers encountered 
by the ultrasound wave interfere enhancing (constructive interference) or 
neutralizing each other (destructive interference). This explains why the 
image of tissues contains speckles and apparent free spaces instead of having 
homogeneous appearance.
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Interference
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Electronic aperture variation, allowing preservation of focal 
beam width for a range of focus depths, is obtained by chang-
ing the fired elements number. The conventional phased-array 
transducer is the one-dimensional (1D) transducer (% Fig. 1.4). 
Matrix array transducers are currently used (% Fig. 1.5). The 
evolution of the matrix array transducers established 3D imaging 
(% Figs. 1.6 and 1.7).

The received beam has electronic steering and focusing as 
well. Current transducers have multiple transmission focusing and 

Fig. 1.3 Electronic steering and focusing. (a) Electronic steering: the phased-array transducers consist of a series of rectangular piezoelectric elements sequentially 
fired (see activation time delays t

1
 < t

2
 < t

3
 < t

4
 < t

5
) in order to obtain ultrasound beam steering. (b) Electronic focusing: see sequence of elements activation 

(t
1
 < t

2
 < t

3
) used for electronic focusing. Transmitted ultrasound beam focusing changes the length of the near zone by adjusting the depth of focus, to include 

the examined structure and improve resolution. The beam width is reduced to minimum in the focal area and diverges immediately after. The focal zone has 
maximum intensity and provides maximal lateral resolution.

(a)

t1 t1

t1

t2>t1 t2>t1

t2>t1

t3>t2>t1t3>t2

t4>t3

t5>t4

(b)

Fig. 1.4 Conventional phased-array transducer. The 1D transducer consists 
of one row of piezoelectric elements aligned in the imaging plane. This 
allows electronic focusing only in the imaging plane, adjusting the beam 
width responsible for lateral resolution. See the accessory beams (side lobes) 
illustrated in red.

Fig. 1.5 Matrix array transducer. In transducer development, the 1.5D and 
the 2D transducers were created by adding rows of elements in the elevation 
plane. This allows electronic focusing in the elevation plane as well, adjusting 
the beam thickness responsible for the tomographic slice thickness. The 1.5D 
transducer has fewer elements rows in the elevation plane and has shared 
electric wiring for pairs of added elements. The 2D arrays have more elements 
rows with separate electric wiring. Transducer advances were based on the 
ability to cut the elements very small, to isolate them, to fit their electric wiring 
in the case, and to command complex firing algorithms. The first transducers 
for 2D and then 3D imaging were sparse-arrays, concomitantly using only part 
of their elements. Full matrix array transducers are currently used. Side lobes 
of constituent elements add up in grating lobes of the array (illustrated in red 
in the image). They can be reduced by firing peripheral elements at lower 
amplitude—apodization—with continuous variation—dynamic apodization. 
They can also be reduced by cutting subelements within elements.

dynamic reception focusing, improving resolution throughout the 
image depth. Dynamic reception focusing needs dynamic aper-
ture to preserve focal beam width.
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Fig. 1.6 Real-time 3D imaging transducer beam. Currently, full matrix array 
transducers with more than 2000 elements enable second-generation real-
time 3D imaging, concomitantly collecting information in sagittal, coronal, and 
transverse planes with a pyramidal ultrasound beam. The first 3D images were 
reconstructed from a series of 2D images acquired with free hand scanning or 
mechanically driven transducers. Later, sparse-array matrix transducers with 
256 elements made possible the first-generation real-time 3D transthoracic 
imaging with poor spatial resolution.

Fig. 1.7 Use of 3D imaging transducer for multiplane imaging. The 3D 
imaging transducer can acquire and display two or three concomitant 2D 
tomographic images from the same cardiac cycle, using rows of transducers 
generating beams in two or three imaging planes.

Complex transmission and reception focusing and the use of 
short intermittent pulses with multiple frequencies and damping 
make the current actual ultrasound beam difficult to illustrate. 
Presented images (% Figs. 1.4–1.7) represent the beam pathway, 
with the transmitted beam fading away due to attenuation.

Transducer selection
Transducer selection is less of an issue with current broad-band 
transducers and equipment features allowing fine tuning in image 
optimization. A wide range of patients is scanned without chang-
ing transducer. Technology evolution resulted in a decrease in 
transducer size and footprint (aperture). Smaller transducers need 
a smaller acoustic window and are easier to handle. Aperture size 
reduction is limited by concomitant drop in near-field length.

Higher frequency is needed for better resolution imaging of 
shallow structures (e.g. heart in children and cardiac apex or coro-
naries in adults). Lower frequency is needed for better penetration 
to deeper structures (e.g. large size adults). There is a penetration–
spatial resolution trade-off (for details of transducer selection, see 
% ‘Principles of imaging’ in Chapter 2).

Ultrasound imaging principles
Echocardiography images represent the display of returning ultra-
sound waves from examined structures, with location determined 
by their travelling time. Each returning ultrasound wave generates 
an electrical radiofrequency signal.

Imaging modes (advantages and limitations)
The A-mode represents a display of received signal amplitude from 
each depth along a scan line. The amplitude of specular reflections 
is much higher than that of scatter reflections, giving the signal 
a large dynamic range. Amplitude transformation in grey-scale 
display creates B-mode imaging—based on signal brightness. 
The electrical signal amplitude is analogue—proportional with 
the received wave pressure. Analogue to digital (A/D) conversion 
designates amplitude a number (from 0 to 255). The grey-scale 
display results from representing low amplitudes in black (0), high 
amplitudes in white (255), and intermediate amplitudes in shades 
of grey. The weak scatter reflections would be almost lost at con-
version without logarithmic compression of amplitude numeric 
values which restricts the dynamic range.

The M-mode—motion imaging mode—is a grey-scale display 
of amplitude from each depth along a scan line over time, with 
high temporal resolution.

The 2D image is a grey-scale display of amplitude over depth 
information from several scan lines in an imaging plane. The 
result is a real-time tomographic section providing spatial resolu-
tion at the expense of temporal resolution.

The 3D image is a colourized-scale display of amplitude over 
depth from several imaging planes in a pyramidal volume. The 
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imaging), the transducer receives only ultrasound signals from 
cardiac structures of the same frequency as that of the emitted 
ultrasound wave (fundamental frequency). In harmonic imaging, 
the transducer receives ultrasound signals from cardiac structures 
not only of fundamental frequency but also of higher frequency. 
The ultrasound wave produces compression and rarefaction of 
tissue particles (see % Fig. 1.1) and also oscillation of these parti-
cles both at fundamental frequency and at higher frequency and 
lower amplitude. These higher oscillation frequencies (harmonic 
frequencies) are exact multiples of the fundamental frequency. The 
harmonic amplitude is proportional with the square of the fun-
damental amplitude. Harmonic imaging exploits this non-linear 
response of tissue particles to the ultrasound beam.

The generation of harmonic frequencies is a cumulative 
phenomenon, progressively augmenting with depth of tissue pen-
etration. However, it results in a reduction of axial resolution of 
the ultrasound image.

Harmonics generation increases with administration of con-
trast agents consisting of microbubbles with non-linear properties 
which suffer volume resonant oscillations with pressure variations 
(see % Chapter 8).

Harmonic imaging places great demands on the transducer. It 
must be able both to generate low-frequency but high-amplitude 
ultrasound waves and to receive high-frequency but low-amplitude 
ultrasound waves. Broad bandwidth transducers have enabled the 
use of harmonic frequencies (% Fig. 1.8) resulting in significant 
image quality improvement (% Fig. 1.9a,b). The use of the second 
harmonic (twice the fundamental frequency) minimizes artefact. 

result is a real-time image with higher spatial resolution due to a 
larger field of view, but even lower temporal resolution because of 
prolonged image formation time. To overcome this issue, a ‘full 
volume’ 3D data set is formed from stitching together subvolumes 
acquired over two to seven sequential cardiac cycles (usually 
four). This is a ‘near-real-time’ rather than a ‘real-time’ mode, but 
it allows higher line density with relatively high frame rate (still 
lower than the current 2D frame rate). ‘Full volume’ acquisition in 
one cardiac cycle is also available.

Signal processing
The transducer should receive all returning waves from an 
ultrasound pulse before generating a new pulse, to avoid range 
ambiguity artefact (confining waves returning late from one pulse 
in the same location with waves returning early from the next 
pulse). Consequently, the number of pulses per second—pulse 
repetition frequency (PRF)—depends on the maximum travelling 
time which depends on the imaging depth. For every scan line, the 
PRF determines the frame rate—the number of images generated 
per second and stored in memory. The higher the depth, the lower 
the PRF so the lower the frame rate. The higher the number of 
scan lines, the lower the frame rate. Higher imaging sector width 
needs more scan lines resulting in lower frame rate. The frame rate 
determines the temporal resolution.

In current transducers, able to transmit and receive a range of 
frequencies, a different PRF corresponds to each frequency:

◆	 5 MHz = >71.8 PRF
◆	 4 MHz = >60.9 PRF
◆	 3.3 MHz = >55.8 PRF.

From the image stored in the memory an image display is created 
and presented. The number of images displayed per second 
defines the refresh rate which is smaller or equal to the frame rate. 
Both high frame rate and high refresh rate are needed for real-time 
imaging (rapid display of images during scanning, presenting the 
examined structures in motion).

In older echocardiography machines, image display was per-
formed in a cathode-ray tube and presented on a television screen 
or, later, on a computer monitor. The stored digital informa-
tion was converted back to analogue voltages which induced a 
proportional strength electron beam generating a proportional 
brightness spot of light in the fluorescent tube. The spot moved 
across the tube creating the image display.

In current echocardiography machines, both image display 
and presentation can be performed on a flat-panel consisting of a 
matrix of thousands of liquid crystal display (LCD) elements, act-
ing as electrically activated light valves which can create grey-scale 
or colour images.

Harmonic imaging
Harmonic imaging substantially improves the image quality 
in 2D and M-mode. In non-harmonic imaging (fundamental 
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Fig. 1.8 Principle of harmonic imaging. The propagation of ultrasound in 
tissues is non-linear, faster during higher pressure because of higher media 
particles compression. This results in progressive wave-shape change because 
of added frequencies (harmonics) to the transducer-generated frequency 
(fundamental). The phenomenon is more accentuated with higher ultrasound 
intensity and at higher depth. Harmonic imaging is obtained by filtering 
out the returning fundamental frequencies and receiving only the second 
harmonic frequency.
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The major advantage of harmonic imaging resides in its capability 
to improve the signal-to-noise ratio.

Image storage
In older instruments, image storage was based on videorecording or 
paper printing and later on magneto-optical disk. Presently, image 
storage is based on digital acquisition of loops or freeze frames.

Current instruments have large digital archiving memory, can 
write information on CD-ROMs and USB flash-drives, or send 
information to a computer workstation or an external database. 
Post-processing, analysis, and measurements can be performed 
on the machine or on the workstation after completing the scan-
ning (offline). The studies are easy to retrieve for comparison at 
follow-up, for teaching, and for research.

Digital memory stores numbers representing information. The 
image is divided into thousands of pixels forming a matrix. Each 
matrix gives a 2-bit memory—stores ‘black’ or ‘white’ for each 
pixel. More matrixes have to be used for detailed shading; for 
example, 8-bit memory stores 256 shades of grey. An even higher 
number of bits is used for current high-resolution displays.

Images can be stored as raw data or Digital Imaging and 
Communication in Medicine (DICOM) data format, both suit-
able for subsequent measurements and analysis. Compressed files 
following standard protocols (e.g. AVI or MPEG for loops or JPEG 
for freeze frames) can be exported for use in presentations and 
publications, but are not suitable for subsequent measurements.

Images can be communicated through a PACS (Picture Archiving 
and Communicating System). The image communication protocol 
for all manufacturers is standardized in DICOM format. Currently 
inter-vendor compatibility of DICOM ultrasound images is limited 
and advanced quantification options such as deformation imaging 
may require raw data for analysis. Further communication stand-
ardization within healthcare and with manufacturers is provided 
by HL7—Health Level Seven of the International Organization for 
Standardization (ISO). For example, HL7 provides echocardiogra-
phy examination report coding systems.

Image quality optimization
Echocardiography instruments have controls which allow qual-
ity optimization before image storage in memory (pre-processing) 

Fig. 1.9 Image quality optimization. (a) and (b) Harmonic imaging effect on image quality: see fundamental image (a) and harmonic image (b). Relying on the 
high-intensity central part of the beam, harmonic imaging improves lateral resolution and reduces lateral lobes artefacts. Relying on signal from higher depth, 
harmonic imaging reduces near-field artefact. Because attenuation of returning waves is higher for higher depth though, the mid field has the best image quality. 
Relying on longer ultrasound pulses, harmonic imaging reduces axial resolution. The pulse inversion harmonic imaging technique uses shorter pulses in pairs 
which cancel each other’s fundamental frequencies. This technique improves axial resolution but it reduces temporal resolution instead, having a lower frame rate. 
(c) Compress control effect: image (c) is image (b) with maximum compress. ‘Compression’ increase reduces heterogeneity of grey-scale image display, reducing 
differences in signal strength by amplifying more the weak signals. (d) Dynamic range control effect: image (d) is image (b) with maximum dynamic range. 
The ‘dynamic range’ is the range of signal strengths which can be processed—from the weaker detected signal to the stronger not inducing saturation signal. 
Increasing the dynamic range we increase the displayed number of shades of grey in the display; decreasing it we obtain a more black and white image.

(a) (b)

(d)(c)
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progressively higher amplification of signal returning from 
progressively higher depth (later arriving) to compensate for 
attenuation.

9. Lateral gain compensation (LGC): this control is used to allow 
higher amplification of the weaker lateral signal on older 
instruments. It is no longer needed due to improvements in 
image quality.

10. Reject: we can set an appropriate strength threshold for a sig-
nal to be detected, excluding weaker signals (noise).

11. Freeze: we can stop the moving heart display, during real-time 
scanning or offline, to select a single frame of interest in order 
to perform measurements or print.

12. Dynamic range and compress: see % ‘Imaging modes’ and  
% Fig. 1.9c,d.

13. Edge enhancement: we can improve border delineation ena-
bling more accurate measurements and better visualization 
of the endocardium for systolic function and regional wall 
motion assessment.

A range of ready-made grey scale or colourized scale (B colour) 
settings are also available for post-processing image optimiza-
tion, some with a better contrast resolution and some with a 
more smooth appearance. The smooth appearance is obtained 
with pixel interpolation and persistence. With pixel interpolation 
smoothening is achieved by filling in the gaps with grey-scale pix-
els, progressively more with higher depth because the scan lines 
progressively diverge. Persistence makes moving images smooth 
by adding frames which are an average of previous and next. 
Colourization improves contrast resolution. Shades of orange are 
widely popular for both 2D and 3D imaging.

Post-processing abilities are refined in 3D imaging, allowing 
colourization, shading, smoothening, contrast resolution optimi-
zation, and 3D adjustment of gain to improve the perception of 
perspective. Post-processing includes rendering and cropping of 
the full volume pyramid and changes of the angle of display.

Artefacts and pitfalls of imaging
Echocardiography can create images of structures in the wrong 
place, distorted images (in size, shape, and brightness), images 
of false structures, or it can miss structures in the shadow of 
other structures. These artefacts are due to ultrasound physics or 
operator interference. Some artefacts can be avoided by changing 
transducer position/angulation or imaging settings/technique. 
Artefacts are less frequent with current technology.

The near-field clutter is an artefact due to the high amplitude 
of oscillations obscuring structures present in the near field. It is 
reduced by harmonic imaging.

Artefact recognition is crucial for image interpretations. To 
facilitate recognition, the artefacts have been illustrated with 
examples and described in the figure captions (see % Figs 1.10– 
1.14).

or after image retrieval from memory in order to be displayed 
(post-processing). In other words, pre-processing determines the 
quality of image formation, operating on the transmitted and 
received ultrasound. Post-processing determines the quality of 
image display on the screen, operating before display or even 
offline, on stored images. The names of the controls are manufac-
turer specific and so is their level of interference in image quality 
and the ability to post-process offline-acquired images. Changes 
and improvements are rapidly occurring. Understanding the 
principles, we can use the specific controls of each instrument 
accordingly.

The controls of the instrument can change the following:
1. Ultrasound frequency: we can select the appropriate frequency 

(see % ‘Transducer selection’) for the examination performed 
without changing transducer. The higher the frequency, the 
higher the resolution but the lower the penetration. The lower 
the frequency, the higher the penetration but the lower the 
resolution.

2. Depth: we can increase depth to encompass all the structures 
of interest; the higher the depth, the lower the PRF so the 
lower the frame rate. We can also reduce depth in case the 
structures of interest are near shallow to maximize their dis-
play on the screen; the lower the depth, the higher the PRF so 
the higher the frame rate (see % ‘Signal processing’).

3. Output power: we can change the amount of energy emitted by 
the transducer. The output power is measured in percentages 
of the maximum power or in decibels. Output power reduc-
tion results in lower amplitude of the returning waves and 
therefore weaker signal. Output power increase enhances the 
amplitude of the returning signal, but excessive increase raises 
concerns regarding biological effects (see % ‘Biological effects 
of ultrasound and safety’).

4. Focus level: we can change the ultrasound beam focus level to 
optimize resolution at a specific distance from the transducer. 
Structures proximal to the focus level are better visualized.

5. Angle or sector width: we can change the area swept by the 
ultrasound beam. Reducing the width, we reduce the beam 
steering time and consequently the imaging time, achieving a 
higher frame rate.

6. Tilt: we can orientate the image sector laterally, to facilitate 
exploration of peripheral structures with better resolution 
(using the axial resolution).

7. Gain: we can change the overall amplification of the electrical 
signal induced by the returning ultrasound waves, in a similar 
way as we can change the volume control in an audio system.

8. Time gain compensation (TGC): we can differentially adjust 
the gain along the length of the ultrasound beam, to com-
pensate for the longer time taken by waves returning from 
higher depth to reach the transducer. Owing to attenuation, 
signals returning from progressively higher depth (later) 
are weaker. The TGC provides a series of controls allowing 
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Fig. 1.10 Mirror image and refraction artefacts. (a) Mirror image artefact: a second image (reflection) of the same structure is formed behind a strong reflector. 
The second image is weaker than the first. In the example, effort was made to enhance the mirror image for illustration purposes. A whole second parasternal long 
axis view of the heart is formed behind a highly reflective pericardium. (b) Refraction artefact: a second image of the same object positioned lateral to the real 
image is formed by the refracted waves. In the example (left image), a whole second interventricular septum appears to be present. By changing settings (increasing 
frequency and changing technique—harmonic imaging instead of pulse inversion) and slightly angulating the transducer, the artefact was resolved (right image).

(a) (b)

Fig. 1.11 Reverberation artefacts. (a) Reverberation artefact: reverberations are multiple reflections produced by a strong reflector, giving a series of gradually 
weaker parallel images of the same structure behind the first. When they consist of a series of short lines near each other, they can take the form of a comet tail. 
In the example, in 2D, the prosthetic mitral valve creates reverberations which almost take the form of two comet tails. (b) Reverberation artefact: reverberation 
artefact is generated in 3D imaging as well. They can be bigger and more obscuring of normal structures than in 2D. In the example, the 3D image belongs to 
the same patient, during the same study as (a). It is possible to observe a multiple parallel disc-like appearance of the reverberation with tornado shape. (c) 
Reverberation artefact: this is another example of 3D reverberation artefact from mechanical mitral valve prosthesis, giving multiple parallel plate-like appearance 
when cropped and displayed to be seen from two angles.

(a) (b) (c)

Biological effects of ultrasound and 
safety
Ultrasound interacts with tissues, being a compression wave 
(MI-dependent mechanical effects) and having its energy 
absorbed (thermal index (TI)-dependent heating effects).

The exposure is proportional with pressure amplitude, power, 
and intensity. We increase it by increasing power, MI, and with 
focusing. The spatial peak-temporal average intensity (ISPTA) is 

used to describe exposure to intermittent, damped, and attenu-
ated ultrasound pulses. ISPTA is the average temporal intensity 
at the point of maximum intensity in space. ISPTA is higher for 
Doppler imaging.

Biological effects are investigated with cell cultures and plant 
and animal experiments. There is no evidence of risk; neverthe-
less rationalization is advised. Manufacturers have to comply 
with safety requirements for instruments output, by restricting 
and displaying the MI and TI (index value 1). Final responsibility 
remains with the operator.
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Fig. 1.13 Reverberation and side lobe artefact. (a) Side lobe artefact: the side lobe (grating lobe) artefact is an image created by a weak accessory beam. It can 
produce a misleading image of a highly reflective structure. In the example, the prosthetic aortic valve ring seems to be continued by an ascending aorta graft, 
which is not true. The image of the prosthetic ring is made look longer by the combination of true image and side lobe artefact. The image was ‘optimized’ to 
accentuate artefact for illustration purposes. (b) Comet tail: the example shows a small comet tail produced by a calcified plaque in the aortic root, giving the 
appearance of a line in the aortic root perpendicular to the anterior wall of the aorta, which could be misdiagnosed as dissection. (c) Reverberations and side 
lobe artefact: the example shows reverberations produced by prosthetic aortic valve and prolongation of the image of the anterior aspect of the valve ring by 
side lobe artefact. (d) Enhancement and reverberations artefact: enhancement artefact is the accentuation of the brightness of a reflector behind a structure with 
low attenuation. It usually creates increased brightness of the distal aspect of structures which have a cavity. In the example, the distal aspect the right atrial wall 
appears brighter. There are also reverberations like multiple comet tails.

(a)

(c) (d)

(b)

Fig. 1.12 Reverberation and shadowing artefact. (a) Reverberation and shadowing artefact: behind a highly reflective structure, the normal structures can 
be obscured not only by reverberations, but also by shadowing—absent image due to weak ultrasound transmission. In this example, in transoesophageal 
echocardiography (TOE), there are reverberations from a prosthetic mitral valve and also shadowing behind the valve ring. (b) Shadowing artefact: The example 
shows shadowing artefact on TOE, produced by the ring of tissue aortic valve prosthesis. (c) Shadowing artefact: the example shows an agitated saline study for 
interatrial septum assessment. There is a shadow in the right lower part of the image, produced by small calcium chunk in the interatrial septum and by the aortic 
valve which could be confused with bubbles wash-out by left-to-right flow through small interatrial communication.

(a) (b) (c)
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Fig. 1.14 Stitching and drop-out artefact. (a) Stitching artefact. If volume 3D is acquired from four cardiac cycles stitched together, stitching artefact may appear, 
if the cardiac cycles are unequal (atrial fibrillation or ectopic arrhythmia), or because of motion due to breathing or unstable operator hand. The example shows 
stitching artefact in 3D pyramidal volume. On the 2D images, the separate volumes delineation is very clear (artefact enhanced for illustration purposes). (b) 
Drop-out artefact: the 3D images have to be acquired at higher gain than 2D images, to allow for a more extensive post-processing (which can reveal information 
hidden by exaggerate gain but cannot display an image if there are gaps of information). In the example, there is apparent tissue gap in the anterior wall, due to 
both low gain acquisition, and post-processing (cropping and reducing the gain to visualize the highly reflective stenosed mitral valve).

(a) (b)

Fig. 1.15 Performance measurement. (a) and (b) Tissue equivalent phantom imaging: lateral and axial resolution, contrast resolution, and penetration can be 
assessed. In the example, (a) represents fundamental imaging and (b) represents harmonic imaging. We can appreciate from the dimensions of the bright echoes 
the poor lateral resolution of fundamental imaging (long echo) compared with harmonic imaging (short echo). This can be appreciated also from the images of 
the cystic structures (hazy lateral walls in fundamental imaging). There is drop in axial resolution (the echoes are thick for their length in harmonic imaging). The 
improved contrast resolution with harmonic imaging can be appreciated from the image of the far lateral left cystic structure. (c) and (d) Penetration assessment: 
(c) is an image obtained with lower frequency–high penetration throughout the image field though low resolution suggested by the coarse appearance of speckles; 
(d) is an image obtained with higher frequency–low penetration, about two-thirds of the image field though high resolution suggested by the fine appearance of 
speckles.

(a) (b)

(d)(c)
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Performance is tested on tissue-equivalent phantoms and test 
objects. Axial, lateral, and contrast resolution, penetration, and 
calibration are assessed (see % Fig. 1.15).

Safety is tested with hydrophones, measuring acoustic output. 
Pressure amplitude, period, and pulse duration are determined. 
Frequency, PRF, power, and intensity are derived.

The transducers and other parts of the machine should be 
cleaned regularly.

Further reading
Education Committee of the European Association of Cardiovascular 

Imaging 2012-2014. EACVI Echocardiography Core Syllabus. A learn-
ing framework for continuous medical education in echocardiography. 
2013. Available at: http://www.escardio.org/communities/EACVI/
education/Documents/EACVI-core-syllabus.pdf

Heating depends on tissue density and heat loss with blood 
flow. The soft tissue TI is the output power divided by the power 
producing more than a 1°C temperature rise. TI is higher for 
Doppler imaging.

Cavitation is tissue gas bubble volume oscillation with pressure 
variation, similar to the oscillation of contrast microbubbles. It 
can induce disruption at very high MI.

Quality assurance and ultrasound 
instruments
A programme of instrument performance and safety testing 
every 6 months is recommended, for early identification of alter-
ations (e.g. transducer elements breakdown) and maintenance 
planning.

http://www.escardio.org/communities/EACVI/education/Documents/EACVI-core-syllabus.pdf
http://www.escardio.org/communities/EACVI/education/Documents/EACVI-core-syllabus.pdf
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CHAPTER 2

Transthoracic 
echocardiography/ 
two-dimensional and 
M-mode echocardiography
Miguel Ángel García Fernández and  
José Juan Gómez de Diego

Principles of imaging
Patient position
To perform an echocardiographic examination the sonographer can be seated on the left 
or on the right side of the patient depending on standards of practice or personal prefer-
ence. However, it is useful to develop skills to work from both sides of the patient in order 
to be prepared in the case the patient situation or room does not permit a choice.

Echocardiographic examination is usually performed with the patient in the left lateral 
decubitus position, with the left hand under the head (% Fig. 2.1). By tilting the patient 
to the left, the heart comes nearer to the chest wall and by rising the left arm the space 
between the ribs widens. Both measures allow an easier positioning of the transducer and 
improve the ultrasound beam access. To obtain specific views, additional positioning of 
the patient will be required [1]. Subcostal images are obtained by placing the patient in the 
supine position. Asking the patient to flex their knees in order to relax abdominal muscles 
will give more room to manoeuvre the transducer. For suprasternal views the transducer 
should be placed in the suprasternal notch, with the patient in the supine position. Placing 
a pillow under the patient’s shoulders may be necessary to hyperextend the neck and to 
provide more room for the transducer. In some special cases the right lateral decubitus 
position will be required as well.

Transducer position: the echocardiographic windows
Ultrasound cannot pass through air or bone. This is the reason why there are in fact only 
a few points that can be used to scan the heart with an ultrasound beam. These points are 
called windows (% Fig. 2.2). A specific orientation of the transducer in a specific access 
point gives a specific imaging pattern called echocardiographic view.

The standard transducer locations useful to scan the heart are the suprasternal, the api-
cal, the suprasternal, and the subcostal windows. Two-dimensional (2D), M-mode and 
Doppler imaging from different windows should be obtained to obtain data about cardiac 
structures from different points of view (% Fig. 2.3). This information will be integrated 
by the sonographer in a coherent model of the patient’s heart anatomy and function. 
Usually parasternal and apical windows are the most useful windows in adults because 



CHAPTER 2 transthoracic echocardiography/two-dimensional and m-mode echocardiography 16

they provide most of the needed images. A subcostal approach 
is useful in paediatric patients but it can also be the best option 
where scanning patients with low diaphragm or bad acoustic win-
dow due to respiratory diseases [2,3]. Finally, the suprasternal 
approach is usually used as a complementary view to study the 
base of the heart and great vessels [4]. The right parasternal win-
dow can also be used in specific cases to study aortic valve flow [5].

It is important to bear in mind that standard transducer posi-
tions are merely informative. The best probe position is variable 
in each patient and some exploration with the transducer is often 
required to find the best location to obtain optimal images. There 
are even clinical situations like dextrocardia or pneumothorax 
where any standard approach proves ineffective. In these cases, 
there can be non-standard or unexpected acoustic windows that 
can be used to scan the heart.

Two-dimensional echocardiography
Two-dimensional echocardiography (2D echo) provides real-
time and high-resolution tomographic views of the heart useful to 
obtain anatomical and functional information.

Two-dimensional echo is the basis of the echocardiographic 
examination. Firstly, it is usually the initial imaging mode chosen 
for each study view as it allows an overall evaluation of structures 
of interest in plane. Secondly, 2D echo is also useful as a reference 
map to guide other imaging modes like M-mode or Doppler.

Most echo laboratories follow the American Society of 
Echocardiography (ASE) recommendations [6] for image orien-
tation, with the transducer position at the top of the image. That 
means that ‘superficial’ or ‘anterior’ structures will be visualized 
in the ‘upper’ part of the image, whereas ‘deeper’ or ‘posterior’ 
structures will be displayed in the ‘lower’ part of the image. Lateral 
structures are displayed on the right side of the screen and medial 

Fig. 2.1 Transthoracic transducer standard positions to obtain different echo 
views. Parasternal (position 1) and apical planes (position 2) are obtained with 
the patient in the left lateral decubitus position. Suprasternal (position 3) and 
subcostal views are usually obtained with the patient in the supine position 
(position 4).
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Fig. 2.2 Anatomical structures and echocardiographic windows to obtain 
parasternal views (position 2), apical views (position 3), suprasternal views 
(position 1), and subcostal views (position 4).

1

2

3

4

Fig. 2.3 Image planes used in transthoracic echocardiography. (a) Long axis; 
(b) short axis; (c) four-chamber.
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posterior, down) walls to be seen. In PLAX the true left ventricular 
apex is usually not seen; the apparent apex is in fact the result of 
an oblique angulation through the anterolateral wall. The aortic 
root, with the sinuses of Valsalva, the sinotubular junction, and 
the most proximal part of the ascending aorta is on the right side 
of the image. In most cases, moving the transducer to an upper 
intercostal space allows a focused image of a longer part of the 
ascending aorta to be obtained. The left ventricular outflow tract 
and the aortic valve are the communication between the left ven-
tricle and the aorta. In this view, the upper aortic cusp corresponds 
to the right coronary cusp and the lower one to the non-coronary 
cusp. It is easy to distinguish the mitral valve just below the aortic 
valve. Anterior and posterior leaflets of the mitral valve are linear, 
thin, and dense structures with a wide movement over the cardiac 
cycle. The anterior leaflet is in close continuity with the non-coro-
nary aortic valve cusp. Both valves are attached by many tendinous 
chords to papillary muscles. The left atrium is seen in the lower 
right region of the image. In some cases it is possible to visual-
ize the descending thoracic aorta in section as a rounded structure 
immediately posterior to the left atrium. The coronary sinus can 
be visualized as an echo-free structure at atrioventricular groove 
level that follows the motion of the atrioventricular ring. The peri-
cardium sometimes can be identified at the lower edge of the left 
atrium and left ventricle.

Parasternal right ventricle views
The parasternal right ventricle inflow view (also called long-
axis view of the right ventricle) (% Fig. 2.5; z Video 2.2) is 
obtained by medial angulation of the transducer from the PLAX 
view. This view is very useful for pulmonary pressure calculation 
because tricuspid regurgitation jets are usually well aligned for 
accurate Doppler evaluation. This plane gives a detailed image of 
the right atrium in the lower part of the image, the inflow tract of 
right ventricle in the upper part of it, and the septal and anterior 

structures on the left side. Short-axis views should be considered 
as if the sonographer were looking from the apex towards the 
heart base and long views as if he/she were looking at the heart 
from the left side. The ASE recommendations are followed in all 
the figures in this chapter.

Parasternal long-axis view
The parasternal long-axis view (PLAX) (% Fig. 2.4; z Video 2.1) 
is obtained with the patient in the left lateral decubitus position 
and the transducer placed in the left third or fourth intercostal 
space near the sternum. This view is particularly interesting since 
many structures are oriented perpendicular to the ultrasound 
beam. This orientation provides better spatial resolution and 
imaging detail; therefore this view is the best plane to measure the 
dimensions of the left cardiac ventricle.

The right ventricle is the upper structure in the image. The left 
ventricle is found below the right ventricle. This plane allows the 
anterior septum (up) and the lateral and inferior (classically called 

Fig. 2.4 Parasternal long-axis view. (a) Schematic anatomical section. (b) 
Two-dimensional echo anatomy of the view. AoV, aortic valve; LA, left atrium; 
LV, left ventricle; MV, mitral valve; RV, right ventricle.
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Fig. 2.5 Two-dimensional echo anatomy of the ventricle inflow view. RA, 
right atrium; RV, right ventricle; TV tricuspid valve.
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two-dimensional echocardiography
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The PSAX view at mitral valve level (% Fig. 2.8; z Video 2.5) is 
obtained with an inferior and rightward tilting of the transducer. 
This view is defined by the imaging of the mitral valve as two paral-
lel thin structures, with the anterior leaflet in upper position and 
the posterior leaflet in the lower portion of the image. The left ven-
tricle is visualized in circular cross-section and the right ventricle 
is in the left anterior portion of the image.

The PSAX view at papillary muscle level (% Fig. 2.9; z Video 2.6) 
is obtained by tilting the transducer more apically. The mitral valve 
is not more visible and it is possible to visualize a mid-ventricular 
circular cross-section of the left ventricle and the anterolateral and 
posteromedial papillary muscles inside the ventricular cavity at 3 
and 8 o’clock positions, respectively. By tilting the transducer, in 
some cases it is possible to have a PSAX apical view, (% Fig. 2.10; 
z Video 2.7) which provides a more apical cross-section visuali-
zation of the left ventricle.

leaflets of the tricuspid valve in between. The coronary sinus is 
seen joining the right atrium wall near the tricuspid annulus. 
The orifice of the inferior vena cava and the Eustachian valve 
can be also visualized joining the right atrium wall below the 
coronary sinus.

The parasternal right ventricle outflow view (% Fig. 2.6;  
z Video 2.3) is another variation of the PLAX view that is 
obtained by angulating the transducer laterally. This view, which 
can be very difficult to obtain in adults, gives a detailed view of the 
right ventricle outflow tract, the pulmonic valve, and the proximal 
main pulmonary artery.

Parasternal short-axis views
The parasternal short-axis view (PSAX) is obtained with a  
90° clockwise rotation of the transducer from the PLAX position. 
Different views are made possible from the base to the apex of the 
heart by tilting and slightly repositioning the transducer.

The PSAX view at the level of the aortic valve (% Fig. 2.7;  
z Video 2.4) is the most basal plane. The aortic valve is clearly 
seen in the central region of the image with its three leaflets in 
a characteristic Y-shape configuration. The rule to identify the 
cusps is to remember that non-coronary cusp is in continuity with 
interatrial septum and that the right coronary cusp is the nearest 
to the right ventricle outflow tract; the left coronary cusp is the 
third one. Sometimes it is possible to visualize in this view the ori-
gins of the coronary arteries, with the left main coronary artery 
at the 4 o’clock position in the aortic annulus and the right coro-
nary artery at the 11 o’clock position. The right ventricular outflow 
tract is wrapped anterior to the aortic valve; the pulmonary valve 
can be visualized rightward and anterior to the aortic valve and 
the main pulmonary artery curves around the aortic valve on the 
right of the image. The tricuspid valve is visualized to the left of 
the aortic valve; in this view septal and anterior leaflets are visible.  
The left atrium and the right atrium are posterior to the aortic valve.

PV

PA

RVOT

Fig. 2.6 Two-dimensional echo anatomy of the right ventricle outflow view. 
PA, pulmonary artery; PV, pulmonic valve; RVOT, right ventricle outflow tract.

Fig. 2.7 Parasternal short-axis view at aortic valve level. (a) Schematic 
anatomical section. (b) Two-dimensional echo anatomy of the view. Ao, 
descending aorta; AoV, aortic valve; LA, left atrium; PA, pulmonic artery; PV, 
pulmonic valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve.
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LA

Ao
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(b)
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Apical views
Apical imaging planes are obtained with the patient in the left 
lateral decubitus position, with the transducer placed in the fifth 
intercostal space in the median axillary line. The most challeng-
ing (and important!) point in apical imaging for the sonographer 
is to get images of the true left ventricle apex that can be easily 
foreshortened. The true apex usually has a thin wall and a slightly 
tapered shape. If the apex displayed in the image has a rounded 
shape and the same thickness than left ventricle walls there is a 
good probability it is in fact a false image due to an oblique orienta-
tion of ultrasound beam. The transducer should thus be replaced; 
moving it to a lower intercostal space or to a more lateral position 
can be a good solution.

Fig. 2.8 Parasternal short-axis view at mitral valve level. (a) Schematic 
anatomical section. (b) Two-dimensional echo anatomy of the view. AML, 
anterior mitral leaflet; LV, left ventricle; PML, posterior mitral leaflet; RV, right 
ventricle.

(a)

RV

(b)

LV AML

PML

Fig. 2.9 Parasternal short-axis view at papillary muscles level. (a) Schematic 
anatomical section. (b) Two-dimensional echo anatomy of the view. APM, 
anterior papillary muscle; LV, left ventricle; PPM, posterior papillary muscle; RV, 
right ventricle.

LV

(a)

RV

(b)

LV

PPM

APM

Fig. 2.10 Parasternal short-axis view at apical level. (a) Schematic anatomical 
section. (b) Two-dimensional echo anatomy of the view. LV, left ventricle; RV, 
right ventricle.
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LV

two-dimensional echocardiography
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with a posterior angulation provides a view without a specific 
name in which more posterior portions of the left ventricle and 
the coronary sinus can be seen.

From the A4C view position, a 60–90° counterclockwise rota-
tion of the transducer should be performed to obtain the apical 
two-chamber view (A2C) (% Fig. 2.13; z Video 2.10). A2C 
shows the left ventricle, the mitral valve, and the left atria. Both 
A2C and A4C are almost orthogonal views of the left ventricle 
that are widely used to assess global (using Simpson’s method) and 
regional left ventricular function.

Finally, an image similar to PLAX is obtained by rotating the 
probe another 60°. This view is called the apical long-axis view or, 
more commonly, apical three-chamber view (A3C) (% Fig. 2.14;  
z Video 2.11). The main difference is that in A3C true apex is 

The initial view from apical window use is the apical four-
chamber view (A4C) (% Fig. 2.11; z Video 2.8). This image shows 
the main four chambers of the heart, including the ventricles, the 
atria, the interventricular and interatrial septa, mitral and tricus-
pid valves, and the crux of the heart. Ventricles are in the upper 
zone and the atria in the lower zone of the image, the left cavities 
are displayed in the right part of the image and the right cavities 
on the left. When studying the crux of the heart, it is necessary 
to check that the tricuspid valve is located slightly more apically 
than the mitral valve. This precaution is crucial to diagnose some 
important congenital malformations like Ebstein disease and has 
a paramount importance to identify ventricular chambers in com-
plex congenital malformation cases.

When the transducer is moved with a slight anterior angulation 
from the A4C position, the aortic valve and the aortic root appear 
in the place previously occupied by the crux of the heart. This view 
is called the apical five-chamber view (A5C) (% Fig. 2.12; z Video 
2.9). This is the best plane to study the left ventricle outflow tract 
and aortic valve flows. An opposite angulation of the transducer 

(a)

LV
RV

(b)

LA
RA

MVTV

PV Ao

Fig. 2.11 Apical four-chamber view. (a) Schematic anatomical section.  
(b) Two-dimensional echo anatomy of the view. Ao, descending aorta; LA, left 
atrium; LV, left ventricle; MV, mitral valve; PV, pulmonary vein; RA, right atrium; 
RV, right ventricle; TV, tricuspid valve.

LV

RV

RA
LA

LVOT

Fig. 2.12 Two-dimensional echo anatomy of apical five-chamber view. LV, left 
ventricle; LVOT, left ventricle outflow tract; MV, mitral valve; RA, right atrium; 
RV, right ventricle.

LV

LA

MV

Fig. 2.13 Two-dimensional echo anatomy of apical two-chamber view. LA, 
left atrium; LV, left ventricle; MV, mitral valve.
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very similar to those obtained in PSAX (% Figs 2.16 and 2.17;  
z Video 2.13). Subcostal views are a good alternative to image 
patients when poor quality images are obtained in parasternal 
window.

The rotation of the transducer from subcostal four-chamber 
view gives a long-axis view of the inferior vena cava joining the 
right atrium (% Fig. 2.18; z Video 2.14). This view is useful to 
measure the inferior vena cava and to study its changes of size 
with respiration, and thus for the right atria pressure estimation. 
Further rotation of the transducer to a fully vertical position gives a 
long-axis view of the abdominal aorta (% Fig. 2.19; z Video 2.15).

Suprasternal view
The suprasternal long-axis view (% Fig. 2.20; z Video 2.16) is 
obtained with the long axis of the transducer oriented parallel 

seen. However, mitral and aortic valves in A3C view are visualized 
at a greater image depth and with poorer resolution.

Subcostal views
The subcostal four-chamber view (% Fig. 2.15; z Video 2.12) is 
obtained by placing the transducer in the centre of the epigastrium 
and by tilting downwards pointing to the patient’s left shoulder. 
The image is similar to A4C but with a different orientation in 
which interatrial and interventricular septa lie more perpen-
dicular to the ultrasound beam. This orientation makes this view 
especially useful to study defects at the level of the atrial septum. 
However, in subcostal view it is more difficult to visualize the true 
apex. A slight tilting of the transducer results in a five-chamber 
view that allows visualization of the left ventricular outflow tract 
and the aortic valve.

A 90° counterclockwise rotation of the transducer from the 
subcostal four-chamber view gives a series of short-axis views 

Fig. 2.14 Two-dimensional echo anatomy of apical three-chamber view. Ao, 
aortic root; AoV, aortic valve; LA, left atrium; LV, left ventricle; MV, mitral valve.
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Fig. 2.15 Two-dimensional echo anatomy of subcostal four-chamber view. 
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

Fig. 2.16 Two-dimensional echo anatomy of subcostal short-axis view at 
mitral valve level. LV, left ventricle; RV, right ventricle.

LV

RV

Fig. 2.17 Two-dimensional echo anatomy of subcostal short-axis view at 
aortic valve level. AoV, aortic valve; LA, left atrium; PA, pulmonary artery; RA, 
right atrium; RV, right ventricle.
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to the trachea. The ascending aorta and the aortic arch with the 
origins of the right brachiocephalic, the left common carotid and 
subclavian arteries can be seen in the left region of the image, and 
descending thoracic aorta is visualized in the right region. The right 
pulmonary artery and the left atrium can be seen beneath the aor-
tic arch.

A 90° counterclockwise rotation of the transducer gives a 
short-axis view (% Fig. 23.21). The transverse cross-section of the 
aortic arch is in the upper region of the image, with the long axis 
of the right pulmonary artery located below. A section of the left 
atrium and the outflow orifice of the right pulmonary veins can be 
observed in the lower zone of the image.

Other imaging planes
It can be necessary to use less standardized echocardiographic 
windows than those formerly described to assess specific struc-
tures. A right parasternal window may be useful in some patients 
to assess the proximal aorta and the aortic valve flow. Right mirror 
windows and a right lateral decubitus position may be useful in 
cases of dextrocardia.

M-mode echocardiography
M-mode echocardiography was introduced into clinical practice 
at the beginning of the 1960s. It has been the mainstay for echo-
cardiographic examinations for more than 20 years, but nowadays 
it has been largely replaced by 2D echo.

M-mode is still an important part of the echocardiographic 
study. In M-mode all computational resources of the system 
are focused on the scanning of a simple echo line. That allows 
an unequalled high sample rating of more of 2000 times per 
second, very far away from the 40–80 frames per second in 2D 
echo. This high sample rate is linked to a very high spatial and 
temporal resolution. This is the reason why M-mode is very use-
ful to track the movement of thin or fast moving structures, such 

IVC

RA

Fig. 2.18 Two-dimensional echo anatomy of subcostal inferior vena cava 
view. IVC, inferior vena cava; RA, right atrium.

Fig. 2.19 Two-dimensional echo anatomy of subcostal abdominal aorta view. 
Ao, aorta.

Ao

Fig. 2.20 Two-dimensional echo anatomy of suprasternal long-axis view. 
AAo, ascending aorta; Dao, descending aorta.

AAo

DAo

Fig. 2.21 Two-dimensional echo anatomy of suprasternal short-axis view. Ao, 
aorta; RPA, right pulmonary artery; SVC, superior vena cava.

SVC

RPA
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Movement of the aortic root is due to these changes of size of the 
left atrium and is related to the volume of blood passing through 
the atrium. Increased aortic root movement is seen in hyperdy-
namic states and in mitral regurgitation whereas is decreased in 
low output states.

Aortic valve movement can be nicely studied. The aortic valve 
leaflets are seen together in diastole as a thin line half way between 
both aortic root walls. In systole this thin line suddenly splits into 
two parallel lines that move near the aortic root walls in a typical 
box-like appearance.

Mitral valve
The 2D echo PLAX view is useful again to guide the M-mode sam-
pling line over the mitral valve. The echo beams in this orientation 
pass through the anterior right ventricular wall, the right ventricle 
chamber, the interventricular septum, the anterior and posterior 
mitral valve leaflets, the posterior left ventricular wall, and the 
pericardium (% Fig. 2.23).

as the valves or the endocardium, and to measure structures  
and cavities.

The major limitation of M-mode is that accurate studies are 
achieved only when the ultrasound beam is perpendicular to 
the structure of interest. Non-perpendicular orientation of the 
beam is linked to a slight deformation of the structure in the 
M-mode tracing and a bias in measurements. The problem of 
the orientation of the M-mode is now easily solved by using 2D 
imaging as a guide to find a correct position for the M-mode  
sampling line.

Aortic root, aortic valve, and left atrium
With the guide of the 2D PLAX view it is easy to put the M-mode 
sampling line over the aortic root at aortic valve leaflets level.

The M-mode tracing in % Fig. 2.22 shows the aortic root walls 
as two parallel lines that move together anteriorly in systole and 
back to posterior in diastole. The left atrium is posterior to the 
aortic root. Its size shows phasic changes with the cardiac cycle. 

Fig. 2.22 M-mode tracing of the aortic valve plane. It is possible to see aortic leaflets as a box in systole and as a thin line in diastole. Ao, aorta; AoV, aortic valve; 
LA, left atrium. The small inbox shows how the 2D image was used to guide the position of the M-mode sampling line.
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Fig. 2.23 M-mode tracing of the mitral valve plane. The leaflets of mitral valve are two thin lines that widely separate in the beginning of the diastole in the point E.  
The leaflets move together near the middle line and then separate again after atrial systole in the point A. The small inbox shows how the 2D image was used 
to guide the position of the M-mode sampling line. LV, left ventricle; PW, posterior wall of the left ventricle; RV, right ventricle; SW, septal wall of the left ventricle 
septum.
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Measurements of the left ventricular cavity dimension in dias-
tole and systole and the thickness of the septum and the posterior 
wall are easily done in M-mode recordings and left ventricle vol-
umes and mass can be readily derived. Care should be taken to avoid 
confusion between left ventricle walls and mitral valve structures.

The classical M-mode orientation for left ventricle measure-
ments also allows measurement of the diastolic diameter of the 
right ventricle. However, this approach yields a high measurement 
variability and is not widely used. In A4C view, M-mode is also 
used to measure the tricuspid annular systolic excursion (TAPSE) 
that is useful in the evaluation of right ventricle global function 
(% Fig. 2.25).

Pulmonic and tricuspid valves
It is usually easy to study the pulmonic valve with M-mode with 
the guide of the 2D PSAX view. The spatial orientation of the pul-
monic valve makes it impossible to study more than one leaflet 
movement at the same time in adults.

The leaflets of the mitral valve are seen as echodense lines 
between the left ventricle walls. The closed mitral valve is seen in 
systole with both leaflets joined together in a thin line in the mid-
dle of the cavity. In early diastole the mitral valve opening and the 
fast early filling phase are linked to a wide and quick separation 
of the mitral valve leaflets. The maximum anterior movement of 
the anterior leaflet is called the E point. In the diastasis phase of 
diastole both leaflets are parallel near the middle of the cavity. The 
atrial contraction causes a new flow movement that leads to a late 
diastolic peak in the leaflets movement tracing called the A point. 
After atrial contraction both leaflets join together in the middle of 
the cavity in the C point. The point in which the leaflets start their 
separation is called the D point.

Left and right ventricle
The M-mode tracing perpendicular to the left ventricle long axis 
at papillary muscles is the reference imaging to measure the left 
ventricle (% Fig. 2.24).
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Fig. 2.24 M-mode tracing of the left ventricle plane. The small inbox shows how the 2D image was used to guide the position of the M-mode sampling line. LV, 
left ventricle; PW, posterior wall of the left ventricle; RV, right ventricle; SW, septal wall of the left ventricle septum.

TAPSE

Fig. 2.25 M-mode tracing of the tricuspid annular 
systolic excursion (TAPSE). The small inbox shows 
how the 2D image was used to guide the position 
of the M-mode over the tricuspid annulus in 2D 
echo image.
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The normal pulmonic M-mode tracing (% Fig. 2.26) shows a 
posterior movement of the leaflet in systole and an anterior move-
ment in diastole. A slight posterior movement of the leaflet related 
to atrial contraction called a wave is just after the electrocardio-
gram P wave (or just before QRS). The point b is the leaflet position 
at the beginning of systole and the point c the maximal posterior 
position in systole. The point d is the mark at the end of systole and 
the closure point of the valve is the point e. During diastole and 
just before the atrial contraction the leaflet moves slightly towards 
a more anterior position and the maximum excursion point is the 
point f. The tricuspid valve can be also studied with M-mode imag-
ing (Fig. 2.25). The tracings are similar to those obtained in the 
mitral valve study but have little clinical utility.

The echocardiographic examination
The transthoracic echo evaluation is a standardized study that 
combines 2D echo with M-mode, colour, pulsed, and continuous 
Doppler imaging to perform a comprehensive evaluation of cham-
bers, valves, and flows of the heart. The minimal standard data 
digital acquisition protocol recommended by ASE guidelines [7] 
for a transthoracic echocardiography is summarized in % Table 2.1.

Further reading
Cerqueira MD, Weissman NJ, Dilsizian V, et al. Standardized myocardial 

segmentation and nomenclature for tomographic imaging of the heart: 
a statement for healthcare professionals from the Cardiac Imaging 
Committee of the Council on Clinical Cardiology of the American 
Heart Association. Circulation 2002; 105:539e 42.

Lang RM, Bierig M, Devereux RB, et al. Recommendations for chamber 
quantification. Eur J Echocardiogr 2006; 7(2):79–108.

Quiñones MA, Otto CM, Stoddard M, Waggoner A, Zoghbi WA. 
Recommendations for quantification of Doppler echocardiogra-
phy: a report from the Doppler Quantification Task Force of the 
Nomenclature and Standards Committee of the American Society of 
Echocardiography. J Am Soc Echocardiogr 2002; 15(2):67–84.

Fig. 2.26 M-mode tracing of the 
pulmonic valve. See text for details.
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Table 2.1 Minimal standard data set acquisition protocol for 
transthoracic echocardiography

Parasternal

Parasternal long axis of LV 2D + Colour D + M-Mode

Parasternal short axis at aortic valve level 2D + Colour D + M-Mode

Parasternal short axis at mitral valve level 2D

Parasternal short axis at mid-papillary level 2D

Parasternal RV inflow tract 2D + Colour D

Parasternal RV outflow tract 2D + Colour D

Transpulmonary flow PW Doppler

Apical

Four-chamber view 2D + Colour D

Five-chamber view 2D + Colour D

Two-chamber view 2D + Colour D

Long axis view 2D + Colour D

Transmitral flow PW Doppler

LV outflow tract flow PW Doppler

Transaortic/outflow tract flow CW Doppler

TIssue Doppler at mitral annulus (septal, lateral) TDI

Tricuspid regurgitant flow CW Doppler

Subcostal

Four-chamber view 2D + Colour D

Vena cava view M-Mode

Suprasternal

Long axis view of aortic arch 2D + Colour D

LV, left ventricle; 2D, two-dimensional echocardiography; Colour D, colour Doppler 
echocardiography; PW, pulsed-wave Doppler; CW, continuous wave-Doppler; TDI, tissue 
Doppler
From Evangelista et al. EAE reccomentations for stanzarization of performance, 
digital storage and reporting of echocardiographic studies. European Journal of 
Echocardiography (2008) 9, 438–448 [8].

further reading



CHAPTER 2 transthoracic echocardiography/two-dimensional and m-mode echocardiography 26

References
1. Garcia Fernandez MA, Zamorano J. Procedimientos en ecocardiografía. 

Madrid: McGraw Hill; 2004.
2. Edwards WD, Tajik AJ, Seward JB. Standardized nomenclature and 

anatomic basis for regional tomographic analysis of the heart. Mayo 
Clin Proc 1981; 56:479–97.

3. Weyman AE. Principles and Practice of Echocardiography, 3rd ed. 
Philadelphia, PA: Lea and Febiger; 1994, 99–123.

4. Lange LW, Sahn DJ, Allen HD, Golberg SJ. Subxiphoid crosssectional 
echocardiography in infants and children with congenital heart dis-
ease. Circulation 1979; 59:513–18.

5. Goldberg BB. Suprasternal ultrasonography. JAMA 1971; 215:245–9.
6. Feigenbaum H. Echocardiography, 7th ed. Philadelphia, PA: Lippincott 

Williams & Wilkins; 2009, 91–120.
7. American Society of Echocardiography Committee on Standards. 

Recommendations for quantification of the left ventricle by two dimen-
sional echocardiography. J Am Soc Echocardiogr 1989; 2:358–67.

8. Evangelista A, Flachskampf F, Lancellotti P, et al. EAE recommen-
dations for standardization of performance, digital storage and  
reporting of echocardiographic studies. Eur J Echocardiogr 2008; 
9(4):438–48.



Contents
Principles of Doppler echocardiography 27
Spectral Doppler assessment of the 
heart 29

Assessing volumetric flow 29
Assessing stenotic lesions 30
Assessing regurgitant valves 31
Other abnormal flow patterns 32

Tissue Doppler echocardiography 32
Clinical applications of tissue Doppler 33

Doppler artefacts 34
Conclusion 34
References 34

CHAPTER 3

Doppler echocardiography
Jaroslaw D. Kasprzak, Anita Sadeghpour, and 
Ruxandra Jurcut

Principles of Doppler echocardiography
In 1842, Christian Doppler discovered the phenomenon of decrease or increase in sound 
wave frequency when it is reflected by a moving object. This ‘Doppler effect’ has become 
the cornerstone of in vivo measurements of flow or tissue motion velocities. 

Doppler frequency shift is associated with the velocity of the moving target (v), trans-
mitted frequency (f0), speed of sound in blood (c = 1540 m/s), and angle between the 
interrogated beam and the blood flow (cos θ). As θ increases, maximum velocity is pro-
gressively underestimated; and beyond 20°, the underestimation becomes significant. The 
blood flow velocity is calculated based on the following equation:

×
×
f

v = Δ c
2f cos0 θ

Spectral analysis is used to determine the Doppler shift. Through a fast Fourier transform 
analysis, the spectral Doppler displays the entire range of velocities against time. Thus, 
spectral Doppler trace yields information regarding:

◆	 flow velocity in time as a graph with moving time base
◆	 direction of the flow (by convention a Doppler trace above the baseline means that the 

blood flow moves towards the transducer and under the baseline means that the blood 
flow goes away from the transducer)

◆	 intensity of the flow signal—intensity of spectrum is related to the number of reflectors 
(red cells engaged in flow), which corresponds with flow volume

◆	 laminar or turbulent properties—laminar flow is characterized by ‘empty’ flow veloci-
ties contour (% Fig. 3.1).

There are different forms of Doppler echocardiography used for assessing cardiac flow in 
practical use, including the following:

1. continuous wave Doppler (CWD)

2. pulsed wave Doppler (PWD)

3. multigate pulsed wave Doppler—high pulse repetition frequency (HPRF) mode

4. colour Doppler flow mapping (colour Doppler, CFM).

5. colour Doppler M-mode

6. three-dimensional (3D) colour Doppler flow mapping.
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from a specific location in the heart using a sample volume con-
trollable on a reference two-dimensional (2D) image panel. The 
maximum frequency shift (velocity), which can be measured by 
PWD, is called the Nyquist frequency limit which is equal to one-
half of the pulse repetition frequency (PRF; the number of pulses 
transmitted at each second). The reason is that for the accurate 
measurement of a Doppler frequency, the wave must be sampled 
at least twice. If the frequency shift is higher than the Nyquist 
frequency, a phenomenon of aliasing occurs precluding PWD to 
faithfully record velocities above 1.5–2 m/s.

CFM is in principle a rapid, multigate PWD with colour-
coded mean velocities displayed over 2D images in real-time, 
usually red is used for flow towards and blue for flow away 
from the transducer. A variance colour bar may be added to 
emphasize turbulent flow. CFM examination follows grey-scale 
imaging and is invaluable for rapid detection of abnormal flows 
which are usually further examined with spectral methods. 
Pathological flow patterns are defined by abnormal direction, 
accompanied by structural abnormalities in the heart or a find-
ing of accelerated, usually turbulent flow (caused by obstructive, 
stenotic lesions).

Modes 1–3 present real-time graphs of velocities over time and 
are collectively called spectral Doppler (% Fig. 3.1). Peak veloci-
ties can be directly measured and tracing of flow envelope yields 
velocity time integral (VTI) corresponding with stroke distance, a 
distance covered by bloodstream in a single cardiac cycle or mean 
flow velocity (VTI divided by flow time).

CWD requires a transducer containing two separate ultrasound 
crystals: one continuously transmitting and the other continuously 
receiving the signals. CWD is performed using image-guided or 
non-image-guided (pencil probe) transducers. The main advan-
tage of CWD is its ability to accurately measure maximum velocity 
without the limitation of the aliasing phenomenon. However, it 
is not possible to recognize where (along the Doppler beam) the 
velocity has been recorded; in other words, there is no range reso-
lution. In the normal heart, most velocities are less than 1.5 m/s 
and can be measured via PWD but in pathological conditions 
with abnormal, high-velocity blood flows, CWD should be used 
to record the accelerated flow.

In the PWD mode, a single crystal sends short, intermittent 
bursts of ultrasound and waits to receive the returning signals. 
PWD has the advantages of measuring the blood flow velocities 

Fig. 3.1 Different modes of spectral Doppler: left ventricular inflow recorded using PWD (top left) with clear distinction of laminar inflow (above the baseline, empty 
spectrum envelope) and turbulent mitral regurgitant flow (below the baseline, filled envelope). Maximal recordable velocity is low due to Nyquist limit. Top right: 
HPRF PWD offers higher Nyquist limit for correct recording of flow but there is a loss of spatial specificity as two additional red sampling zones appear resulting in 
more blurred spectral information. Bottom left: CWD shows full velocity range along the dotted sampling line and information on laminar versus turbulent flow is lost.
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Flow duration and thus cardiac cycle intervals can be reli-
ably measured by CWD and PWD and combined into indices of  
ventricular performance (Tei index, MPI) or synchrony. Care 
must be taken to minimize filter settings to accurately define the 
onset and termination of flow.

Assessing volumetric flow
The continuity equation is used in echocardiography for calcu-
lating volumetric flow (Q) at specific locations which correspond  
to systolic performance and can be converted in stroke volume 
(% Fig. 3.3).

The formula is usually assuming circular cross-section with 
diameter D conducting the flow (Q, mL) defined by spectrum 
with a given VTI:

=Q π•D • VTI
4

2

Difference in flow volumes in left ventricular outflow tract 
(LVOT) and right ventricular outflow tract (RVOT) can result 
from left/right shunts (and thus enables calculation of Qpulmonary/
Qsystemic ratio). Regurgitant flow increases the volume crossing the 
incompetent valve and comparing unequal flows allows the quan-
tification of regurgitant volume and effective regurgitant orifice 
area. The formula can be used to calculate stenotic orifice area (e.g. 
in aortic stenosis) [3].

Aortic valve area = SV/VTICW aortic valve 

     = (LVOT diameter2 × π/4 × VTILVOT PW)/

    VTICW aortic valve 

     = (LVOT diameter2 × 0.785) 

    × VTILVOT PW/VTICW aortic valve

Current 3D echocardiographs with matrix transducers (tran-
sthoracic or transoesophageal) support colour flow display in 
real-time or in multiple-beat electrocardiogram-gated acqui-
sitions which are necessary to increase colour-coded volume. 
Practical benefit from 3D colour Doppler lies in better spatial 
definition of flow zones, coordination of abnormal 3D anatomy 
with flow, and in quantifying regurgitant flow convergence areas 
without anatomical assumptions (% Fig. 3.2).

Tissue Doppler signal was detected in the early era of ultra-
sound [1] but was mainly considered as noise. Tissue Doppler 
echocardiography (TDE; also known as tissue velocity/
Doppler imaging, TVI or TDI, or Doppler myocardial imaging, 
DMI) uses the same principles as colour flow Doppler in 
order to quantify myocardial velocities. Unlike conventional 
Doppler study of the blood flow (which has high velocity/low 
reflectivity), TDE is set to low gain without high-pass filter to 
record high intensity myocardial Doppler signal in low velocity 
range (generally < 20 cm/s) [2].

Spectral Doppler assessment of the 
heart
Blood flow velocity measurement by Doppler echocardiography is 
the foundation of the non-invasive haemodynamic assessment of 
the cardiovascular system. Normal cardiac flow is usually laminar 
with velocities less than 1.5 m/s. Two important equations—the 
Bernoulli equation and the continuity equation—can help reli-
ably determine intracardiac pressures, pressure gradients, stroke 
volume, and cardiac output. Standard study should report peak 
valvular velocities whereas calculated mean and peak transval-
vular gradient together with area estimate is necessary whenever 
stenosis is suspected.

Fig. 3.2 Three-dimensional Doppler display of regurgitant jets origin outside a mitral prosthetic valve ring — a periprosthetic leak (left panel). Right panel shows 
a multiplanar presentation of proximal tricuspid regurgitant jet with volume-rendered (right bottom panel) display of triangular flow convergence region on the 
right ventricular side of the valve.
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whereas peak velocity greater than 4 m/s or peak gradient greater 
than 64 mmHg is an important additional measurement in aortic 
stenosis.

Useful empiric equation links stenotic mitral area with pres-
sure half-time (PHT—a time necessary for pressure gradient 
to decrease by half over a linear deceleration slope; % Fig. 3.4) 
recorded by CWD or PWD:

Mitral valve area (MVA) = 220/PHT

In some clinical scenarios related to changes in chamber pres-
sure/compliance such as percutaneous mitral valvuloplasty, 
left ventricular hypertrophy or aortic regurgitation this equa-
tion may lose its accuracy. A modification of the formula (190/
PHT) was proposed to estimate tricuspid valve area but is poorly 
validated.

Sequential PWD interrogation allows precise localization of 
less typical obstructive lesions such as LVOT stenosis. The shape 
of Doppler spectrum is diagnostic for muscular, dynamic obstruc-
tion when asymmetric, late peaking flow acceleration is present.

The main caveat of Doppler gradient calculation is the risk of 
underestimation of peak velocity (and thus degree of stenosis) due 
to non-parallel interrogation with the ultrasound beam.

Assessing stenotic lesions
Essential feature of stenotic flow is acceleration and generation of 
turbulence—both features are detectable in Doppler echocardi-
ography. A simplified (by neglecting the impact of instantaneous 
changes in velocity and viscous losses) Bernoulli equation defines 
the relationship between the pressure drop across the stenosis and 
the flow velocity, and the instantaneous pressure drop can be cal-
culated from convective acceleration component:
Pressure gradient = 4 × (Vstenotic

2 −Vprestenotic
2)

When the prestenotic velocity is small, it can be neglected result-
ing in the simplest variant of the formula:

Pressure gradient (mean or maximum) = 4 × Vmean
2  or

Vmax
2 (mmHg)

Mean pressure gradient is calculated by tracing of flow spectrum 
envelope to obtain mean velocity value. It represents the most 
versatile marker of critical valve stenosis with cut-offs greater 
than 40 mmHg for aortic stenosis, greater than 10 mmHg for 
mitral stenosis, and 5 mmHg or higher for tricuspid stenosis, 

VTILVOT VTIAV

D

Fig. 3.3 Continuity equation used to calculate aortic valve area through dividing stroke volume, estimated from known systolic LVOT diameter D and traced 
VTI

LVOT
 (top left, example of laminar flow) by maximum VTI

AV
 recorded at stenotic valve orifice (fast, turbulent flow, top right).
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The second approach (proximal isovelocity convergence area 
(PISA) method) is based on proximal flow convergence phenom-
enon detectable in colour Doppler (% Fig. 3.5). Flow forming 
regurgitation must rapidly accelerate proximally to orifice, cre-
ating concentric aliasing borders (defined by Nyquist limit, VN) 
similar to hemisphere corresponding with flow area. Any distinct 

Assessing regurgitant valves
Regurgitant jets are turbulent, fast flows in counter-physiologic 
direction which can be quantified by Doppler. Formulas used 
for quantification of regurgitant flow volume (RegV) are supe-
rior to visual assessment of jet mapped with colour Doppler and 
are recommended for clinical decision-making. As no single 
Doppler parameter is robust enough for definite assessment of 
valve regurgitation, an integrated approach is recommended—
incorporating the imaging of proximal and distal jet segment as 
well as assessing impact of regurgitation on intracardiac or great 
vessels flow. The intensity and shape of regurgitant flow spec-
trum is related to regurgitant volume. An important parameter 
is vena contracta width (VCW) defined as a width of proximal 
jet segment adjacent to regurgitant orifice which is strongly cor-
related to jet volume. While specific values differ slightly for 
individual valves, VCW ≥ 7 mm is usually detected in significant 
regurgitation (% Fig. 3.5).

Effective regurgitant orifice area (EROA, defined as peak flow 
rate/peak regurgitant flow velocity) or regurgitant flow volume 
(RegV = EROA × VTIregurgitant flow) and secondary parameters such 
as regurgitant fraction (defined as RegV/forward flow across an 
orifice) can be derived in two ways [4]. First, regurgitant flow 
results in a change in local stroke volume and can be calculated 
as a difference of a stroke volume proximal to regurgitant lesion 
and that calculated distally (e.g. in mitral regurgitation, LVOT and 
mitral annulus stroke volumes can be used).

Fig. 3.4 Examples of quantification of haemodynamics using spectral Doppler. Top left: pressure halftime across stenotic mitral valve of 224 ms equivalent to  
0.98 cm2 orifice area. Top right: CWD recording of patent ductus arteriosus flow indicating peak systolic gradient of 102.5 mmHg between the aorta and 
pulmonary trunk, corresponding with systolic pulmonary artery pressure whereas end-diastolic gradient (3 m/s — 36 mmHg, arrow) allows calculation of diastolic 
pulmonary pressure Bottom left: tracing of CWD flow spectrum across the tricuspid valve to derive mean and peak velocities (V) and gradients (PG); Bottom right: 
RV–RA pressure gradient of 81 mmHg can be estimated according to simplified Bernoulli equation applied for peak tricuspid regurgitation velocity of 4.5 m/s.

Fig. 3.5 Quantification of mitral regurgitant jet. Cross-shaped callipers 
measure the vena contracta width of 5.5 mm. Black arrow corresponds with 
PISA radius, which together with averaged traced regurgitant flow envelope 
(white dotted line) yields the values for effective regurgitant orifice of 0.29 cm2 
and regurgitant volume of 48 mL.
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Mean pulmonary artery pressure =  
4 × (Vmax pulmonary regurgitant flow)2 + mean right atrial pressure

Mean pulmonary artery pressure is also strongly correlated with 
acceleration time (AcT) of RVOT flow and can be estimated by 
empiric equations:

Mean pulmonary artery pressure = 79 − (0.45 × AcT) or

Mean pulmonary artery pressure = 90 − (0.62 × AcT)—more 
exact estimate when AcT less than 120 ms

Shunt lesions are easy to identify using CFM and analysis of 
flow spectrum allows the calculation of pressure gradient driv-
ing abnormal flow, which can be used for estimation of pressures 
inside right-sided cavities, for example:

In patients with ventricular septal defect (VSD):

Systolic RV pressure = systolic systemic blood  
pressure − 4 × Vmax VSD flow

In patients with patent ductus arteriosus (PDA):

Systolic RV pressure = systolic systemic blood  
pressure − 4 × Vmax systolic PDA flow

Diastolic RV pressure = diastolic systemic blood  
pressure − 4 × Vmax diastolic PDA flow

Finally, abnormal vascular flow can be recorded during the 
echocardiogram indicating great vessels disease (e.g. aortic 
isthmus, pulmonary trunk or veins), or coronary flow abnor-
malities—stenoses (diastolic flow 1.5 m/s is strongly suggestive of 
significant coronary stenosis [5]) or fistulas.

Tissue Doppler echocardiography
TDE allows the measurements of tissue velocity with several 
options (% Fig. 3.6)—colour TDE (colour-coded myocardial 
motion overlaid on grey-scale image, allowing offline quantifica-
tion of myocardial velocities), or pulsed wave TDE (usually with 
sample volume of 5–7 mm allowing real-time quantification of 
the regional velocities during the cardiac cycle with high tempo-
ral resolution). Saving myocardial colour Doppler loops with raw 
velocity data allows offline post-processing including tracking of 
the sample volume and calculating derived parameters (e.g. veloci-
ties, displacement, and deformation) or presenting reformatted 
data as curvilinear tissue colour Doppler M-mode. Optimal acqui-
sition process requires a high frame rate, preferably greater than  
100 frames/s, and ideally at least 140 frames/s. Importantly, the 
velocities obtained with offline analysis are approximately 20% lower 
than those obtained from PWD due to lower sampling rates. When 
used for measuring cardiac cycle intervals, low-velocity filters should 
be set at low values to correctly detect onset and end of motion.

Spectral TDE data can be retrieved for any segment of LV or RV 
wall. However, systolic and diastolic velocities of the mitral annu-
lus [1,3] reflecting longitudinal function of the selected ventricular 

PISA at usual Nyquist limits of 50–60 cm/s requires more detailed 
investigation. The calculation requires measuring the radius 
of hemispheric aliasing (rPISA) and tracing of regurgitant flow 
spectrum:

EROA = Peak regurgitant flow/Vmax regurgitant flow  
     = 2 π rPISA

2 × VN/Vmax regurgitant flow

RegV (mL) = EROA × VTIregurgitant flow

PISA is best imaged in zoomed image with colour VN reduced to 
15–40 cm/s, without variance colour map, and the first aliasing 
border should be measured at peak flow. Despite many limitations 
(non-hemispheric PISA shape, angle dependency, multiple jets 
problem, technical difficulties in some patients, and learning curve), 
quantitative methods should be routinely used in assessing valvu-
lar regurgitation exceeding trivial. Cut-off values vary between the 
valves and are discussed elsewhere but generally, significant organic 
regurgitation is characterized by regurgitant volumes greater than 
50%, volumes of 60 mL/beat or greater, and EROA of 30–40 mm2 
or higher are found in severe valvular insufficiency. Recently, direct 
3D echocardiographic measurement of colour-coded PISA or vena 
contracta area has been proposed as more accurate than quantifica-
tion based on 2D colour flow imaging.

Other abnormal flow patterns
PWD is commonly used to define ventricular diastolic function 
with sample volume placed over the tips of opened atrioventric-
ular valves in order to define patterns of abnormal relaxation or 
decreased compliance, together with pulmonary veins flow and 
mitral/tricuspid tissue Doppler study.

Transtricuspid regurgitant flow velocity should be reported if 
measurable as it carries information on right ventricular systolic 
pressure (RVSP, which is equal to systolic pulmonary artery pres-
sure in the absence of obstructive lesions in RVOT), according to 
the formula:

Systolic RV−RA pressure gradient = 4 × (Vmax tricuspid regurgitant flow)2

RVSP =  systolic RV−RA pressure gradient  
+  mean right atrial pressure (estimated by inferior vena 

cava diameter and respiratory variability)

Estimated peak transtricuspid gradient greater than 50 mmHg is 
strongly suggestive and less than 36 mmHg is usually exclusive 
of pulmonary hypertension (% Fig. 3.4). Several formulas were 
proposed to estimate pulmonary vascular resistance based on 
Doppler RVSP corrected by RVOT stroke volume but are not com-
monly accepted as equivalent to invasive values.

Peak pulmonary valve regurgitant flow spectrum can also be 
used to estimate mean and diastolic pulmonary artery pressure 
by the formula:

Diastolic pulmonary artery pressure =  
4 × (end-diastolic pulmonary regurgitant flow)2 + mean right atrial pressure  
(estimated by inferior vena cava diameter and respiratory variability)
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◆	 a′ (late diastolic myocardial velocity): negative peak of the sec-
ond diastolic wave, corresponding to late diastolic LV filling by 
the atrial contraction. The main haemodynamic determinants 
of the a′ wave are LA contractility and end-diastolic LV pressure.

Myocardial velocities obtained from the septal annulus are lower 
than in the lateral wall, therefore different cut-offs should be 
applied. Consensus documents recommend measuring both at the 
septal and the lateral site and reporting the average of the two values. 
It is important to optimize gain and filter settings, because higher 
gain and filters can lead to an incorrect identification of peak values. 
Derived parameters such as E/e′ ratio play a role in the non-invasive 
estimation of LV filling pressures (see Chapter 21 in this textbook). 
Myocardial isovolumic contraction time (IVCT), and myocardial 
acceleration can be measured from a′ wave ending to S′ wave begin-
ning reflecting inotropy during the isovolumic period. The most 
important clinical applications of TDE velocities include quantifica-
tion of regional systolic and diastolic function including synchrony:

◆	 Early detection of systolic or diastolic LV or RV dysfunction
◆	 Non-invasive estimation of LV filling pressures (E/e′)

wall are usually recorded. It is noteworthy that the technique is 
angle dependent just like flow Doppler (recommended angle of 
insonation should not exceed 15°) and is less useful for the assess-
ment of the left ventricular apical segments.

Clinical applications of tissue Doppler
The most used measurements in TDE are systolic myocardial 
velocity (s′), early (e′), and late (a′) diastolic myocardial velocities. 
Clinically relevant parameters derived from TDE can be measured 
in the LV or in the RV, including:

◆	 s′ (peak systolic myocardial velocity): measured as the peak 
positive value during the ejection period

◆	 e′ (early diastolic myocardial velocity): negative peak of the 
first diastolic wave, corresponding to early diastolic LV fill-
ing. Magnitude of e′ is influenced by LV relaxation, preload, 
LV systolic function, and LV minimal pressure. Additionally, 
e′ velocity is usually reduced in patients with significant annu-
lar calcification, surgical rings, mitral stenosis, and prosthetic 
mitral valves [6]

Fig. 3.6 Tissue Doppler echocardiography modes. Top left: colour Doppler myocardial imaging of the left ventricle: short-axis view. Top right: pulsed Doppler 
recording of myocardial velocities: septal mitral annulus velocity profile. Bottom left: offline analysis of septal myocardial velocities: decreasing base-to-apex 
velocities are displayed from a single heartbeat.  AVC, aortic valve closure; AVO, aortic valve opening; MVC, mitral valve closure; MVO, mitral valve opening.
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Artefacts originate from inappropriate equipment settings such 
as incorrect gain, velocity, and angle beam and may be overcome 
by taking appropriate steps such as altering the power, gain, and 
window. The two most important Doppler artefacts are velocity 
underestimation, which occurs with either PWD or CWD, and 
signal aliasing, which is inherent to pulsed wave (and colour) 
Doppler study.

Conclusion
Doppler echocardiography has become an indispensable tool 
for understanding of cardiac function, offering a non-invasive 
haemodynamic laboratory, virtually obviating the need for inva-
sive haemodynamic measurements. Colour Doppler flow mapping 
allows rapid identification of abnormal flow patterns (stenosis, 
regurgitation, shunt, abnormal cavities connection) and spectral 
Doppler is used to record peak velocities of valvular flow jets or 
quantify local aberrant bloodstream. Tissue Doppler has become 
a practical method for quantification of longitudinal ventricu-
lar function, mainly represented by mitral or tricuspid annular 
velocities. Three-dimensional colour data sets offer potential for 
optimized measurements of cross-sectional area corresponding 
with flow, for example, in proximal isovelocity region of regurgi-
tant jets. The knowledge of specific Doppler artefacts is critical for 
proper use of the technique.

◆	 Differential diagnosis between restrictive myocardial pathol-
ogy and constrictive pericarditis, with higher velocities on 
septal rather than free LV wall (annulus reversus) [7]

◆	 Detection of myocardial ischaemia (postsystolic contraction)
◆	 Study of cardiac asynchrony.

Doppler artefacts
Since many therapeutic plans and surgical interventions are based 
on Doppler haemodynamic findings, knowledge of the capabili-
ties and limitations of echocardiography is critical. Artefacts are 
deemed the Achilles heel of echocardiography and result from 
acoustics principles and the physical interaction between ultra-
sound and tissue; artefacts are common and inevitable.

‘Doppler artefact’ means recording the signals that falsify the true 
anatomy of physiology, for example, detecting signals with no corre-
sponding anatomic structure or flow in the correct location or failing 
to recognize signals that are present. This may lead to improper diag-
nosis and even treatment. Artefacts in general differ from true flow 
signals in that the latter have correct anatomical origin and destina-
tion, appropriate duration, laminar component, and convergence 
zone, whereas the former are anatomically incorrect with signals 
that are too brief to be real. They appear and disappear when the 
view is changed and can usually be eliminated with corrective steps.
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CHAPTER 4

Deformation 
echocardiography
Matteo Cameli, Partho Sengupta, and  
Thor Edvardsen

Principles of deformation imaging
Echocardiographic strain imaging, also known as myocardial deformation imaging, is a 
technological advancement that has been developed as a means to objectively quantify 
regional myocardial function [1–3]. It was first introduced as a post-processing feature of 
Doppler myocardial imaging (DMI) with velocity data converted to strain and strain rate. 
A more recent feasible and reproducible method is speckle tracking echocardiography 
(STE) [4], which is based on tracking of characteristic speckle patterns created by interfer-
ence of ultrasound beams in the myocardium [5,6]. The concept of strain is complex. For 
a one-dimensional (1D) object the only possible deformation is lengthening or shorten-
ing and the linear strain (amount of deformation) can be defined by the formula ε = (L 
− L0)/L0, where ε is strain, L0 = baseline length, and L = instantaneous length at the time 
of measurement. The instantaneous deformation is thus expressed relative to the initial 
length (Lagrangian strain). The amount of deformation (positive or negative strain) is 
dimensionless and expressed in per cent. Negative strain values describe shortening and 
positive values describe thickening of a given myocardial segment related to the original 
length. Strain rate is the first derivative of strain, or the speed at which deformation occurs. 
The unit of strain rate is s−1 and the local rate of deformation or strain per time unit equals 
velocity difference per unit length. Current echocardiographic equipment allows 1D 
measurements based on tissue Doppler imaging (TDI) and two-dimensional (2D) strain 
measurements based on STE. Myocardial regional mechanics assessed by echocardiog-
raphy have been described by four principal types of strain or deformation: longitudinal, 
radial, circumferential, and circumferential–longitudinal shear occurring along the long 
axis of the left ventricle (LV) which results in rotational deformation (% Fig. 4.1). Strain 
and strain rate are emerging applications of echocardiography and have initially been 
used in the assessment of systolic and diastolic function of the LV [7,8] and more recently 
they have been applied to assess right ventricular [9,10], left atrial [11–14], and right atrial 
[15,16] function.
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STE is a method based on tracking of characteristic speckle 
patterns created by interference of ultrasound beams in the myo-
cardium [6]. These acoustic markers are statistically fairly equally 
distributed throughout the myocardium and about 20–40 pixels 
in size. STE analyses motion by tracking these natural acoustic 
markers from frame to frame. The geometric shift of each speckle 
represents local tissue movement and when the frame rate is 
known, the change in speckle position allows determination of its 
velocity. The motion pattern of myocardial tissue is reflected by the 
motion pattern of speckles and by tracking these speckles, strain 
and strain rate can be calculated. One advantage of this method is 
that tracking occurs in two dimensions, along the direction of the  

Modalities

Myocardial strain and strain rate can be assessed by two differ-
ent echocardiographic imaging modalities: DMI and 2D STE. In 
addition to velocity and displacement (tissue tracking) measure-
ments, due to the relationship between velocity and strain rate, 
TDI measurements also allow the reconstruction of strain (and 
strain rate) curves and colour-coded images. Because all tissue 
Doppler-derived data on wall motion and deformation are angle 
dependent, an angle deviation below 15–20° is mandatory for 
acceptable calculations [5,17,18].

Fig. 4.1 Speckle tracking echocardiography analysis of myocardial deformation. Measurements of longitudinal strain (a), radial strain (b), and circumferential strain (c).  
Modified from Mondillo S, Galderisi M, Mele D, et al. Speckle-tracking echocardiography: a new technique for assessing myocardial function.  
J Ultrasound Med 2011; 30(1):71–83 [7].

(a)

(b)

(c)
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Windows and views
Longitudinal strain and strain rate by the DMI method can be 
measured from apical two-, three-, and four-chamber views 
(% Fig. 4.2). LV radial strain and strain rate can be measured from 
short-axis views (% Fig. 4.3). The data should be obtained by lim-
iting the angle of interrogation and this is best accomplished by 
orienting the transducer parallel with the targeted myocardial wall 
[21]. Moreover, high-acquisition frame rates are required—the 

wall and not along the ultrasound beam: STE is therefore angle 
independent [20]. This allows angle independent quantification of 
LV strain/strain rate in all three orthogonal axes (circumferential, 
radial, and longitudinal). Owing to the  automatic frame-by-frame 
tracking of the myocardium, translational movement caused by 
respiration and tethering from adjacent myocardium would not 
affect the 2D speckle tracking measurements [7]. The two differ-
ent methods (DMI and STE) have different features, advantages, 
and limitations (% Tables 4.1 and 4.2) [19,20].

Table 4.1 Tissue Doppler imaging: advantages and limitations

Advantages Limitations

Readily available Angle dependency

Objective quantitative evaluation of 
local deformation

Noise interference

Sufficiently reproducible Need of high frame rates

Direct calculation of strain rate Intraobserver and interobserver 
variability

Excellent temporal resolution (better for 
high heart rate)

Fixed sample volume

Online measurements of velocities 
(spectral pulsed tissue Doppler imaging)

Influenced by global heart 
motion

Table 4.2 Speckle tracking echocardiography: advantages and 
limitations

Advantages Limitations

Angle independency Dependent on good image quality

Less noisy and less artefacts Need of high frame rates

Study of motion in any direction 
(longitudinal strain, circumferential 
strain, radial strain, and twisting)

Two-dimensional approach

High reproducibility Software only for left ventricular 
analysis

Wide clinical application Less accuracy in ventricular 
remodelling

Fig. 4.2 Doppler myocardial imaging-derived longitudinal strain and strain rate.
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order to combine high temporal resolution with acceptable spa-
tial definition and to enhance the feasibility of the frame-to-frame 
tracking technique. It is recommended to begin by recording the 
apical long-axis chamber view to select the frame corresponding 
to the aortic valve closure, the reference point corresponding to 
end systole. In addition to the long-axis view, apical four- and 
two-chamber view acquisitions are necessary for comprehensive 
assessment of regional and global longitudinal strain. Short-axis 
recordings allow radial strain, circumferential strain, and rota-
tion, and are obtained from parasternal views at basal, mid, and 
apical planes. Different vendor-based algorithms of STE are cur-
rently available for both online and offline analysis, allowing a 
semi-automated analysis of strains. A ROI is carefully placed, 
tracing the endocardium slightly within the endocardium using 
a point-and-click approach; a second larger ROI is then gener-
ated and manually adjusted near the epicardium, thus creating a  
ROI (% Fig. 4.4). After manual adjustment of the ROI width 
and shape, the LV short-axis and apical images are automati-
cally divided into six standard segments, respectively, and 
time–strain curves generated from each segment. From these 

minimum recommended frame rate for strain rate acquisition is 
70 frames/s; however, frame rates of 200 frames/s or more are typi-
cally used and this is attainable by narrowing the imaging sector to 
only include little more than the interrogated wall segment [21]. 
Once the view is optimized, it must be stored digitally and strain 
rate and strain analysis is then performed offline. The length of 
the region of interest (ROI) is by default approximately 10 mm 
and placed in the myocardial wall; ROIs are manually adjusted 
up and down and left to right within the segment to create the 
myocardial strain rate or strain curve that is most reproducible. 
Tissue Doppler strain analyses are limited to the longitudinal and 
radial motion in the specific region favourable to Doppler angle 
of incidence [5].

By STE analysis, images are obtained and recorded using 2D 
grey-scale echocardiography during breath holding. Care must 
be taken to obtain apical and short-axis views using standard 
anatomic landmarks in each view and to avoid foreshortening of 
the analysed myocardial structures. This will allow a more relia-
ble delineation of the endocardial border. The optimal frame rate 
for the 2D image acquisition is set between 60 and 110 frames/s in 

(a)

(b)

(c)
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Base
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Fig. 4.3 Doppler myocardial imaging-derived longitudinal and radial strain waveforms in a patient with anterior wall myocardial infarction. Patient presented 
with anterior wall myocardial infarction with an occluded left anterior coronary artery on coronary angiogram (a). Doppler myocardial imaging-derived 
longitudinal strain show attenuated strains in apical and mid-septal segments (b). Radial strains measured in short-axis view reveals lack of radial strain 
(thickening) in the anterior wall with preserved radial strain in the posterior wall (c).
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Fig. 4.4 The creation of a region of interest during left ventricular longitudinal 
strain measurements.

Fig. 4.5 Left ventricular longitudinal strain from two different software for speckle tracking echocardiography.

Fig. 4.6 Left ventricular basal radial strain.

Fig. 4.7 Left ventricular basal circumferential strain.

curves, the operator can obtain regional and global (by averag-
ing values of all segments) peak and time-to-peak values [9]. 
Moreover, unlike TDI, STE permits evaluation of all the com-
ponents of myocardial function. In particular, longitudinal 
strain represents myocardial deformation directed from the 
base to the apex; during systole, ventricular myocardial fibres 
shorten with a translational movement from the base to the 
apex and the consequent reduction of the distance between sin-
gle kernels is represented by negative trend curves (% Fig. 4.5). 
Through longitudinal strain analyses in apical four-chamber, 
two-chamber, and long-axis views, both regional and global 
strain values (global longitudinal strain) can be obtained. 
Radial strain represents radially directed myocardial defor-
mation towards the centre of the LV cavity, and indicates the 
LV thickening and thinning motion during the cardiac cycle. 
Consequently, radial strain values are represented by positive 
curves during systole (% Fig. 4.6). Radial strain values can be 
obtained by STE of both basal and apical LV short-axis views. 

Circumferential strain represents LV myocardial fibre short-
ening along the circular perimeter observed on a short-axis 
view (% Fig. 4.7). Circumferential strain measurements are 
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Conclusion
Echocardiographic imaging is ideally suited for the evaluation of car-
diac mechanics because of its intrinsically dynamic nature. The two 
techniques of TDI and STE have dominated the research arena of 
echocardiography. Both types of measurements lend themselves to 
the derivation of multiple parameters of myocardial function; some 
have been widely embraced by echocardiographers around the world 
and have become part of the clinical routine, whereas others remain 
limited to research and exploration of new clinical applications.

consequently represented by negative curves during systole in 
a normal myocardium. As for longitudinal strain, it is possible 
to obtain a global circumferential strain value. STE is used also 
for LV twisting analysis which is a component of the normal LV 
systolic contraction that arises from the reciprocal rotation of 
the LV apex and base during systole. By analysing the reciprocal 
rotation of LV apex and base during systole, LV twisting is cal-
culated as the net difference in mean rotation between the apical 
and basal levels (% Fig. 4.8). LV torsion is defined as LV twisting 
normalized with the base-to-apex distance [9].

Fig. 4.8 Graphic depiction of left ventricular (LV) rotational dynamics. Rotation of cardiac base (left) and apex (right). The lower panel represents a diagram of LV 
twisting measurement as the net difference between mean apical and basal rotation; LV torsion is calculated normalizing LV twisting with the base–apex distance. 
Modified from Mondillo S, Galderisi M, Mele D, et al. Speckle-tracking echocardiography: a new technique for assessing myocardial function.  
J Ultrasound Med 2011; 30(1):71–83 [7].
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CHAPTER 5

Storage and report
Steven Droogmans, Alessandro Salustri,  
and Bernard Cosyns

Storage
In recent years, many echocardiography labs have made the transition from analogue 
video recording towards digital acquisition and storage [1]. Major advantages of digital 
storage (see % Box 5.1) are the improved image quality, lack of degradation over time (in 
contrast to video storage), side-by-side comparison of image loops, and post- processing 
of data for advanced two- (2D) and three-dimensional (3D) analyses (e.g. strain and vol-
ume) [2]. Remote reviewing stations provide easy access to a patient study and facilitate 
quality control, multidisciplinary round-table discussions, and data analyses for inves-
tigational purposes. Acquisition time is also shortened by recording at least one, but 
preferably three, cardiac cycles compared to the storage of longer video loops.

Despite the disadvantages of videotape storage, niche indications might remain when 
image loops have to be captured immediately with no time for loop selection. This might 
occur during emergency echocardiography, transoesophageal echocardiography, during 
intravenous saline or contrast administration, and especially when echo is performed 
during interventional procedures (e.g. transcatheter aortic valve implantation, patent 
foramen ovale closure, or MitraClip®). Longer acquisition loops with up to 2 minutes of 
real-time images are also possible on the latest generation of echo machines, completely 
obviating the need for the aforementioned videotape indication.

Digital echocardiographic data are stored either locally on a hard disk or exchange-
able media such as magneto-optical disks or even more frequently on DVDs. DVDs are 
easily obtainable and the cheapest solution. Data might also be periodically or directly 
transferred to network-attached storage systems which are becoming more frequent in 
hospital environments. These solutions have the same purpose, but differ considerably in 
memory capacity, retrieval speed, and cost. Back-up storage is also necessary for protect-
ing against data loss and (network) stacks of identical copies of hard disks (RAID) need 
to be considered.

In the early 1990s, the Digital Imaging and Communications in Medicine (DICOM) 
standard was developed allowing easier sharing of digital images between multivendor sys-
tems that otherwise used closed formats [3]. However, in practice, several problems persist. 
For example, different types of ‘DICOM-compatible’ compressions are used, making it diffi-
cult to store and review data of different vendors into one universal system. By consequence, 
different (vendor-specific) storage servers and review software packages are often needed. 
The problems are usually solved with difficulty and need to be addressed and tested care-
fully when implementing network and storage systems from different vendors. Scientific 
societies and industry are working together in the Integrating Healthcare Enterprise (IHE) 
to address these issues. Ideally, the data of management of the echo laboratory should inter-
face with other digital data management systems in the hospital (e.g. via Health Level 7 
interface) to ensure that patient identity and examination data are uniformly registered.
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Digital data storage for a demanding digital echo laboratory 
creates enormous demands for storage space. Despite the clinical 
compression (selection of 1 to 3 loops) and digital compression of 
data, a standard study will require easily between 30 and 300 MB 
of space. So, the minimum amount of space of an echo laboratory 
performing 5000 echos a year will be in the range of 150 GB to  
1.5 TB. Provision of sufficient storage space, data back-up, periodic 
software and hardware servicing, and protection of medical data 
against unauthorized used must be ensured. All studies should be 
recorded and stored and long-term data back-up should be pro-
vided as this might also have medico-legal implications.

Report
An echocardiogram is a diagnostic test performed to answer 
clinical questions and to guide appropriate treatments. At pre-
sent, an impressive amount of information is generated from 
the different echocardiographic modalities. For this reason, 
an echo report should offer a synthetic result of a systematic 
approach with a logical structure using understandable language 
and supported by precise measurements of fundamental data. 
Accordingly, the purpose of this section is not to define how to 
record a proper adult cardiac ultrasound examination or how to 
perform the measurement, but rather to serve as a guideline to 
what measurements and descriptive items should be included. 
This would eventually improve the overall quality of the practice 
of echocardiography.

Several attempts have been previously made to promote stand-
ardization of the content of an echocardiographic transthoracic 
report [1, 4–7]. It is recommended to organize the adult tran-
sthoracic echocardiography report in different sections, since this 
facilitates elaboration, reading, and understanding of the report, 
and data storage. The basic components of the structure of a report 
are summarized in % Box 5.2.

Mandatory items
Patient identification (name and/or ID number), location (ward, 
bed number, outpatient clinic), demographics, and test indication 
should be considered mandatory to begin any report, even for 

emergency studies. The person responsible for image acquisition 
and final review of the study should also be included.

Recommended items
Data such as patient height, weight, and derived body surface area, 
together with heart rate and cardiac rhythm (sinus, atrial flutter/
fibrillation, pacemaker, etc.) are very useful for interpreting mor-
phological and functional quantitative data. Blood pressure may 
be useful in clinical conditions where changes in afterload may 
affect echo findings (i.e. aortic or mitral regurgitation). Prior diag-
nosis and clinical data on current status support the reason for 
study and are, on many occasions, essential for study performance 
and interpretation.

Findings and measurements
All parts of the heart and great vessels should be described. The 
order should be logical, but will vary between echocardiogra-
phers and according to the type of the study. However, it should 
be emphasized that identification and measurement of some of 
the structures listed may not always be possible or necessary to 
provide a comprehensive, clinically relevant report. When images 
of these structures cannot be recorded or interpreted, the report 

Box 5.1 Advantages of digital storage

High image quality
Easy storage of data without degradation over time
Easy and flexible back-up solution
Local and remote fast access and random interrogation of 
cineloops and images
Advanced post-processing image analysis (3D, strain)
Side-by-side comparison of same views of different studies or 
during the same study (i.e. during stress echocardiography)
Easy sharing of echo studies between colleagues from different 
institutions.

Box 5.2 Basic structure of a report in transthoracic 
echocardiography

1. Heading:
a. Mandatory items:

i. Patient identification
ii. Patient location
iii. Demographics
iv. Study indication

b. Recommended items:
i. Height, weight, derived body surface area
ii. Cardiac rhythm
iii. Heart rate
iv. Blood pressure
v. Prior diagnosis
vi. Clinical data

2. Findings and measurements:
a. Quantitative and qualitative evaluation of cardiovascular 

structures employing different technical modalities:
i. Echocardiography: M-mode, 2D, (3D)
ii. Doppler: colour, pulsed wave, continuous wave, tissue 

Doppler.
3. Summary:

a. Answer the question(s) posed by the referring physician
b. Summary of other significant pathological findings
c. Comparison to prior studies
d. Study limitations
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should state that imaging was suboptimal or impossible. The 
measurements that need to be included in a standard report are 
listed in % Box 5.3. We suggest reporting all these measurements 
even in the normal studies, as evidence of a comprehensive image 
acquisition and proper structure analysis. Reference values should 
be also reported [8].

Information on cardiovascular structures examined can be 
quantitative (i.e. chamber dimension) or qualitative, morphologi-
cal (i.e. bicuspid aortic valve), or functional (mitral valve systolic 
anterior motion). As a general rule, quantitative measurements 
are preferable. However, it is recognized that qualitative or semi-
quantitative assessments using pre-specified categorized fields 
(e.g. degrees of regurgitation) are often performed and frequently 
adequate for clinical decision-making.

For some measurements it is important to specify which 
method has been used. For example, left ventricular ejection 
fraction can be assessed visually or with quantitative methods 
(modified biplane Simpson, area-length, either biplane or mono-
plane). Similarly, aortic valve area can be assessed by continuity 
equation, 2D planimetry, or derived from the pressure half-time 
in case of mitral stenosis. Knowing the method used for these 

calculations allows confidence in interpretation and more accu-
rate follow-up studies.

Free-text fields are also necessary for comments although incor-
poration of the content of these non-encoded variables may be 
very difficult when statistics, queries, and information exchange 
are required. In case of valve pathology, a careful description of 
the valve morphology (thickening, rupture, perforation, etc.) and 
function (motility) is required. No consensus exists about report-
ing minor abnormalities (e.g. mild mitral annulus calcifications), 
normal variants (e.g. Chiari network and left ventricular false ten-
dons), or normal findings (e.g. trivial mitral regurgitation). We 
propose describing these in the text, but omitting them from the 
conclusions.

Comments and conclusions
An echocardiographic study report should end with clear con-
clusions, emphasizing the main findings of the diagnosis and the 
severity of the heart disease. The conclusions are the essence of the 
report, must be written to be understood by any physician, and 
may need to be tailored to the likely knowledge and expectations 
of the requestor.

This section should include:

1. an overall summary consistent with the qualitative and quantita-
tive data, including any pertinent positive and negative findings, 
as it relates to the assessment of presenting reason for study

2. summary of other significant pathological findings

3. relevant comparisons to prior studies or reports as available

4. study limitations.

We recommend using clinical messages that can be understood 
by any physician. For example, the term ‘restrictive pattern’ in 
the conclusions might be difficult to understand by the non-
echocardiographers. Rather, the comprehensive assessment of the 
‘diastolic function’ from the mitral inflow, the pulmonary veins 
flow, and the mitral annulus velocity (as reported in the meas-
urements section) should be translated and summarized in the 
comment with a sentence on the semi-quantitative evaluation of 
the ‘left atrial pressure’, if possible.

Values of measurements and accurate description of the struc-
tures should not be repeated in the comments. For example, the 
comment ‘severe aortic stenosis’ is enough to provide all the 
information needed for the patient’s management in the clinical 
context. However, all the values supporting this statement (mean 
gradient, aortic valve area, and velocity index) should be available 
in the measurements section.

We advise starting the comments with a statement address-
ing the clinical question, if this is relevant and pertinent. Then, a 
possible sequence includes left ventricle (dimensions, geometric 
pattern in case of hypertension, global and regional systolic func-
tion, and filling pressures), left atrium (dimensions), valves, right 
ventricle (dimensions and global systolic function), right atrium, 
and pulmonary artery systolic pressure.

Box 5.3 The minimum standard measurements of a transthoracic 
study

A. M-mode/2D

1. Left ventricle:
a. Morphology:

i. Internal dimensions (end-diastole and end-systole) 
ii. osterior wall thickness (end-diastole)
iii. Ventricular septal thickness (end-diastole)

b. Function:
i. Global (percentage fractional shortening, ejection 

fraction)
ii. Regional (wall motion score)

2. Left atrium:
a. Dimension at end-systole (or indexed left atrial volume)

3. Right ventricle:
a. Dimensions
b. Function

4.	Aortic root dimension at end-diastole (or ascending aorta)
5.	Inferior vena cava (diameter and respiratory variation)

B. Doppler

1. Peak gradients (and mean gradients if stenotic)
2. Valve area (if stenotic)
3. Degree of regurgitation
4. E/A
5. E wave deceleration time
6. E/e′.
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CHAPTER 6

Transoesophageal 
echocardiography
Frank A. Flachskampf, Mauro Pepi, and  
Silvia Gianstefani

Clinical indications and contraindications
Transoesophageal echocardiography (TOE) is a semi-invasive ultrasound imaging tech-
nique which uses the upper gastrointestinal tract to image cardiovascular structures, thus 
avoiding the problems for ultrasound imaging created by the thoracic ribcage and the 
lungs. It is indicated whenever transthoracic echocardiography is unable or unlikely to 
answer the clinical question. Its marked superiority in the diagnosis of left atrial thrombi, 
atrial septal pathology, endocarditic vegetations and abscesses, prosthetic valve dysfunc-
tion, and aortic pathology has made it a standard and indispensable technique which 
should be available in every echocardiographic laboratory as well as in every centre per-
forming cardiac surgery [1,2]. In situations where transthoracic images are particularly 
difficult to obtain, such as in the ventilated patient, TOE may be used to obtain all infor-
mation usually expected from transthoracic echo. Furthermore, valvular heart surgery is 
now routinely performed under intraoperative TOE monitoring. Several catheter-based 
interventional techniques for structural heart disease such as transcutaneous mitral 
repair, atrial septal defect closure, and others are further established indications for TOE 
guidance [3]; see % Box 6.1.

Being a semi-invasive procedure, a small risk of harm to the patient and some discom-
fort in the awake patient have to be considered. Serious complications include oesophageal 
perforation (which may manifest with delay causing fever, neck pain, and subcutaneous 
emphysema), haemorrhage from oesophageal tumour, laryngospasm, and arrhythmias 
including cardiac arrest, but are very rare; mortality is about 1 in 10,000 [4,5]. The most 
frequent problem during introduction of the probe is entrapment of the tip in the piriform 
recess, resulting in an elastic obstruction and necessitating re-positioning; if substantial 
resistance to introduction or advancement of the probe is encountered, upper endoscopy 
should be performed prior to a new attempt. Death during or immediately after TOE 
has been reported in patients with acute aortic dissection and ascribed to a sudden surge 
in blood pressure due to the examination. Anticoagulation or thrombocytopenia raise 
the bleeding risk but are not strict contraindications. Sedation may lead to hypoxia and 
apnoea. Methaemoglobinaemia due to the topical anaesthetic agents prilocaine and ben-
zocaine has been observed in rare instances [6]. Infective endocarditis prophylaxis should 
not be given for TOE.
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Correct maintenance should be documented in writing. Standards 
for a TOE echo laboratory have been established by the European 
Association of Cardiovascular Imaging (EACVI) [7], specifying a 
minimum room size of 20 m2, cleaning and sterilizing equipment, 
suction, oxygen supply, resuscitation equipment and monitoring 
facilities for electrocardiography (ECG), blood pressure, and oxy-
gen saturation.

Competence
TOE competence requires acquisition of knowledge and practi-
cal skills by supervised training; for cardiologists, full competence 
in transthoracic echo is a prerequisite. Besides national regu-
lations, the EACVI and the European Association of Cardiac 
Anaesthesiologists run a certification procedure in TOE which 

Equipment
TOE transducers are multiplane (rotatable by 180° inside their 
housing), operate at frequencies of 5–7 MHz, and provide all 
echocardiographic modalities. The latest development is matrix 
transducers, which besides real-time three-dimensional echo 
provide all classic modalities. Proper maintenance of TOE trans-
ducers includes:

◆	 disinfection; this is necessary after each use and requires 
immersion of probe tip and shaft in a cleaning solution for 
20–30 minutes

◆	 inspection for mechanical damage and break of the electrical 
insulation, exposing the patient to the risk of electrical injury. 
Periodic checks for leakage current are therefore advised by the 
manufactures.

Box 6.1 Principal TOE indications: essential views and structures in specific clinical situations

Search for a potential cardiovascular source of embolism
◆	 Left ventricular apex or aneurysm (transgastric and low tran-

soesophageal two-chamber views)
◆	 Aortic and mitral valve (look for vegetations, degenerative 

changes, or tumours, e.g. fibroelastoma)
●	 Thoracic aorta
●	 Left atrial appendage (including pulsed wave Doppler); note 

spontaneous contrast
●	 Left atrial body including atrial septum; note spontaneous 

contrast
◆	 Fossa ovalis/foramen ovale/atrial septal defect/atrial septal 

aneurysm; contrast + Valsalva.

Infective endocarditis
◆	 Mitral valve in multiple cross-sections
◆	 Aortic valve in long- and short-axis views; para-aortic tissue  

(in particular short-axis views of aortic valve and aortic root)  
to rule out abscess

◆	 Tricuspid valve in transgastric views, low oesophageal four-
chamber view, and right ventricular inflow-outflow view

◆	 Pacemaker, central intravenous lines, aortic grafts, Eustachian 
valve, pulmonic valve in high basal short-axis view of the right 
heart (inflow-outflow view of the right ventricle).

Aortic dissection, aortic aneurysm
◆	 Ascending aorta in long- and short-axis views; note maximal 

diameter, flap, intramural haematoma, para-aortic fluid
◆	 Descending aorta in long- and short-axis views, note maximal 

diameter, flap, intramural haematoma, para-aortic fluid
◆	 Aortic arch, note maximal diameter, flap, intramural 

 haematoma, para-aortic fluid

◆	 Aortic valve (regurgitation-note mechanism, annular diameter, 
number of cusps)

◆	 Relation of dissection membrane to coronary ostia
◆	 Pericardial effusion, pleural effusion
◆	 Entry/reentry sites of dissection (use colour Doppler)
◆	 Spontaneous contrast or thrombus formation in false lumen 

(use colour Doppler to characterize flow/absence of flow in 
false lumen).

Mitral regurgitation (note systolic or mean blood pressure)
◆	 Mitral anatomy (transgastric basal short-axis view, multiple 

lower transoesophageal views). Emphasis on detection of 
mechanism and origin of regurgitation (detection and mapping 
of prolapse/flail to leaflets and scallops, papillary muscle and 
chordal integrity, vegetations, paraprosthetic leaks)

◆	 Colour Doppler mapping
◆	 Left upper and right upper pulmonary venous pulsed Doppler.

Prosthetic valve evaluation
◆	 Morphologic and/or Doppler evidence of obstruction (reduced 

opening/mobility of cusps/discs/leaflets and elevated velocities 
by continuous wave Doppler)

◆	 Morphologic and Doppler evidence of regurgitation, with 
mapping of the origin of regurgitation to specific sites 
(transprosthetic, paraprosthetic); presence of dehiscence/ 
rocking of prosthesis

◆	 Structural prosthetic changes: calcification, immobilization, 
rupture, or perforation of bioprosthesis leaflets; absence of 
occluder in mechanical prostheses

◆	 Para-prosthetic structures (vegetation/thrombus/pannus, 
suture material, strand, abscess, pseudoaneurysm, fistula).

Modified from Flachskampf FA, Badano L, Daniel WG, Feneck RO, Fox KF, Fraser A, Pasquet A, Pepi M, Perez de Isla L, Zamorano J. Recommendations for 
 transoesophageal echocardiography – update 2010, Eur J Echocardiogr (2010), 11,14, 461–76 by permission of Oxford University Press.
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transducer contact with the gastric or oesophageal wall. In the fol-
lowing, 0° denotes a transverse and 90° a vertical cross-sectional 
plane, with clockwise plane rotation when looking in the direction 
of the ultrasound beam. Probe shaft rotation is described as clock-
wise or counterclockwise as seen from the examiner’s viewpoint 
looking down the shaft of the probe.

The complete examination comprises three major steps:

◆	 The transoesophageal examination, with lower oesophageal 
views, mainly to image the ventricles (% Fig. 6.2), and upper 
transoesophageal views, mainly to image the valves, atria, and 
great vessels (% Figs 6.3 and 6.4). Transducer positions or 
windows vary individually.

◆	 The transgastric examination.
◆	 The examination of the aorta.

The sequence of these elements may be chosen individually; many 
operators start with transoesophageal views, followed, if neces-
sary, by transgastric views, and finally visualize the descending 
aorta and aortic arch. Three-dimensional (3D) data sets obtained 
by TOE are particularly useful for valvular heart disease and inter-
ventional procedures and are discussed elsewhere in this book.

requires individuals to document training, including a log book of 
performed cases, and to pass a multiple choice question exam [8].

The examination
Patient preparation
The patient should be asked about problems with swallowing, 
known upper gastrointestinal tract disease, and bleeding disorders 
or anticoagulation. Written informed consent should be obtained 
whenever possible before sedation. The patient should fast for 
at least 4 hours before TOE. Topical oropharyngeal anaesthesia 
may be used. Mild sedation, for example, intravenous midazolam 
(2–4 mg), is often beneficial, especially in younger patients.

Introduction of the probe
The patient is positioned in a left lateral decubitus position to help 
drain saliva, with the head mildly flexed anteriorly (opposite to 
the position used during tracheal intubation). An intravenous 
line should be in place both for sedation and in the event of 
complications, and a supply of oxygen as well as equipment for 
suction should be at hand, especially if sedation is used. During 
probe introduction and examination, ECG monitoring is man-
datory, and oxygen saturation monitoring is useful. The probe 
is introduced into the mouth and the conscious patient asked to 
swallow. The probe can be guided by the middle and index fin-
gers of the examiner to avoid deviation of the tip from the midline 
(% Fig. 6.1c). Some resistance is usually encountered at the upper 
oesophageal sphincter, which subsides if the patient actively swal-
lows. If introduction fails, it may be helpful to attempt it again with 
the patient sitting up, or after increasing sedation; however, too 
much sedation renders the patient uncooperative. Once the probe 
has passed the upper oesophagus, the bite guard should be posi-
tioned and the probe advanced until at approximately 30–40 cm 
distance from the front teeth cardiac structures come into view.

General course of the examination
Unlike transthoracic echocardiography, TOE is uncomfortable for 
the patient. Thus, the examiner may restrict the examination to the 
main clinical indication, such as scanning the left atrial appendage 
and left atrium to rule out thrombi before the electrical cardio-
version of atrial fibrillation. On the other hand, in the sedated or 
anaesthetized patient, a systematic and thorough approach yields 
maximal diagnostic benefit.

TOE views are defined by internal landmarks, not by specifica-
tion of probe position and plane angulation. Plane rotation, shaft 
rotation, anteflexion, retroflexion, sideward flexion of the tip, and 
probe advancement and withdrawal are available to the exam-
iner to change the examination viewpoint. Anteflexion flexes the 
tip mechanically upwards anteriorly, thereby usually improving 
contact with the anterior gastric or oesophageal wall, and retro-
flexion flexes it upwards posteriorly, thereby often deteriorating 

Fig. 6.1 (a) Transoesophageal probe with handle (white) carrying knobs 
for tip flexion and rotation of plane, and transducer-tipped shaft (black). (b) 
Transoesophageal probe tips encasing the transducer. Left, typical multiplane 
2D probe, right, 3D matrix array probe. A 1€ coin is shown for size comparison. 
(c) Introduction of the probe guided by the examiner’s index and middle 
fingers, with patient in a left lateral decubitus position. Note bite guard to be 
positioned after the probe has entered the upper oesophagus.

(a)

(b)

(c)
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Lower transoesophageal views
With the instrument in the transverse position immediately above 
the diaphragm level, the orifice of the inferior vena, the right 
atrium, the coronary sinus, and the tricuspid valve are visualized in 
a long-axis view. The anterior (or sometimes posterior) tricuspid 
leaflet is seen to the left, and the septal to the right on the screen. 
Retracting the probe, a (foreshortened) transoesophageal four-
chamber view is obtained (% Fig. 6.5). The probe tip should be 
straightened to minimize foreshortening, as long as image quality 
is maintained. In the transoesophageal four-chamber view the left 
ventricle is on the right side of the sector and the right ventricle on 
the left; the left atrium is on top. The anterior mitral leaflet is seen 
on the left and the posterior on the right side; the septal tricuspid 
leaflet is on the right side and the anterior tricuspid leaflet on the 
left side. The transoesophageal two-chamber view (% Fig. 6.6) is 
obtained at approximately 60–90°, with the anterior wall to the 
right and the inferior wall to the left. Here, the posterior mitral 
leaflet is on the left side and the anterior leaflet on the right side. 
Frequently, the left atrial appendage is seen on the right side of the 
screen at the base of the left ventricle. Plane rotation to 120–150° 
discloses the transoesophageal long-axis view of the left ventricle 
(% Fig. 6.7), with the anterior mitral leaflet, the aortic valve and 
ascending aorta, and the anteroseptal left ventricular segments on 
the right side, and the posterior mitral leaflet and posterior left 
ventricular wall on the left side. The mitral valve can be studied 
in detail (after appropriate depth reduction) in the same views 
enumerated for the left ventricle. For further examination of the 
mitral valve see the corresponding section. Spontaneous echo 
contrast (‘smoke’) in the left atrium and/or appendage should be 
noted; gain must be high enough to detect it.

Fig. 6.3 Upper transoesophageal views of the great vessels and atrial appendage 
(counter-clockwise): the transverse view of the left atrial appendage and the left 
upper pulmonary vein (0–30°); the intermediate view of the ascending aorta, left 
atrium and right pulmonary veins; and with anterioflexion of the probe a transverse 
view of the ascending aorta, superior vena cava, and main pulmonary artery with 
its bifurcation are obtained. LA, left atrium; LAA, left atrial appendage; LPA, left 
pulmonary artery; LUPV, left upper pulmonary vein; MPA, main pulmonary artery; 
PA, pulmonary artery; RPA, right pulmonary artery; RUPV, right upper pulmonary 
vein; RV right ventricle. Reproduced from Flachskampf FA, Badano L, Daniel 
WG, Feneck RO, Fox KF, Fraser A, Pasquet A, Pepi M, Perez de Isla L, Zamorano J. 
Recommendations for transoesophageal echocardiography – update 2010, Eur J 
Echocardiogr (2010), 11,14, 461–76 by permission of Oxford University Press.

Fig. 6.2 Lower transoesophageal views, with exemplary cross-sections 
corresponding to (counter-clockwise) the four-chamber view, two-chamber 
view, and long-axis view of the left ventricle. A right atrial longitudinal (sagittal, 
bicaval) view is visualized at 90–120°. IVC, inferior vena cava; LA, left atrium; 
LAA, left atrial appendage; LV, left ventricle; SVC superior vena cava; RA, right 
atrium; RV, right ventricle. Reproduced from Flachskampf FA, Badano L, Daniel 
WG, Feneck RO, Fox KF, Fraser A, Pasquet A, Pepi M, Perez de Isla L, Zamorano J. 
Recommendations for transoesophageal echocardiography – update 2010, Eur 
J Echocardiogr (2010), 11,14, 461–76 by permission of Oxford University Press.

Fig. 6.4 Transoesophageal views of the aortic valve in long-axis (130–150°) 
and short axis views (40–60°). Ao, ascending aorta; LA, left atrium; LAA, left 
atrial appendage; PA, pulmonary artery; RA, right atrium; RV right ventricle. 
Reproduced from Flachskampf FA, Badano L, Daniel WG, Feneck RO, Fox KF, 
Fraser A, Pasquet A, Pepi M, Perez de Isla L, Zamorano J. Recommendations 
for transoesophageal echocardiography – update 2010, Eur J Echocardiogr 
(2010), 11,14, 461–76 by permission of Oxford University Press.
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at the bottom (anteriorly); it also visualizes the ascending aorta 
coursing anteriorly of the right pulmonary artery (some retraction 
of the probe may be necessary to display this). The short-axis view 
shows the left coronary cusp in the upper right third, the non-cor-
onary cusp in the upper left third, and the right coronary cusp in 
the lower third (anteriorly). Slightly withdrawing the transducer, 
the coronary ostia can be identified at approximately 2 o’clock (left 
coronary ostium) and 6 o’clock (right coronary ostium) of the cir-
cumference of the aortic root (% Fig. 6.10). The right coronary 

Upper transoesophageal views
Anteflexion of the tip or withdrawal of the probe will display the 
aortic valve and both atria from an upper transoesophageal posi-
tion. Pulmonary venous flow can be recorded by pulsed Doppler 
from both the left and the right upper pulmonary veins. Short-axis 
(at 40–70°) and long-axis (at 130–160°) views of the aortic valve 
(% Figs 6.8 and 6.9) should be obtained. The long-axis view has 
the non-coronary aortic cusp on top and the right coronary cusp 
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RV
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Ao

LV

Fig. 6.5 Transoesophageal four-chamber view.

Fig. 6.6 Transoesophageal two-chamber view.

Fig. 6.7 Transoesophageal long-axis view. Ao, ascending aorta; LA, left atrium; 
LV, left ventricle.

Fig. 6.8 Short-axis view of the aortic valve with acoronary (*), left coronary (**) 
and right coronary (***) leaflet and sinus. RVOT, right ventricular outflow tract.

RVOT

***

**

*
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ostium is frequently visualized more easily in the long-axis view 
of the aortic valve. Colour Doppler mapping should be performed 
in both aortic valve views. Spectral Doppler assessment of aortic 
flow velocities is better achieved in transgastric long-axis views 
due to more coaxial beam alignment. The short-axis view of the 
aortic valve (% Fig. 6.11) also shows right atrium, tricuspid valve, 
inflow and outflow tract of the right ventricle, pulmonary valve, 
and main pulmonary trunk in counterclockwise continuity. This 
view (sometimes called the right ventricular inflow–outflow view) 
resembles an upside-down parasternal short-axis view of the same 
structures.

Colour Doppler evaluation of the tricuspid and—less satisfac-
torily—the pulmonary valve can be performed. From an upper 
transoesophageal window, the atrial septum with the oval fossa 
should be visualized in at least two planes (transverse and longi-
tudinal or sagittal view). The transverse view of the right atrium 
is usually a minor modification of the transoesophageal four-
chamber view with reduced depth. It shows the left atrium on top, 
the atrial septum as approximately horizontal structure, and the 

Fig. 6.12 Bicaval (sagittal, longitudinal) view of the right atrium with the 
orifices of the superior and inferior caval veins. Next to the inferior caval vein, 
a Eustachian valve is displayed (*); next to the superior caval vein, the right 
atrial appendage is visible; arrow, foramen ovale. IVC, inferior vena cava; LA, left 
atrium; RA, right atrium; RAA, right atrial appendage; SVC, superior vena cava.

Fig. 6.11 Short-axis view of aortic valve and right heart structures. LA, left 
atrium; PV, pulmonary valve; RA, right atrium; RVOT, right ventricular outflow 
tract; TV, tricuspid valve.

Fig. 6.9 Long-axis view of the aortic valve with acoronary (*) and right 
coronary leaflet (**), the left ventricular outflow tract and the ascending aorta. 
Ao, ascending aorta; LA, left atrium; LV, left ventricle; LVOT, left ventricular 
outflow tract; RV, right ventricle.
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Fig. 6.10 (a) Modified short axis view of aortic 
valve with take-off of the left main coronary artery 
(arrow). (b) Modified long axis view of aortic valve 
with  take-off of the right coronary artery (arrow). 
LA, left atrium; LM, left main; RCA, right coronary 
artery.
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appendage; the tricuspid valve is not seen. This view allows in par-
ticular the evaluation of the atrial septum for defects, aneurysms, 
foramen ovale, pacemaker leads, and intravenous lines including 
a small stretch of the superior vena cava.

tricuspid valve to the right. Neither caval vein is seen in this view. The 
longitudinal, sagittal, or bicaval view of the right atrium (at ~ 90°,  
% Fig. 6.12) display the orifices of the superior (right sector 
side) and inferior caval veins (left sector side) and the right atrial 

Fig. 6.13 (a,b,c) Upper transoesophageal views of dilated left atrial appendage and spontaneous contrast from the same patient in different plane angulations. 
(d) Pulsed Doppler recording of inflow and outflow velocities in the left atrial appendage in atrial fibrillation; the velocities are relatively high (mostly > 25 cm/s), 
indicating relatively low thrombotic risk. (e) Large thrombus originating in the left atrial appendage of a patient in atrial fibrillation. Also note spontaneous echo 
contrast (‘smoke’) in the left atrium.

(a)

(b)

(c)

(d)

(e)
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or infusion solutions. Views of cranial structures of the heart 
and great vessels are obtained by withdrawing and anteflecting 
the probe in the transverse (0°) plane from a position show-
ing the mitral valve in the centre of the sector. On the right 

Patency of the foramen ovale can be checked by colour 
Doppler and echo contrast (during spontaneous breathing and, 
importantly, on release of a Valsalva manoeuvre). Any kind of 
right heart echo contrast can be used, including agitated blood 

Fig. 6.16 Right pulmonary veins with blood flow directed into the left 
atrium. Next to the pulmonary veins, the superior caval vein with a pacemaker 
wire (*) is seen. Ao, ascending aorta; LA, left atrium; RLPV, right lower 
pulmonary vein; RUPV, right upper pulmonary vein; SVC, superior vena cava.

Fig. 6.14 Views of the left atrial appendage from an upper transoesophageal window. LA, left atrium; LAA, left atrial appendage; LV, left ventricle.

Fig. 6.15 Upper transoesophageal view of left upper pulmonary vein, next 
to the left atrial appendage, with colour Doppler image of blood flow directed 
into the left atrium. LA, left atrium; LAA, left atrial appendage; LUPV, left upper 
pulmonary vein.
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The orifice of the right upper pulmonary vein is seen posterior 
to the superior vena cava, both in transverse and longitudinal 
views (% Fig. 6.16). This junction is the location of the transtho-
racically not visualized sinus venosus atrial defects.

Transgastric views
With the transducer in the gastric fundus, left ventricular short-
axis and two-chamber views are acquired (% Figs 6.18 and 6.19). 
In the left ventricular short-axis view at the mid-papillary level 
(at 0°), the anterolateral papillary muscle is seen at approximately 
5 o’clock and the posteromedial approximately between 11 and 
2 o’clock. The inferior wall is seen in the near field of the sector 
and the anterior wall at the bottom of the sector. The short-axis 
view of the mitral valve (% Fig. 6.20) is obtained by slightly 

side of the screen, the left atrial appendage is seen (% Figs 6.13 
and 6.14); examination of this highly variable structure often 
requires additional plane rotation between 0° and 90°. Pulsed 
wave Doppler recording of appendage flow is useful to assess 
the risk of thrombus formation. Further withdrawal and ante-
flexion displays the left upper pulmonary vein (% Fig. 6.15). 
Clockwise shaft rotation displays the short-axis view of the 
ascending aorta, accompanied on the left side by the supe-
rior vena cava (% Fig. 6.16), and on the right side by the main 
pulmonary artery (% Fig. 6.17). The right pulmonary artery 
courses to the left side of the sector posteriorly of the ascending 
aorta. The left pulmonary artery is poorly seen and courses to 
the right side of the sector.

Fig. 6.17 (a) Upper transoesophageal view of ascending aorta, superior vena cava, and right pulmonary artery. (b) Upper transoesophageal view of main 
pulmonary artery and pulmonary artery bifurcation.

Fig. 6.18 Transgastric short-axis view of the left ventricle. AW, anterior wall; 
IW, inferior wall; LV, left ventricle; RV, right ventricle.

Fig. 6.19 Transgastric two-chamber view of left ventricle and left atrium, 
displaying also the mitral valve with papillary muscles and chordae tendineae. 
Note left atrial appendage. LAA, left atrial appendage; LV, left ventricle.
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RV LV
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at the diaphragm the oesophagus lies anterior to the aorta, at 
the aortic arch it is posterior. Therefore, scanning the complete 
length of the thoracic descending aorta necessitates gentle rota-
tion of the probe to maintain correct visualization of aortic walls 
(% Fig. 6.21). Pathology should be documented both in short-axis 
and long-axis views of the aorta. The take-off of the left subclavian 
artery can usually be seen. Clockwise rotation and slight probe 
withdrawal at the junction of aortic arch and descending aorta 
displays the long axis of the aortic arch, with the anterior aortic 
arch wall in the far field of the sector, and partially the superior 
ascending aorta. Owing to the interposition of the trachea or left 
main bronchus, some portion of the arch or distal ascending aorta 
will usually not be visualized.

withdrawing and anteflexing the probe tip from the mid-papil-
lary short axis view position. In the left ventricular two-chamber 
view (at 90°), the apex, which often is not well visualized, is to the 
left and the mitral valve to the right of the sector. The long-axis 
view of the left ventricle, with left ventricular outflow tract and 
aortic valve, is obtained at approximately 100–120° and some-
times minor clockwise shaft rotation; this view is often difficult 
to obtain. Blood flow velocities in the outflow tract or through 
the aortic valve can be obtained. Additionally, a deep transgastric 
long-axis view or five-chamber view, including the aortic valve, 
can be obtained by advancing the probe further into the gastric 
fundus and using maximal anteflexion of the probe (‘inverted’ 
transducer position).

Additional non-routine views of the right heart are gener-
ated by rotating the probe shaft clockwise from the transgastric 
left ventricular short axis position to the right, positioning 
the right ventricle in the centre of the sector, and steering the 
plane angulation first to approximately 30°, producing a short-
axis view of the tricuspid valve, with the posterior leaflet to the 
upper left, the septal leaflet to the upper right, and the large 
anterior leaflet in the lower half of valve cross-section. A right 
ventricular inflow view can be obtained by further rotation. At 
approximately 90° a long axis of the right ventricular inflow 
tract is seen. Further rotation discloses the right ventricular 
outflow tract, with the pulmonary valve located at the bottom 
of the sector.

Aortic views
Between the abdomen and the aortic arch, the oesophagus and the 
descending aorta change their anterior–posterior relationships: 

A3
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A1

P3
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P1

Fig. 6.20 Transgastric short-axis view of the mitral valve with visualization of 
the segments of the anterior (A1–3) and posterior leaflet (P1–3).

Fig. 6.21 Short- (a) and long-axis (b) views of the descending thoracic aorta. 
Note reverberation artefact in the long axis view, creating false ‘second lumen’ 
in the far field. In the short-axis view an echodense atherosclerotic plaque is 
seen at 4 o’clock position.

(a)

(b)
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Fig. 6.22 Examination of the mitral valve. Screen depiction of relative position of mitral leaflets and segments/scallops in typical transoesophageal cross-sections 
created by three different examination manoeuvres. Note that individual anatomy, especially scallop morphology, is variable. A1–3, anterior leaflet segments; Ao, 
aortic valve; LAA, left atrial appendage; P1–3, posterior leaflet segments. See text for details. Reprinted from Ann Thorac Surg, 65/1998, Foster GP, Isselbacher EM, 
Rose GA, Torchiana DF, Atkins CW, Picard MH, Accurate localisation of mitral regurgitant defects using multiplane transesophagael echocardiography, 1025–31, 
Copyright (2015) with permission from Elsevier.

(a)

A2

A3

A3

A2

A1
P1

Ao

LAA

P3

A B C

A1A2A3 A

Ao

A

A
B
C

B

C
A1

A2

A3
P3

P2

P1
Ao

A

B

C

A1 P1

A2

A3 P3

P2

A1
P1

P2

P3

A2

LAA

A3

B
C

P3
P3 P2 P1

P1A2

P2

A2 P1

P3 P1 P2 A2
A2

P2

0°

45°
90°

135°

(c)

(b)

Three-dimensional examination
The miniaturization of transthoracic 3D matrix-array now 
allows the real-time (or near-real time from multiple beats) 
acquisition and online display of 3D TOE images (see Chapter 
7 in this book). Three-dimensional TOE examination usually 
starts with real-time imaging modes such as live and narrow-
angled acquisition, which can be magnified for details (zoom). 
However, the gated 3D echo modes, including 3D colour flow 
Doppler, should also be used whenever ECG and respiration gat-
ing requirements are possible, to take advantage of the improved 
spatial and temporal resolution of these wider-angled acquisi-
tions. Some machines also offer one-beat acquisition of larger 
pyramidal volumes.

Three-dimensional TOE imaging is useful for:

◆	 cardiac valves, with unlimited image plane orientation for bet-
ter understanding of their complex geometry and subvalvular 
apparatus, in particular ‘en face’ views of the mitral (native or 
prosthetic) morphology from the left atrial side (% Figs 6.22 
and 6.23)

◆	 left and right ventricle (volumes and function)
◆	 left atrium and left atrial appendage
◆	 right atrium and interatrial septum
◆	 congenital heart diseases [9].

Furthermore, 3D TOE has an indication in guiding surgical and 
percutaneous procedures, such as closure of atrial septal defects 
and transcatheter aortic valve implantation, left atrial appendage 
closure, or percutaneous edge-to-edge mitral repair (‘MitraClip’, 
% Fig. 6.24).
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Fig. 6.23 Three-dimensional transoesophageal systolic image of a mitral valve with a prolapse of the P2 scallop of the posterior leaflet, seen from the left atrium 
(surgeon’s view). The prolapsing segment balloons into the left atrium. AML, anterior mitral leaflet; AV, aortic valve.
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AV AV

P2
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AV

Fig. 6.24 Three-dimensional TOE images of a percutaneous edge-to-edge repair (‘MitraClip’). Left, the open mitral valve seen from the left atrium, before 
clipping (anterior mitral leaflet, looking down the clip delivery device (centre) hovering in the left atrium over the open mitral leaflets). Right, after clipping, again 
with open mitral valve with the typical figure-of-eight shape of the double orifice created by the clipping. AML, anterior mitral leaflet; AV, aortic valve; DD, delivery 
device for the clip; PML, posterior mitral leaflet.
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CHAPTER 7

Three-dimensional 
echocardiography
Luigi P. Badano, Roberto M. Lang, and 
Alexandra Goncalves

Introduction to three-dimensional 
echocardiography
Three-dimensional echocardiography (3DE) represents a major innovation in cardio-
vascular ultrasound. Increased computer processing power coupled with advances in 
miniaturization of the electronics and in-element interconnection technology have 
resulted in the development of matrix array transducers used to acquire large pyramidal 
data sets from which anatomically sound presentations of cardiac structures from any 
spatial point of view can be obtained. The usefulness of 3DE has been demonstrated in 
(1) the quantification of cardiac chamber volumes and mass without assumptions about 
their shape; (2) presentation of realistic anatomical views of heart valves; (3) evaluation 
of regurgitant lesions and shunts with 3DE colour Doppler imaging; (4) pharmacological 
stress testing; and (5) guiding and monitoring cardiac procedures in the catheterization 
laboratory and in the operating room. However, for 3DE to be implemented in routine 
clinical practice, a full understanding of its technical principles and a systematic approach 
to image acquisition and analysis are required.

This chapter will focus on the technical specifications of 3DE, main indications for its 
use, training of the operators, and storage and reporting of 3DE studies.

Matrix array transducers and physics of  
volumetric imaging
The milestone in the advancement of current 3DE technology has been the development 
of fully sampled matrix array transthoracic transducers which have enabled advanced 
digital processing and improved image formation algorithms. These transducers have 
enabled operators to acquire on-cart transthoracic data sets with short acquisition time 
that have allowed real-time volumetric imaging with high spatial and temporal resolution. 
Further technological developments (i.e. advances in miniaturization of the electronics 
and in-element inter-connection technology) have made it possible to fit a full matrix 
array into the tip of a transoesophageal probe to obtain transoesophageal real-time volu-
metric imaging.
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generates a scan line that propagates radially (y or axial direction) 
and can be steered both laterally (x or azimuthal direction) and in 
elevation (z direction) in order to acquire a volumetric pyramid of 
data (% Fig. 7.1b). Matrix array probes can also provide real-time 
multiple simultaneous 2D views, at high frame rates, oriented in 
predefined or user-selected plane orientations (% Fig. 7.2).

The main technological breakthrough which allowed manu-
facturers to develop fully sampled matrix transducers has been 
electronics miniaturization which has enabled the creation of indi-
vidual electrical interconnections for every piezoelectric element 
that in turn can be independently controlled, both in transmission 
and in reception.

Beamforming is a technique used to process signals in order to 
create directionally or spatially selected signals sent or received 
from an array of sensors. In 2DE, all the electronic components for 
the beamforming (high-voltage transmitters, low-noise receivers, 
analogue-to-digital converter, digital controllers, and digital delay 
lines) are in the ultrasound system and consume a lot of power 
(around 100 W and 1500 cm2 of personal computer (PC) electron-
ics board area) (% Fig. 7.3). If the same beamforming approach 
would have been used for matrix array transducers needed for 
3DE, it would have required approximately 4 kW power consump-
tion and a large PC board area to accommodate all electronics. To 
reduce both power consumption and the size of the connecting 
cable, several miniaturized circuit boards have been incorporated 
into the transducer, allowing partial beamforming to be per-
formed in the transducer itself.

This unique circuit design results in an active transducer 
which allows microbeamforming of the signal with low power 
consumption (< 1 W). This avoids the need to connect every pie-
zoelectric element to the ultrasound machine. The 3000-channel 
circuit board within the transducer controls the fine steering by 
delaying and summing signals within subsections of the matrix, 

In addition to transducer engineering, improved computer pro-
cessing power and the availability of multiple dedicated software 
packages for both on- and offline analysis have allowed 3DE to 
become a practical clinical tool [1,2].

Comparison between 2DE and 3DE ultrasound 
transducers
The backbone of the 3DE technology is the transducer [3]. A 
conventional two-dimensional (2D) phased-array transducer 
is composed of 128 electrically isolated piezoelectric elements 
arranged in a single row.

Each ultrasound wave front is generated by the firing of individ-
ual elements in a specific sequence with a phase delay with respect 
to the transmit initiation time. Each element adds and subtracts 
pulses to generate a single ultrasound wave that has a specific 
direction that constitutes the radially propagated scan line.

Since the piezoelectric elements are arranged in a single row, 
the ultrasound beam can be steered in only two directions— 
vertical (axial) and lateral (azimuthal)—while resolution in the  
z axis (elevation) is fixed by the thickness of the tomographic slice  
(% Fig. 7.1a), which, in turn, is related to the vertical dimension of 
the piezoelectric elements.

Currently, 3DE matrix array transducers are composed of 
around 3000 individually connected and simultaneously active 
(fully sampled) piezoelectric elements with operating frequencies 
ranging from 2 to 4 MHz and 5 to 7 MHz for transthoracic and 
transoesophageal transducers, respectively. To steer the ultrasound 
beam in three dimensions, a 3D array of piezoelectric elements 
needs to be used in the probe. Piezoelectric elements are therefore 
arranged in rows and columns to form a rectangular grid (matrix 
configuration) within the transducer (% Fig. 7.1b). The electroni-
cally controlled phasic firing of the elements within the matrix 

Fig. 7.1 Two- and three-dimensional transducers. 
Schematic drawing showing the differences 
between a two- (a) and a three-dimensional  
(b) transducer.
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known as patches (% Fig. 7.4). This microbeamforming allows 
a reduction of the number of digital channels inserted into the 
cable that connects the probe to the ultrasound system from 3000 
(which would result in a cable that is too large and heavy for prac-
tical use) to the conventional 128–256. This allows the cable of 
3D probes to be of the same size as those used for 2D imaging. 
Coarse steering is controlled by the ultrasound system where the 
analogue-to-digital conversion occurs using digital delay lines  
(% Fig. 7.4).

Importantly, the probe electronics produce heat which is 
directly proportional to the mechanical index used during imag-
ing, therefore the engineering of active 3DE transducers needs to 
include solutions for thermal management.

Finally, new and advanced crystal manufacturing processes 
allow the production of single crystal materials with homogene-
ous solid state technology and unique piezoelectric properties. 
These new transducers result in reduced heating production by 
increasing the efficiency of the transduction process by improv-
ing the conversion of transmit power into ultrasound energy and 
of received ultrasound energy into electrical power. Increased 
efficiency of the transduction process together with a wider 
bandwidth result in increased ultrasound penetration and resolu-
tion which improve image quality with the additional benefits of 
reducing artefacts, lowering power consumption, and increasing 
Doppler sensitivity.

Further developments in transducer technology have resulted in 
a reduced transducer footprint, improved side-lobe suppression, 
increased sensitivity and penetration, and the implementation of 
harmonic capabilities which can be used for both grey-scale and 
contrast imaging. The last generation of matrix transducers are 
significantly smaller than the previous ones and the quality of 2D 
and 3D imaging improved significantly, allowing the use of a sin-
gle transducer to acquire both 2DE and 3DE studies, as well as the 
acquisition of the entire left ventricular (LV) cavity in a single beat.

Fig. 7.2 Multiplane acquisition using the matrix array transducer. Bi-plane acquisition showing a parasternal long-axis view (reference view) and a simultaneous 
short-axis view taken at the level of the dotted yellow line on the reference view (left panel). Tri-plane acquisition (right panel) showing simultaneously a four- (left 
upper corner), two-chamber (right upper corner), views and an apical long-axis view (left lower corner). The angles of the two-chamber and the long-axis views 
are adjustable during the acquisition to optimize the views.

Fig. 7.3 Two-dimensional beamforming. Schematic drawing of beamforming 
using a conventional 2D phased-array transducer. During transmission (a), 
focused beams of ultrasound are produced by pulsing each piezoelectric 
element with pre-calculated time delays (i.e. phasing). During reception (b), 
focusing is achieved by applying selective delays at echo signals received by the 
different piezoelectric elements in order to create isophase signals that will be 
summed in a coherent way.
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a decrease in spatial resolution also affects the contrast of the 
image. Volume rates can be increased by increasing the number of 
parallel receive beams, but in doing the latter the signal-to-noise 
ratio and the image quality will be adversely affected.

To put this in perspective, let us assume that we want to image 
a structure that is 16 cm depth by acquiring a 60° × 60° pyrami-
dal volume data set. Since the speed of sound is approximately  
1540 m/s and each pulse has to propagate 16 cm × 2 (to go forth 
and come back to the transducer), 1540/0.32 = 4812 pulses may 
be fired per second without resulting in interference between 
pulses. Assuming that 1° beam spacing in both x and z dimension 
is of sufficient spatial resolution we would require 3600 beams 
(60 × 60) to spatially resolve the 60° × 60° pyramidal volume. As 
a result, we will obtain a temporal resolution (volume rate) of 
4812/3600 = 1.3 Hz, which is practically of no clinical value in 
clinical echocardiography.

The example just described demonstrates that the fixed speed 
of sound in body tissues is a major challenge to the develop-
ment of 3DE imaging. Manufacturers have developed several 
techniques such as parallel receive beamforming, multibeat imag-
ing, and real-time zoom acquisition to cope with this challenge 
but in clinical practice this is usually achieved by selecting the 
appropriate acquisition modality for different imaging purposes  
(see % ‘Acquisition modalities’).

Parallel receive beamforming
Parallel receive beamforming or multiline acquisition is a tech-
nique wherein the system transmits one wide beam and receives 
multiple narrow beams in parallel. In this manner, the volume rate 

Three-dimensional echocardiography 
physics
Three-dimensional echocardiography is an ultrasound technique 
and the physical limitation of the constant speed of ultrasound in 
human body tissues (~ 1540 m/s in myocardial tissue and blood) 
cannot be overcome [3]. The speed of sound in human tissues 
divided by the distance a single pulse has to travel forth and back 
(determined by the image depth) results in the maximum number 
of pulses that can be fired each second without creating interfer-
ences. Based on the acquired pyramidal angular width and the 
desired beam spacing in each dimension (spatial resolution), this 
number is related to the volumes per second that can be imaged 
(temporal resolution). Therefore, similar to 2DE, in 3DE imag-
ing there is an inverse relationship between volume rate (temporal 
resolution), acquisition volume size, and the number of scan lines 
(spatial resolution). Any increase in one of these factors will cause 
a decrease in the other two.

The relation between volume rate, number of parallel receive 
beams, sector width, depth, and line density can be described in 
the following equation:

( )
×

× ×
Volume rate = 1,540 No. of parallel received beams

2 volume width/lateral resolution 2 Volume depth

Therefore, the volume rate can be adjusted to the specific imag-
ing needs by either modifying the volume width or depth. The 3D 
system also allows the operator to control the lateral resolution by 
changing the scan lines density of the pyramidal sector. However, 
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Fig. 7.4 Three-dimensional beamforming. Beamforming with 3D matrix array transducers has been split in two: the transducer and the ultrasound machine 
levels. At the transducer level, interconnection technology and integrated analogue circuits (DELAY) control transmit and receive signals using different 
subsections of the matrix (patches) to perform analogue pre-beamforming and fine steering. Signals from each patch are summed to reduce the number of digital 
lines in the coaxial cable that connects the transducer to the ultrasound system from 3000 to the conventional 128–256 channels. At the ultrasound machine 
level, analogue-to-digital (A/D) convertors amplify, filter, and digitize the elements signals which are then focused (coarse steering) using digital delay (DELAY) 
circuitry and summed together (SUM) to form the received signal from a desired object.



three-dimensional echocardiography physics 63

beams are steered farther and farther away from the centre of the 
transmit beam.

Multibeat electrocardiogram-gated acquisition
Another technique to increase the size of the pyramidal vol-
ume and maintain the volume rate (or the reverse, e.g. maintain 
volume rate and increase the pyramidal volume) is multibeat 
acquisition. With this technique, a number of electrocardiogram 
(ECG)-gated subvolumes acquired from consecutive cardiac 
cycles are stitched together to build up the larger final pyramidal 
volume (% Fig. 7.6).

Multibeat acquisition will be effective only if the different 
subvolumes will be constant in position and size. Accordingly, 
transducer movement, cardiac translation motion due to respira-
tion, and change in cardiac cycle length will create subvolume 
mal-alignment and consequently stitching artefacts (% Fig. 7.7).

Real-time zoom acquisition
This imaging mode acquires a focused view of the structure of inter-
est in real time. A crop box is placed on a 2D single- or multiplane 
image to allow the operator to adjust lateral and elevation width to 
include the structure of interest in the final data set. Subsequently, 
the ultrasound system automatically crops the adjacent structures 
to provide a real-time display of the structure of interest with high 
spatial and temporal resolution. The main drawback of this imag-
ing mode is that the operator loses the anatomical relationships of 
the structure of interest with surrounding structures. This mode is 
predominantly used during transoesophageal studies for detailed 
anatomical analysis of the structure of interest.

Point spread function
Finally, the quality of the images of the cardiac structures which 
can be obtained by a 3DE data set will be affected by the point 

(temporal resolution) is increased by a factor equal to the num-
ber of received beams (% Fig. 7.5). Each beamformer focuses 
along a slightly different direction that was insonated by the broad 
transmit pulse. As an example, to obtain a 90° × 90°, 16-cm depth 
pyramidal volume at 25 vps, the system needs to receive 200,000 
lines/s. Since the emission rate is around 5000 pulses/s, the sys-
tem should receive 42 beams in parallel for each emitted pulse. 
However, increasing the number of parallel beams to increase 
temporal resolution cannot be done without limits since it leads 
to an increase in size, cost, and power consumption of the beam-
forming electronics, and deterioration of the signal-to-noise ratio 
and contrast resolution. With this technique of processing the 
received data, multiple scan lines can be sampled in the amount 
of time a conventional scanner would take for a single line, at the 
expense of reduced signal strength and resolution, as the receive 

(a) (b) (c)

Fig. 7.5 Parallel receive beamforming. Schematic representation of the 
parallel receive or multiline beamforming technique receiving 16 (a) or 64 
(b) beams for each transmit pulse (dashed red line). Panel (c) shows the 
degradation of the power and resolution of the signal (from red maximal to 
bright yellow minimal) from the parallel receiving beams steered farther away 
from the centre of the transmit beam.

(a) (b)

(c)

Fig. 7.6 Multibeat acquisition. Two- (a) and three-dimensional volume-
rendered (b) imaging of the mitral valve from the ventricular perspective. The 
latter has been obtained from a four-beat full-volume acquisition illustrated in 
panel (c). The four pyramidal subvolumes (the colours show the relationships 
between the pyramidal subvolumes, the ECG beats, and the way the 3D data 
set has been built up in the lower part of the figure).

Fig. 7.7 Stitching artefacts. Volume-rendered image displayed with 
respiratory gating artefacts. The blue lines highlight the misalignment of the 
pyramidal subvolumes.
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Acquisition modalities
Currently, 3D data set acquisitions can be easily implemented into 
a standard echocardiographic examination by either switching 
between 2D and 3D probes or, with the newest transducer probes, 
by switching between 2D and 3D modalities available on the 
same probe [3]. The newest transducers are capable of allowing 
single-beat full-volume acquisition, as well as real-time 3D colour 
Doppler imaging.

At present, three different methods for 3D data set acquisition 
are available [1]:

◆ multiplane imaging
◆ ‘real-time’ (or ‘live’) 3D imaging
◆ multibeat ECG-gated 3D imaging.

With the multiplane mode, multiple, simultaneous 2D views can 
be acquired at high frame rate using predefined or user-selected 
plane orientations and displayed using the split screen option  
(% Fig. 7.2). The first view on the left is usually the reference plane 
that is orientated by adjusting the transducer position while the 
other views represents views obtained from the reference view by 
simply tilting and/or rotating imaging planes. Multiplane imaging 
is a real-time acquisition modality and secondary imaging planes 
can only be selected during acquisition. Doppler colour flow can 
be superimposed on 2D images and, in some systems, both tis-
sue Doppler and speckle tracking analysis can also be performed. 
Although strictly not a 3D acquisition, this imaging mode is use-
ful in situations where assessment of multiple views from the 
same cardiac cycle is useful (e.g. atrial fibrillation or other irregu-
lar arrhythmias, stress echo, and evaluation of inter-ventricular 
dyssynchrony)

In the real-time mode, a pyramidal 3D volumetric data set is 
obtained from each cardiac cycle and visualized live, beat after 
beat similar to 2D scanning. As the data set is updated in real time, 
image orientation and planes can be changed by rotating or tilt-
ing the probe. Analysis can be done with limited post-processing 
and the data set can be rotated post-imaging (independent of the 
transducer position) to view the heart from different orientations. 

spread function of the system. The point spread function describes 
the imaging system response to a point input. A point input, rep-
resented as a single pixel in the ‘ideal’ image, will be reproduced as 
something other than a single pixel in the ‘real’ image (% Fig. 7.8).

The degree of spreading (blurring) of any point object varies 
according to the dimension employed. In current 3DE systems it 
will be around 0.5 mm in the axial (y) dimension, around 2.5 mm 
in the lateral (x) dimension, and around 3 mm in the elevation (z) 
dimension. As a result, the best images (less degree of blurring, 
i.e. distortion) will be obtained using the axial dimension and 
the worst (greatest degree of spreading) when using the elevation 
dimension.

These concepts have an immediate practical application in 
the choice of the best approach to image a cardiac structure. 
According to the point spread function of 3DE, the best results 
are expected to be obtained when imaging from the parasternal 
approach because structures are mostly imaged in the axial and 
lateral dimensions. Conversely, the worst results are expected 
when imaging from the apical approach which mostly uses the 
lateral and elevation dimensions (% Fig. 7.9).

Fig. 7.8 Point spread function. (a) Graphical representation of the extent of degradation (blur) of a point passing through an optical system. (b) Effect of the 
point spread function on the final image of a circular object.
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Fig. 7.9 Effect of the acquisition window on 3D data set spatial resolution. 
Dependence of spatial resolution of slicing according to acquisition approach. 
Multislice display of the basal part of the left ventricle. Better spatial resolution 
is obtained by imaging from the parasternal approach (a) than from the apical 
approach (b).
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‘single-beat’) full-volume acquisition is affected by low spatial 
and temporal resolution and should be used for quantification 
of cardiac chambers when multibeat ECG-gated acquisition is 
not possible (e.g. irregular cardiac rhythm or patient unable to 
cooperate for breath-holding).

In contrast to real-time/live 3D imaging, multibeat acquisition is 
accomplished by sequential acquisitions of narrow smaller vol-
umes obtained from several ECG-gated consecutive heart cycles 
(from two to six) that are subsequently stitched together to create a 
single volumetric data set (% Fig. 7.6). Once acquired, the data set 
cannot be changed by manipulating the probe as in live 3D imaging 
and analysis requires offline slicing, rotation, and cropping of the 
acquired data set. Multibeat acquisition generates large data sets 
that have high temporal and spatial resolution that can be used for 
quantitating cardiac chamber size and function or to better assess 
the spatial relationships among cardiac structures. However, this 
3D imaging mode has the disadvantage of ECG gating. Images 
are acquired over several cardiac cycles and the final data set is 
available for visualization only after the last cardiac cycle has been 
acquired, it is a ‘near real-time’ imaging, that might be subject to 
artefacts due to patient or respiratory motion or irregular cardiac 
rhythms (% Fig. 7.7). Multibeat imaging can be acquired with or 
without colour flow mapping, usually additional cardiac cycles for 
the multibeat acquisition are required for 3D colour data sets.

Image display
Three-dimensional data sets can be cropped in several planes 
and rotated in order to visualize the cardiac structure of inter-
est from any desired perspective, irrespective of its orientation 

Heart dynamics is shown in a realistic way, with instantaneous 
online volume-rendered reconstruction. It allows fast acquisition 
of dynamic pyramidal data structures from a single acoustic view 
that can encompass the entire heart without the need of reference 
system, electrocardiographic, and respiratory gating. Real-time 
imaging is time-saving both for data acquisition and analysis. 
Although this acquisition mode overcomes rhythm disturbances 
or respiratory motion limitations, it still suffers from relatively 
poor temporal and spatial resolution. Real-time imaging can be 
acquired in the following modes:

1. Live 3D. Once the desired cardiac structure has been imaged 
in 2DE it can be converted to a 3D image by pressing a spe-
cific button on the control panel. The 3D system automatically 
switches to a narrow sector acquisition (~ 30° × 60° pyrami-
dal volume) to preserve spatial and temporal resolution. The 
size of the pyramidal volume can be increased to encompass 
additional structures, but both scan line density (spatial reso-
lution) and volume rate (temporal resolution) will decrease. 
Three-dimensional live imaging mode is used: (a) to guide 
full-volume acquisition; (b) to visualize small structures (aortic 
valve, masses, etc.); (c) to record short-lived events (i.e. bubble 
passage); (d) in patients with irregular rhythm/dyspnoea that 
prevent full-volume acquisition; and (e) to monitor interven-
tional procedures.

2. Live 3D colour. Colour flow can be superimposed on a live 3D 
data set to visualize blood flow in real time. Temporal resolu-
tion is usually low.

3. 3D zoom (see % ‘Real-time zoom acquisition’).

4. Full-volume. The full-volume mode has the largest pos-
sible acquisition volume (usually 90° × 90°). Real-time (or 

Fig. 7.10 Data set cropping and rotation. To display the mitral valve from the left atrial perspective (surgical view), a full-volume pyramidal data set has been 
cropped to remove part of the left ventricle from above and part of the left atrium from below. Then, the remaining data set has been rotated to the desired 
perspective and to put the cardiac structures in an anatomical sound position.

Parallel cropping at
mitral valve level

Pyramidal 3D data set
(uncropped)

Rotation

View from the left
atrium



CHAPTER 7 three-dimensional echocardiography66

Finally, irrespective of acquisition window, a cropped or sliced 
image should be displayed according to the anatomical orienta-
tion of the heart within the human body which is performed by 
rotating the selected images.

Acquisition of volumetric images generates the technical prob-
lem of rendering the depth perception on a flat image displayed 
on a 2D monitor. Three-dimensional graphic reproduction has 
been made possible using computer graphics techniques. First, 
data are segmented to delineate the 3D surfaces of structures of 
interest. Data segmentation algorithms separate, within the 3D 
data set, the object to be rendered from the surrounding struc-
tures: blood, pericardial fluid, and air. Since these structures 
have different physical properties and different abilities to reflect 
ultrasound, segmentation is performed by setting a threshold of 
echo intensity (i.e. voxels with echo intensity equal or lower than 
blood will not be processed further). Once segmented, the 3D 
data set can be displayed using three rendering techniques: wire-
frame rendering, surface rendering, and/or volume rendering  
(% Fig. 7.12).

For the purposes of cardiac chamber quantification, only the 
wireframe and surface rendering are relevant. Volume rendering 
is used to visualize structures with complex morphology like heart 
valves which require greater anatomical detail for clinically mean-
ingful imaging. When volume rendering, various colour maps are 
applied to convey the depth perception to the observer. Generally, 
lighter shades (e.g. bronze) are used for structures closer to the 
observer, while darker shades (e.g. blue) are used for deeper struc-
tures (% Fig. 7.12c).

Surface rendering modality (% Fig. 7.12b) displays the 3D sur-
face of cardiac structures, identified either by manual tracing or 
by using automated border detection algorithms on multiple 2D 
cross-sectional images of the structure/cavity of interest. This ste-
reoscopic approach is useful for the assessment of the shape of 
cardiac structures and for a better appreciation of geometry and 
dynamic function during the cardiac cycle.

Wireframe rendering (% Fig. 7.12a) is the simplest of the avail-
able techniques. It identifies equidistant points on the surface of a 
3D object obtained from manual tracing, or using semiautomatic 
border detection algorithms, to trace the endocardial contour in 
cross-sectional images and then connects these points using lines 
(wires) to create a mesh of small polygonal tiles. Smoothing algo-
rithms are used to smooth angles and provide realistic appearances 
to the structures of interest. This rendering technique processes a 

and position within the heart. This allows the operator to easily 
obtain unique images, which may be difficult or impossible to 
obtain using conventional 2DE (e.g. en face views of the tricuspid 
valve or cardiac defects). Three main steps are undertaken by the 
operator to obtain the desired view from a 3D volumetric data set: 
cropping, slicing, and rotating (% Fig. 7.10). Similar to what the 
anatomist or the surgeon does to expose an anatomical structure, 
with a 3DE data set the operator should remove the surrounding 
structures to visualize the anatomical structure of interest. This 
process of virtually removing the surrounding structures is called 
cropping, a process that can be performed either during or after 
data acquisition.

In contrast with 2DE images, displaying the cropped image may 
also require rotation of the data set (% Fig. 7.10) to better define 
the viewing perspective (i.e. since the same 3D structure can be 
visualized en face either from above or below, as well as from any 
desired view angle) [2,4]. Slicing refers to a virtual ‘cutting’ of the 
3D data set into one or more (up to 12) 2D (tomographic) grey-
scale images (% Fig. 7.11).

Fig. 7.11 Data set slicing. A full-volume data set (a) can be sliced in several 
ways. (b) Two longitudinal (four-chamber and the orthogonal view) plus three 
transversal slices at different levels of the left ventricle (yellow lines). (c) Nine 
transversal slices of the left ventricle from the mitral valve (MV) to the apical 
(apex) level. (d) Three longitudinal slices (four- and two-chamber plus the 
long-axis apical views) and nine transversal views. The position of the lowest 
and the highest transversal planes are adjustable by the operator and the slices 
in between are automatically repositioned to be equidistant. The positions 
of longitudinal planes are adjustable as well both during acquisition and 
post-processing.
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Fig. 7.12 Three-dimensional display techniques of the left ventricle. Wireframe (a), surface (b), and volume (c) rendering (see text for details).
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option will enhance the accuracy and reproducibility of 3D meas-
urements while maintaining the references listed in guidelines, 
however, referring physicians may be confused by reading two 
different values for the same parameter, i.e. LV volumes, and this 
could potentially lead to wrong clinical decisions). This issue and 
the definition of specific normative values for 3DE [5,7,8] need to 
be addressed prior to 3DE becoming part of the daily clinical rou-
tine. While we await well-designed outcome studies and clinical 
trials that will provide specific cut-off values for 3DE, the scien-
tific societies are urged to address the issue of how quantitative 3D 
echo data should be reported.

Training competence
Three-dimensional echocardiographic images displayed in vol-
ume or surface rendering or sliced in multiple tomographic 
views are more intuitive and easy to interpret than conventional 
M-mode and 2D images. However, the learning curve is usually 
steeper for novices than for experienced echocardiographers with 
many years of practice with conventional echocardiography. The 
latter require time to get used to the anatomical perspectives and 
the stereoscopic visualization of cardiac structures.

On the other hand, learning how to acquire, properly display, 
and quantitate 3D data sets requires dedicated training. There 
are new controls (smoothness, depth colourization) and addi-
tional functions (navigation tools, cropping, rotating, translate, 
slice, flip). Acquisition (real-time vs full-volume vs zoom or 
colour, number of beats to acquire, volume optimization) is dif-
ferent. There is a new dimension (z or elevation) to be taken into 
account when sizing the data set and selecting the acquisition 
window. New artefacts (stitching, drop-out, thresholding) could 
impair measurements and affect image interpretation. Finally, 
unless an independent software package is used for quantitation, 
each individual vendor has dedicated software package with spe-
cific workflows to post-process images and perform quantitative 
analysis.

After having trained multiple colleagues from all over the world 
we conclude that a week of intensive theoretical and practical 
training in an experienced centre is sufficient for previously expe-
rienced echocardiographers to be autonomous in the acquisition 
and interpretation of 3D data sets.

Acquisition protocols and indications
Transthoracic 3D echocardiography
Transthoracic 3DE full-volume acquisition mode is expected to 
accommodate the entire heart structures within a single 3D data 
set. However, with existing technology, the decrease in both spa-
tial–temporal resolution and penetration that would result from 
enlarging the volume angle to acquire the entire heart in a sin-
gle acoustic window makes it practically unfeasible. Therefore, 
to overcome this technological limitation, separate 3DE data 

relatively low amount of data and is used predominantly in rela-
tively flat endocardial boundaries such as the cardiac chamber 
walls. This stereoscopic approach is useful for the assessment of 
shape and for better visualization of chambers volume and func-
tion during the cardiac cycle.

The surface-rendering technique is very similar to the wire-
frame technique but identifies many more points on the surface 
of the structure of interest and the lines joining the points become 
indistinguishable. It displays in detail the surfaces of the analysed 
object facing the observer as a solid structure (% Fig. 7.12b).

Storage and report
Unfortunately, there is no specific Digital Imaging and 
Communications in Medicine (DICOM) protocol which allows 
post-processing and quantitative analysis of 3D data sets. 
Therefore, uncropped or non-sliced data sets will not be able to 
be further processed when stored in the institutional DICOM 
picture archiving and communicating system (PACS), unless they 
are recorded in raw-DICOM format and retrieved on a worksta-
tion using a dedicated software package. Consequently, to provide 
final users (cardiac surgeons, interventional cardiologists, clini-
cal cardiologists, etc.) clinically meaningful images of 3D data 
sets, these need to be post-processed before being stored in the 
DICOM PACS.

Similarly, quantitation of 3D data sets can only be performed 
with vendor-specific software packages or with specifically devel-
oped vendor-independent software packages. This means that 
volumetric quantitative assessment of 3D data sets will be only 
possible on the 3D echo system used to acquire them or offline on 
dedicated workstations.

Reporting of anatomical abnormalities does not differ from 2D 
reporting but frequently are just more intuitive and include more 
details. Addition of post-processed 3D images to the report will 
allow better understanding of the anatomy since these images pro-
vide enhanced anatomically rich information.

Reporting quantitative data is more clinically complex. Despite 
this, it is clear that quantitative assessment of 3D data sets provides 
more accurate (when compared with other imaging modalities 
like cardiac resonance imaging), reproducible, and repeatable 
measurements [1,5]. The limitations are that (1) measurements 
obtained from 3D data sets are not interchangeable with meas-
urements performed on 2D images; (2) most patients followed 
by echo labs have been previously assessed using 2DE and the 
change in values of different measurements provided by 3DE 
could confuse the referring physician; (3) cut-off values for device 
implantation, indications for interventional or surgical proce-
dures or surgery, and drug administration are based on M-mode 
and/or 2DE data. Consequently, two options are available: (1) 
solely reporting the measurements obtained from 3D data sets 
(this option is particularly suitable for patients having their ini-
tial echocardiographic study, however the referring physician will 
lose any reference to pre-existing guidelines); (2) reporting both 
conventional (i.e. M-mode and 2D) and 3D measurements (this 
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Transoesophageal 3D 
echocardiography
Protocols for a comprehensive 3D transoesophageal study are 
available [1]. However, since a comprehensive 3D transoesopha-
geal study will require a number of data set acquisitions which 
will prolong the transoesophageal study without proven benefit, 
in clinical practice, only a limited number of 3D data sets are 
acquired in addition to the standard complete 2D and Doppler 
transoesophageal study are acquired to address specific clinical 
questions. Usually, to avoid the patient the discomfort of holding 
their breath with the probe in the oesophagus and to shorten study 
length, data set acquisitions are usually performed using the real-
time zoom mode. 3D transoesophageal acquisitions are usually 
performed to obtain detailed anatomy or sizing of cardiac valves.

The main indications for a 3D transoesophageal echo study are 
listed in % Box 7.2 [1].

sets should be acquired to assess each individual cardiac struc-
ture of interest. In addition, currently available 3D transthoracic 
transducers do not generate 2D image quality comparable to that 
obtained with conventional 2D transducers.

Therefore despite the fact that detailed acquisition protocols 
for comprehensive 3DE study are available [1], in clinical prac-
tice, 3DE data sets are acquired in addition to a complete 2D and 
Doppler study to address specific clinical issues (i.e. location and 
extent of the scallop of a mitral valve prolapse or assessment of 
left or right ventricular function). Since in most echo laboratories 
only a limited number of echo systems have the 3D module and 
patients need to be moved from one scanning room to another 
to have the 3D acquisition, the time spent in each 3DE study will 
be increased and ‘random’ 3D data sets acquisitions will affect 
the whole laboratory work flow and productivity. Therefore, to 
facilitate sonographer work, and to reduce the impact of 3D acqui-
sitions on laboratory work flow we suggest the creation of specific 
guidelines to pre-define which patient will benefit the most from a 
3D study (% Box 7.1) [1,2,5].

Finally, since 3DE has proven to be more accurate, reproduc-
ible, and repeatable than 2DE, future indications will include the 
assessment of cardiac chamber remodelling in trials testing the 
effects of drugs or implantable devices as an alternative to cardiac 
resonance imaging to reduce the number of patients enrolled and 
decrease relative costs [6].

Box 7.1 Main indications for a 3D transthoracic echocardiographic 
study

1. Patients with distorted LV anatomy (aneurysm, extensive wall 
motion abnormalities, etc.) in whom accurate measurement 
of volumes will be clinically relevant

2. Patients with LV dysfunction who may be candidates for 
device implantation or complex surgical procedures

3. Patients with heart failure, or right heart diseases that may 
affect right ventricular size and function

4. Mitral valve assessment in patients referred to mitral valve 
surgery

5. Evaluation of mitral stenosis
6. Patients with tricuspid stenosis and/or more than mild 

tricuspid regurgitation in whom assessment of tricuspid valve 
morphology and severity of regurgitation will be clinically 
relevant (right heart failure, candidates to left heart cardiac 
surgery, etc.)

7. Congenital heart diseases
8. Patients with unclear anatomy by 2D imaging.

Box 7.2 Main indications for a 3D transoesophageal 
echocardiographic study

 1. Assessment of mitral valve anatomy in patients in whom 
the data will be clinically relevant for management: mitral 
stenosis, functional or degenerative mitral regurgitation, con-
genital abnormality with unclear anatomy at transthoracic 
study, endocarditis

 2. Left ventricular outflow tract sizing in patients referred for 
transcatheter aortic valve implantation who cannot undergo 
cardiac tomography

 3. Assessment of aortic valve anatomy in patients with aortic 
regurgitation, candidates to aortic valve repair (congenital 
diseases, aortic valve prolapse, etc.)

 4. Left atrial appendage orifice sizing in candidates for device 
closure

 5. Assessment of atrial septal defect anatomy and size in candi-
dates for device closure

 6. Suspected or known mitral valve prosthesis, structural or 
non-structural dysfunction, or endocarditis

 7. Guiding/monitoring interventional procedures in the cath-
eterization laboratory 

 8. Pre- and postoperative assessment of mitral valve and con-
genital heart disease cardiac surgery

 9. Monitoring LV function in high-risk non-cardiac surgery 
(single beat multi-slicing of the LV will allow a comprehen-
sive monitoring of global and regional wall motion)

10. Cases with doubtful 2D anatomy in transthoracic and tran-
soesophageal studies.
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CHAPTER 8

Contrast echocardiography
Asrar Ahmed, Leda Galiuto, Mark Monaghan, 
and Roxy Senior

Summary
Contrast echocardiography is an established and widely used technique employing gas-
filled ultrasound contrast agents (UCAs) for diagnosis of cardiovascular disease. The 
need for this technique arose since despite tissue harmonic imaging, around one-third of 
patients referred for echocardiography have suboptimal images leading to uninterpret-
able test results and hence further referrals with increased overall costs. With the use of 
ultrasound technology and UCAs, imaging impediments have been overcome leading to 
accurate bedside assessment of chamber volumes, ejection fraction, and identification of 
intracardiac masses as well as evaluation of myocardial perfusion [1].

This chapter discusses the basic principles of contrast echocardiography and reviews 
the utility of this technique in different clinical settings.

Ultrasound contrast agents
The UCAs have rheology similar to red blood cells and because of their size (1.1–8.0 μm, 
mean diameter 5 μm) and physical characteristics, survive transpulmonary passage to 
reach the left heart. Unlike red blood cells which become echogenic with aggregation and 
low-flow states, these agents increase the ultrasound backscatter intensity even with nor-
mal blood flow and result in intense echocardiographic signals, which are proportional 
to the blood volume. As a result, the left ventricular (LV) cavity enhances compared to 
myocardial tissue and the endocardial border becomes distinct. Advances in microbubble 
technology have also made it possible to assess myocardial perfusion during myocardial 
contrast echocardiography (MCE).

Currently available UCAs consist of microbubbles encapsulating an acoustically active, 
high-molecular-weight gas within an outer albumin or phospholipid shell [2]. The size 
of the microbubbles and physical properties of the shell prevent UCAs from aggregating 
and occluding the microvasculature, while the use of biologically inert high-molecular-
weight gases helps maintain microbubble integrity (stability) and prolong circulation 
time (persistence).



contrast imaging modalities 71

is mandatory for perfusion imaging. However, continuous infu-
sion inevitably results in use of increased volumes of contrast and 
this adds to the overall cost of the study. See % Box 8.1 for practice 
for contrast administration.

Contrast imaging modalities
The development of contrast echocardiography has been a for-
tuitous coincidence of microbubble size and their insonating 
resonant frequency. For a 3–7 μm microbubble, the resonance 
frequency is around 3 MHz, which is same as the frequency of the 
standard echo transducer, thereby enabling contrast technology to 
be useful by the patient’s bedside.

Delivered intravenously, contrast microbubbles are very 
powerful scatterers of ultrasound. However, the nature of back-
scatter is related to the degree of microbubble oscillation which 
in turn is affected by the acoustic power of the transmitted ultra-
sound field or the mechanical index (MI) (see % Fig. 8.1). By 
definition, mechanical index or simply ‘MI’ is a measure of the 
power generated within an acoustic field; thus, very low MI rep-
resents values less than 0.1, low MI represents values less than 
0.3, intermediate MI represents values of 0.3–0.5, and high MI 
is any MI that exceeds 0.5 [3]. Based on the acoustic power or 
MI, contrast-specific imaging techniques are divided into meth-
ods that preserve or destroy the microbubbles. As a general rule, 
an MI less than 0.3 is a non-destructive or bubble preserving 
ultrasound technique while destructive imaging like harmonic 
imaging uses an MI greater than 0.5–1.0. The tissue cancellation 
real-time low and very low MI techniques reduce myocardial or 
valvular signals and permit the enhanced detection of microbub-
bles continuously within the LV cavity and myocardium. High 
MI techniques cause microbubble destruction and hence, are 
not suitable for continuous or real-time assessment. Intermittent 
high MI imaging (or flashes) is successfully used as an electro-
cardiogram (ECG)-triggered technique to intentionally destroy 
contrast microbubbles within the myocardium and allow their 
replenishment between pulses. This technique is specifically 
useful in combination with low MI imaging for simultaneous 

The characteristics of the three currently available contrast 
agents are outlined in % Table 8.1.

Contrast administration
All contrast agents have the advantage of peripheral venous 
administration, either as a bolus or continuous infusion. Bolus 
injection is suitable for most LV opacification studies as it has the 
advantage of easy and quick set up along with less contrast use. 
The main downside is that steady-state concentration of contrast 
cannot be predicted and hence is best avoided in perfusion studies.

An infusion provides a steady-state concentration of contrast 
agent and requires a special infusion pump. Continuous infusion 

Table 8.1 Characteristics of currently available UCAs

Features SonoVue® Optison® Definity®/Luminity®

Gas Sulphur hexafluoride Perfluoropropane Octafluoropropane

Microbubble size (μm) 2–8 3.0–4.5 1.1–2.5

Shell type Phospholipid Human albumin Phospholipid

Dosage Bolus 0.3–0.5 mL
Infusion 0.5–1.5 mL/min

Bolus 0.1–0.3 mL Bolus 1 mL
Infusion 1–2 mL/min

Most frequent side effects 
observed

Headache (2.1%), nausea (1.3%), dysgeusia 
(0.9%), hyperglycaemia (0.6%), injection site 
reaction (0.6%), paraesthesia and vasodilatation 
(0.6%), flushing

Headache (5.4%), nausea/vomiting 
(4.3%), flushing (3.6%), dizziness (2.5%)

Headache (2%), flushing (1.0%), back 
pain (0.9%)

Senior R, Becher H, Monaghan N, et al. Contrast echocardiography: evidence based recommendations by European Association of Echocardiography. Eur J Echocardiogr 2009; 
10:194–212.

Box 8.1 Practice for contrast administration

◆	 Informed consent and education with respect to side effects 
associated with contrast agent.

◆	 IV access: trained sonographer or physician.
◆	 Contrast administration: trained sonographer or physician.
◆	 Image acquisition: trained sonographer, cardiology fellow or 

consultant. Ultrasound machine set to contrast-specific imag-
ing. Images acquired from apical four-chamber (A4C), A2C, 
A3C, parasternal long-axis, and parasternal short-axis views.

◆	 Bolus (SonoVue®, Optison®): 0.2–0.3 mL followed by slow 2 
mL saline flush. Repeated boluses titrated to optimize LVO 
and reduce artefacts.

◆	 Infusion (SonoVue® only): Re-constituted SonoVue® is aspirated 
from the vial into a specific 20 mL syringe (two to three 5 mL 
vials), which is then placed inside the pump and an infusion line 
is connected to the syringe. The pump oscillates for 90 seconds 
initially during which time the suspension of contrast agent is 
agitated and homogenized. The pump continues to oscillate 
after initial mixing is complete. The infusion rate varies between 
0.8 and 1 mL/min and increased/decreased as necessary.

◆	 Indication: see ‘Clinical applications and methodology of 
performing contrast echocardiography’.
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3.  MCE for evaluation of myocardial perfusion (not a currently 
approved indication and not in the ASE consensus statement).

4. Enhance spectral Doppler signal, for example, enhancement 
of tricuspid regurgitant jet velocity for analysing pulmonary 
artery systolic pressure.

Depending on the indication, it is important to optimize the MI to 
improve detection of contrast agent in specific areas. The real-time 
very low-MI (< 0.2) packages available in most of the ultrasound 
machines permit full LVO and assessment of endocardial border in 
real time without encountering artefacts created by apical swirling. 
For image optimization, place the focus at the level of the mitral 
annulus and adjust the frame rate to at least 25 MHz. The time 
gain compensation settings should be adjusted (in resting state) 
so that LVO appears homogeneous from apex to mitral annulus 
plane in apical views. Gain and compression settings should also 
be adjusted to reduce background signals coming from the myo-
cardium and blood. The EACVI website (http://www.escardio.
org/Guidelines-&-Education/Practice-tools/EACVI-toolboxes/
Contrast-Echo/Contrast-Echocardiography-Box) has a contrast 
echo tool box with additional educational material and instruc-
tions for using contrast in the clinical setting.

Assessment of left ventricular 
structure and function
Quantification of left ventricular function

Quantitative assessment of LV systolic function has important 
prognostic significance in patients with suspected cardiovascular 
disease and, hence, it is imperative that measurements are accu-
rate and reproducible. This is especially important when assessing 
cardiovascular toxicities of chemotherapeutic agents where an 
accurate serial assessment of ejection fraction is a critical part of 
continuing care [5].

wall motion as well as myocardial perfusion and assessment of 
coronary flow reserve.

Clinical applications and methodology of 
performing contrast echocardiography
Both the 2008 American Society of Echocardiography con-
sensus statement [4] and the 2009 European Association 
of Echocardiography (now the European Association of 
Cardiovascular Imaging, EACVI) [1] recommendations regard-
ing contrast echocardiography provide clear indications as to 
when contrast agents should be utilized for resting or stress left 
ventricular opacification (LVO).

1. Indication for resting LVO:
●	 UCAs should be used whenever suboptimal images 

exist for quantification of chamber volumes and ejec-
tion fraction and the assessment of regional wall motion. 
Suboptimal images are defined as the inability to detect 
more than two contiguous segments in any of the three 
apical windows.

●	 To increase confidence of the interpreting physician in the LV 
function, structure, and volume assessment.

●	 To confirm or exclude the echocardiographic diagnosis of the 
following LV structural abnormalities, when non-enhanced 
images are suboptimal for definitive diagnosis: apical hyper-
trophic cardiomyopathy (HCM), LV non-compaction, apical 
thrombus or intracardiac mass, ventricular aneurysm versus 
pseudoaneurysm, and takotsubo cardiomyopathy.

2. Indications for use of contrast in stress echocardiography:
●	 To obtain diagnostic assessment of segmental wall motion 

and thickening at rest and stress when non-enhanced images 
are suboptimal

●	 To increase the proportion of diagnostic studies
●	 To increase reader confidence in interpretation.

Fig. 8.1 Response of microbubbles to increasing ultrasound intensity (MI).

Acoustic Power and
Microbubble Responses
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Power
(>0.5)
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Power
(0.2–0.4)

Very Low
Power
(<0.1)

(a)

(b)
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not routinely detected by unenhanced imaging [9]. The classical 
‘spade-like’ appearance with marked apical wall thickening or 
rarely a thin apical cap variant becomes clearly evident with con-
trast (see % Fig. 8.3).

LV non-compaction is identified when contrast fills the char-
acteristic deep inter-trabecular recesses of non-compacted 
endocardial layer. It is recommended to use a harmonic interme-
diate-MI setting (0.3–0.5 MI) rather than usual low-MI imaging to 
more clearly delineate these trabeculations. A non-compacted-to-
compacted ratio of greater than 2:1 is recommended for diagnosis 
when using contrast [3].

Contrast is additionally helpful in distinguishing LV true 
aneurysm from a pseudoaneurysm. Pseudoaneurysms are easily 
identified by the narrow neck and systolic filling of the pericar-
dial sac with contrast. Contrast echocardiography is also useful in 
assessment of patients with stress-induced cardiomyopathy (takot-
subo) as well as excludes associated thrombi. Characteristically, 
wall motion abnormality in takotsubo syndrome does not cor-
respond to a specific coronary territory. During the acute phase, 
segments with dysfunctional wall motion may also demonstrate 
delayed perfusion similar to patients who present with acute 
myocardial infarction. However, potentially reversible perfusion 
abnormalities due to intense microvascular vasoconstriction may 
help to differentiate takotsubo cardiomyopathy from severe epicar-
dial coronary artery disease (CAD) and myocardial infarction [10].

Wall motion assessment (rest and stress 
echocardiography)
Approximately 20% of routine 2D echocardiograms may have 
poor endocardial border delineation and are thus non-diagnostic, 
and this is greater in patients during stress echocardiography [1]. 
Patient factors contributing to non-diagnostic images include 
coexistent pulmonary disease, chest wall deformities, and body 
habitus (obesity), while technical limitations arise from hyperven-
tilation (with exercise stress) and cardiac translational movement 
during tachycardia (both exercise and pharmacological stress).

Contrast use has been shown to improve endocardial resolu-
tion, give greater confidence in wall motion analysis, and increase 
reader confidence. This has translated into improved sensitivity 
and accuracy of the technique for the detection of CAD. Based 
on the results of the OPTIMIZE study [11], contrast is required if 
two contiguous wall segments cannot be visualized; however, its 
routine use regardless of baseline image quality has been shown 
not only to be cost-effective but also to improve the accuracy of 
diagnosing CAD.

Myocardial perfusion using 
myocardial contrast echocardiography
Since contrast microbubbles remain entirely within the vascu-
lar compartment and have rheology similar to red cells, they 
behave as ideal flow tracers. With MCE, it is possible to assess 

Unenhanced two-dimensional (2D) echocardiography is 
known to markedly underestimate LV volumes by as much as 
30–40% and LV ejection fraction by 3–6% when compared with 
more advanced techniques [6]. Contrast-enhanced echocardiog-
raphy improves the evaluation of volumes and ejection fraction 
and decreases the overall intra- and inter-observer variability as 
well as increasing reader confidence.

Contrast for assessment of cardiac structure
Contrast is especially important in visualizing LV apical abnor-
malities where satisfactory imaging of the apex is confounded by 
foreshortening and near-field ring-down artefacts [7]. Contrast 
use enables complete visualization of the apex and helps detect 
tell-tale filling defect signs of a thrombus which commonly occur 
at the apex (see % Fig. 8.2). If available, real-time, very low-MI 
perfusion imaging with high-MI flashes may help differentiate a 
thrombus from an intracardiac tumour [8]. This is based on the 
degree of vascularity of the suspected intracardiac mass relative 
to the myocardium. Thrombi are generally avascular and show no 
contrast enhancement before or after high-MI flash impulse. In 
contrast, intracardiac tumours show contrast enhancement and 
post-flash replenishment which is proportionate to the degree of 
vascularity. Other structural abnormalities where contrast echo-
cardiography facilitates differentiation from LV apical thrombi 
include false tendons, apical displacement of papillary muscles, 
and apical trabeculations. Unlike thrombi, all these structures will 
have preserved LV wall motion.

Contrast-enhanced echocardiography helps establish diagno-
sis of apical HCM which is present in 7% of affected patients and 

Fig. 8.2 Before (a) and after (b) contrast administration in a patient with LV 
apical thrombus.

Pre Contrast Post Contrast

Fig. 8.3 Unenhanced (a) apical four-chamber view in a patient with exertional 
dyspnoea. On contrast enhancement (b), apical hypertrophy can be clearly 
seen suggestive of apical HCM. 
Source: Contrast echo tool box—with permission from the European Association of 
Cardiovascular Imaging (EACVI).

(a) (b)
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parameters of myocardial perfusion; this is out of the scope of 
the current chapter.

Clinical applications of myocardial perfusion 
imaging
Detection of stable coronary artery disease
Clinical studies have clearly demonstrated the efficacy and 
feasibility of MCE for detecting perfusion abnormalities in 
patients with CAD and quantifying the degree of myocardial 
blood flow mismatch during pharmacological stress. A delayed 
contrast appearance along with reduced contrast intensity 
reflects significant coronary stenosis compromising MBV. In 
the absence of prior infarction, the detection of CAD is based 
on the occurrence of reversible perfusion defects during stress 
(see % Fig. 8.4), while fixed perfusion defects signify scar from 
previous infarction.

The sensitivity and specificity of MCE is equivalent to other 
non-invasive techniques like single-photon emission computed 
tomography (SPECT), dobutamine stress echocardiography, or 
cardiac magnetic resonance imaging (MRI) [1]. Overall, the aver-
age sensitivity and specificity of myocardial perfusion imaging for 
detection of significant CAD is 83% and 80%, respectively. MCE 

wall motion (with LVO) and perfusion simultaneously at the 
bedside in a fast, simple, and cost-effective manner. Based on 
the ischaemic cascade, perfusion defects precede wall motion 
abnormality which implies incorporating perfusion imaging in 
stress echocardiography. Multiple studies have demonstrated 
that myocardial contrast positivity adds prognostic information 
over and above wall motion abnormalities seen during stress 
echocardiography.

The physiological basis of MCE is based on myocardial capil-
lary blood flow. The volume of blood within the entire coronary 
circulation at rest in diastole is approximately 12 mL/100 g of 
LV myocardium and the predominant (90%) component of this 
resides within the capillaries [12]. During end-systole, myocardial 
arterial and venous flow has been ‘milked out’ while most of the 
blood (or microbubbles of UCA) is resident within myocardial 
capillaries. The myocardial signal assessed visually as contrast 
intensity reflects the concentration of microbubbles within the 
myocardium and hence, the myocardial blood volume (MBV).

Myocardial perfusion can be evaluated both qualitatively and 
quantitatively. Qualitative assessment depends on the degree 
of enhancement (visual contrast intensity) of each myocar-
dial segment. For quantitative assessment, dedicated software 
programs generate time–intensity curves depicting different 

Fig. 8.4 (a) Resting MCE shows homogenous contrast intensity in the septal and lateral walls of the left ventricle (A). High-MI flash (B) results in microbubble 
destruction within the myocardial segments (C). Compete microbubble replenishment with 3–5 seconds indicates normal perfusion (D). 
Source: Contrast echo tool box—with permission from the European Association of Cardiovascular Imaging (EACVI).

(a) (b)

(c) (d)
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adequacy of collateral blood flow. MCE has proven useful in eval-
uating the success of reperfusion therapy and has a potential to be 
used as a bedside investigation for no-reflow phenomenon follow-
ing reperfusion.

Assessment of myocardial viability
Experimental models have established that perfusion defect size 
(i.e. absence of contrast uptake) assessed 10–15 seconds after 
contrast administration corresponds to infarct size, and hence 
absence of viable myocardium. Preserved perfusion on con-
trast echocardiography, representing intact microvasculature, 
is an accurate marker of viable (i.e. hibernating) myocardium. 
Assessment of myocardial perfusion by bedside MCE early after 
myocardial infarction also allows detecting transmural extent 
of perfusion defect which is almost entirely fixed and correlates 
with myocardial and microvascular necrosis seen at cardiac 
MRI [15].

MCE has been shown to have incremental benefit over low-dose 
dobutamine stress echocardiography for predicting myocardial 

also provides higher sensitivity as well as incremental prognostic 
value over and above wall motion. A normal wall motion and per-
fusion has better outcome than patients with abnormal perfusion 
despite normal wall motion.

Experts also recommend use of MCE in assessment of 
new-onset chest pain with non-diagnostic ECG and negative 
troponin on admission [13]. In current practice, patients are 
forced to stay for a ‘rule-out’ until troponin values, 6–12 hours 
apart, are available. The excellent negative predictive value of 
MCE allows for identification of very low-risk patients suitable 
for immediate stress testing or early discharge. In these patients, 
a negative stress MCE result predicts an excellent outcome as 
well [14].

Usefulness in acute myocardial infarction
MCE provides a non-invasive method that can not only detect an 
‘at-risk area’ in acute myocardial infarction (i.e. zone of hypoper-
fusion subtended by the occluded artery), but assess integrity of 
microvasculature after attempted reperfusion, as well as determine 

(a) (b)

(c) (d)

Fig. 8.4 (b) Pharmacological stress MCE. Images from the same patient in (a). Slides A, B, and C show pre-flash, high-MI flash, and immediate post-flash 
appearance. Slide D demonstrates a clear subendocardial perfusion defect (arrows) due to delayed contrast replenishment. This patient has severe proximal left 
anterior descending artery disease on angiography..
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CARPA—complement activation-related pseudo-allergy), typi-
cally seen from contrast agents with a phospholipid membrane 
(e.g. SonoVue® or Definity®). Any patients suspected of having 
allergic reaction should be closely monitored with all resuscita-
tion equipment readily available. Depending on the severity of 
the anaphylactic reaction, assistance of resuscitation team may 
be required. Initial management includes care of the airway and 
administration of intravenous fluids, antihistamines, steroids, 
and/or intramuscular epinephrine (adrenaline).

Following the safety data from multiple studies, regula-
tory authorities have removed previous warnings for the use of 
‘second-generation’ contrast agents in unstable cardiopulmo-
nary syndromes and in patients with pulmonary hypertension 
(severity not defined). In addition, monitoring requirements for 
these patients have also been removed after completion of safety 
studies.

The current contraindications to use of contrast agents are:

1. Right-to-left, bidirectional, or transient right-to-left cardiac 
shunts.

2. Hypersensitivity to the contrast agent or any of its compo-
nents including blood, blood products, or albumin (in case of 
Optison® only).

Other contraindications include pregnancy, lactation, and severe 
hepatic disease. Intra-arterial or intracoronary injections of con-
trast have been used during alcohol septal ablation procedures for 
HCM but are not currently approved per se.

Common pitfalls and artefacts
The main artefacts related to real-time 2D contrast echocardiog-
raphy are the following.

Attenuation
Occurs when high concentration of contrast at apex results in sig-
nificant amount of near-field backscatter and acoustic shadowing 
of the far-field structures. This generates false contrast defects in 
basal segments while acquiring apical views and in posterior wall 
when imaging from the parasternal long-axis view. Attenuation 
artefacts can be overcome by using continuous infusion or using 

viability. Additionally, the ability of MCE to predict functional 
recovery of hibernating myocardium is comparable with that of 
cardiac MRI. Overall, the mean sensitivity and specificity of rest-
ing MCE for predicting myocardial viability is 85% and 70%, 
respectively.

Role of MCE in hypertrophic cardiomyopathy
During septal ablation, echocardiographic contrast agents can 
accurately delineate the septal perforator supplying area of septum 
causing dynamic obstruction [16] and also help avoid unneces-
sary complications.

Doppler signal enhancement
Although an off-label indication, intravenous contrast agents 
can be used to augment the tricuspid regurgitation envelope for 
more accurate assessment of transtricuspid pressure gradient, 
an indirect estimate of pulmonary systolic pressures. This could 
potentially extend to assessment of spectral Doppler signal across 
left-sided valves.

Emerging role of contrast agents
The beneficial effects of contrast are becoming increasingly recog-
nized in critical care situations, in which the early use of contrast 
after hospital admission may improve mortality [17]. The value of 
contrast in critical care settings extends to patients with advanced 
heart failure, in whom the use of contrast enhancement in LV 
assist devices may improve the detection of thrombi adherent to 
inflow or outflow cannulas, or pseudoaneurysms [18].

Use of UCAs during transoesophageal echocardiography has 
been recently described and may help better delineate left atrial 
appendage thrombus from ‘smoke’ [19]. Contrast agents may also 
be useful in imaging of the carotid arteries and assess luminal 
irregularities (i.e. ulcers and plaques), improve near-wall carotid 
intima–media thickness, and uniquely permit direct, real-time 
visualization of intraplaque neovascularity and associated vasa 
vasorum [20]. Contrast agents may also be useful in detection of 
endo-leaks after aortic stent grafts [21].

Safety and contraindications
There is sufficient evidence on all three ‘second-generation’ 
contrast agents to believe that these are safe and have a high bene-
fit-to-risk ratio [1,3]. Mortality rates for these agents also compare 
favourably against other imaging modalities (see % Table 8.2).

Infrequent, mild, and transient side effects are shown in  
% Table 8.1. Serious allergic reactions like angio-oedema, bron-
chospasm, hypotension, hypoxaemia, and seizures are rare (0.01%) 
and less frequent than for X-ray contrast agents. These may hap-
pen as acute immunoglobulin E-mediated type-I hypersensitivity 
reaction or complement-mediated anaphylactoid reaction (called 

Table 8.2 Comparison of mortality in various cardiac investigations

Procedure Mortality

Contrast echocardiography 1:145 000 (SonoVue®); 1:500 000 (Definity®)

SPECT 1:10 000

Exercise ECG 1:2500

Coronary arteriography 1:1000

Senior R, Becher H, Monaghan N, et al. Contrast echocardiography: evidence based 
recommendations by European Association of Echocardiography. Eur J Echocardiogr 
2009; 10:194–212.
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Cost-effectiveness
LV opacification increases diagnostic power, accuracy, and reader 
confidence. The potential for cost saving is through the reduction 
of additional downstream tests that are incurred as a result of an 
initially non-diagnostic echocardiographic study. Administration 
of contrast agents reduces potential downstream testing by 
approximately 33%, with an average cost saving of $112 per patient 
[22]. Similar cost-effectiveness of contrast usage has been shown 
in stress echocardiography and critically ill settings.

Training and accreditation
Before using contrast agents, both physicians and cardiac sonog-
raphers must have acquired basic echocardiography training 
and preferably be accredited in echocardiography. Individuals 
involved in performing contrast studies should be adequately 
trained in intravenous cannulation, contrast agent administra-
tion, as well as being aware of appropriate use of contrast agents. 
Training in basic and advanced life support is essential.

Conclusion
Contrast-enhanced 2D echocardiography is an essential tech-
nique for any echocardiography laboratory in the current era. It 
provides a safe and comprehensive assessment of cardiac struc-
ture, function, regional wall motion assessment at rest and stress, 
myocardial perfusion, and coronary flow reserve at the bedside. 
The ‘second-generation’ contrast agents now have a proven safety 
track record which will only enhance the future role of these 
agents in cardiovascular disease diagnoses.

lower doses of bolus injection or saline flushes. Alternatively, use 
high-MI flash to induce some degree of microbubble destruction 
if image acquisition is time critical.

Swirling
Results in suboptimal opacification of the LV cavity leading to 
apical artefacts and poor endocardial border delineation. It can 
occur due to inadequate amount of contrast injected, often in the 
setting of poor LV systolic function or excessive amount of bub-
ble destruction due to high MI settings. Increasing the volume of 
contrast agent and the saline flush, adjusting the settings to lower 
MI and frame rate, increasing the overall gains, and/or adjusting 
the time-gain compensation will all help to reduce the ‘poor’ con-
trast effect.

Blooming
Occurs when excessive contrast signal spreads from the LV cavity 
and encompasses the myocardium as well. To alleviate this problem, 
reduce the rate/dose of contrast volume, delay image acquisition, or 
use high-MI flash to induce some microbubble destruction.

Lateral artefact
Lateral artefact is a shadow usually caused by a rib or lung tissue 
that prevents ultrasound penetration. It often appears as a linear 
anechogenic structure in the lateral filed on apical four-chanber 
view. Shadowing from the papillary muscle also causes a linear 
shadow from the lateral wall of the LV towards the left atrium, 
which is commonly mistaken for the lateral endocardial border. 
Moving the transducer footprint to adjust the image orientation 
will help reduce these artefacts. Alternatively, asking the patient to 
temporarily halt the respiration may work.
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CHAPTER 9

Hand-held 
echocardiography
Denis Pellerin, Nuno Cardim, and  
Christian Prinz

Summary
The concept has spread into the majority of medical equipment, recently making a step 
from laptop echocardiography [1] to pocket-size echocardiography. Pocket-size hand-
held echocardiography (PHE) is becoming part of the daily practice of cardiology services 
and internal medicine [2]. The potential value of using PHE devices to improve medical 
education and patient care has prompted some medical schools to begin integrating train-
ing in the uses and indications of ultrasound into their undergraduate and postgraduate 
medical curricula. Multiple names have emerged including ‘Ultrasound Stethoscope in 
Cardiology’ [3,4], portable bedside ultrasound, the visual stethoscope of the twenty-first 
century, ultrasound-assisted physical examination, and PHE.

PHE is a complement to physical examination and provides additional information at 
the point of care to determine the optimized course of treatment for patients. PHE does 
not provide a complete diagnostic echocardiographic examination and PHE studies are 
not reimbursed.

For potential users other than cardiology experts in echocardiography the accuracy of 
PHE data is highly dependent on training and expertise. Echocardiography is an opera-
tor-dependent technique. Only specific training could reduce concerns of inappropriate 
data acquisition and interpretation, and patient safety. Acquisition of good quality images 
and knowledge of pitfalls and limitation are crucial.

Rationale for using pocket-size hand-held 
echocardiography
Examinations using PHE have been demonstrated to be feasible and provide additional 
information to physical examination. Currently, PHE offers diagnostic quality two-dimen-
sional and colour Doppler imaging in real time. There are two PHE machines available on 
the market at present: Acuson P10 Siemens and Vscan GE Vingmed Ultrasound. Colour 
flow imaging is available in one product only with fixed colour box size and fixed pulse 
repetition frequency.

Excellent correlation and agreement between PHE and conventional systems has been 
shown in the assessment of echo parameters when studies were performed by expert car-
diac sonographers and experienced cardiologists [5,6]. Focused cardiac echocardiography 



CHAPTER 9 hand-held echocardiography80

using PHE has demonstrated high accuracy when obtained by 
other experienced staff, including physicians experienced in echo-
cardiography [7].

The agreement between PHE and conventional systems was 
good to very good for cardiologists working in cardiac intensive 
therapy units with kappa value 0.73–1.00. The agreement was 
moderate to very good for cardiologists working in outpatient 
clinics with kappa value 0.59–1.00 [8]. Basic assessment of car-
diac morphology and function interpretation of PHE images by 
experienced echocardiographers showed moderate to very good 
correlation with standard echocardiography [9].

Agreement between PHE and conventional systems has been 
shown to be operator dependent. PHE studies performed by 
trainees showed lower sensitivity and lower specificity than data 
obtained by experts: 87% versus 97% for sensitivity and 72% ver-
sus 84% for specificity, respectively [4]. For medical students, the 
agreement was fair to moderate with kappa value 0.29–0.57 for 
their initial group of studies, becoming moderate to very good 
with kappa value 0.53–1.00 for their subsequent studies.

Training
The migration of echocardiography from the echocardiography 
laboratory to the clinician at the bedside brings challenges with 
respect to training and quality control.

Training is aimed at potential users other than cardiologist 
experts in echo. Only specific training could reduce concerns of 
inappropriate data acquisition and interpretation, and patient 
safety.

The challenge is providing training programmes to ensure 
competency and reduce potentially dangerous consequences to 
patients. After only a 2-hour tutorial on PHE to medical students 
and junior doctors, accuracy of diagnosis was 75% when PHE 
data were added to history, physical examination, and electro-
cardiogram (ECG) whereas it was 49% without the addition 
of PHE data. Sensitivity and specificity for the diagnosis of left 
ventricular (LV) dysfunction were 26% and 85% using history, 
physical examination, and ECG, increasing to 74% and 93% 
respectively with the addition of PHE data [10]. Influence of 
the duration of training on diagnostic accuracy and potential 
therapeutic impact remains to be determined. Basic diagnos-
tic findings could be interpreted with high accuracy after short 
training. Interpretation of complex findings remained difficult 
after 8 weeks of training [11].

After basic training, colleagues should (1) obtain all standard 
views; (2) become reliable and obtain reproducible data for the 
assessment of LV cavity size, global left ventricular ejection frac-
tion (LVEF) and pericardial effusion; (3) distinguish between 
normal and abnormal scan; (4) detect the main cardiac diseases 
within a focused study; and (5) identify patients who need full 
echocardiography assessment. When image quality is suboptimal 
and/or when the operator is not confident with the interpretation 
of the findings, a full echo study must be performed with a con-
ventional machine. Recognition of an appropriate threshold for 

seeking expert advice and full echo examination is a crucial part 
of the training.

Remote real-time guidance of novices performing specific 
cardiac echo examination using PHE by expert cardiologists is 
possible at low cost using wireless transmission and an iPhone. 
The mobile phone and the PHE screen are positioned parallel to 
each other at each end of the base of the PHE with the mobile 
phone camera directly facing the PHE display screen. Using the 
Apple FaceTime application, data are transmitted to the expert. 
Transmitted images are uploaded to a ‘cloud’ [12].

Evaluation and quality control must be part of the process. All 
images recorded with PHE should be downloaded onto a shared 
drive for future expert review. The written report of the patient 
assessment should include data from history, physical examina-
tion, and PHE study.

With the exception of cardiologists who are certified for trans-
thoracic echocardiography according to national legislation, 
specific training and certification is recommended for all users 
[13]. The European Association of Cardiovascular Imaging 
education programme on pocket-sized ultrasound devices is a 
web-based self-assessment teaching programme with certifica-
tion that is hosted on the European Society of Cardiology website 
(http://learn.escardio.org/eacvi-pocket-size-programme/). It has 
been specifically designed for non-cardiologists, cardiology train-
ees, and non-echocardiographers.

Advantages
Hand-held echocardiography using pocket-sized ultrasound 
devices is low cost, portable, user friendly, and battery powered. 
PHE is useful when a full echo study is not available without delay. 
PHE data improve patient flow, reduce delay to diagnosis and 
treatment, and, therefore, enable cost reduction.

Images must be obtained from all acoustic windows when pos-
sible. PHE data should primarily be used for goal-oriented studies 
including assessment of LV cavity size and LV systolic function. 
Accurate estimation of LVEF by visual estimation is obtained by 
recording the three apical views making sure that endocardial 
border of all walls and LV apex is visualized (% Figs 9.1–9.5; 
z Videos 9.1–9.5). Echo contrast media may be used when images 
are suboptimal.

Specific cardiac echo examination also includes detection of 
pericardial effusion and haemodynamic compromise.

Other echo parameters may be obtained by experienced opera-
tors when image quality is adequate including assessment of atrial 
sizes in relation to ventricular sizes, LV wall thickness, and LV 
regional wall motion abnormalities.

Detection of pleural effusion with estimation of sever-
ity may also be obtained [14]. There are two main parameters 
when assessing pleural effusion severity [15]. These are distance 
between the diaphragm and visceral pleura (VP), and length of 
bisector line of the costodiaphragmatic recess (BL). % Table 9.1 
shows examples of pleural effusion severity according to these 
parameters.
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(a) (b) (c)

Fig. 9.1 Apical four-chamber view obtained from top-of-the-range system (E9) with M5S single-crystal matrix array probe (a), 4D probe (b), and from PHE (c) in 
the same subject.

(a) (b) (c)

Fig. 9.2 Apical two-chamber view obtained from top-of-the-range system (E9) with M5S single-crystal matrix array probe (a), 4D probe (b), and from PHE (c) in 
the same subject.

(a) (b) (c)

Fig. 9.3 Apical three-chamber view obtained from top-of-the-range system (E9) with M5S single-crystal matrix array probe (a), 4D probe (b), and from PHE (c) 
in the same subject.
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Table 9.1 Examples of pleural effusion severity according to VP and BL

Pleural effusion (mL) VP (cm) BL (cm)

 500 5.0  3.8

 850 5.0  4.4

1750 5.0 10.4

BL, length of bisector line of the costodiaphragmatic recess; VP, distance between the 
diaphragm and visceral pleura.

Fig. 9.4 Parasternal long-axis view obtained from top-of-the-range system (E9) with M5S single-crystal matrix array probe (a), 4D probe (b), and from PHE (c) in 
the same subject.

(a) (b) (c)

Fig. 9.5 Parasternal short-axis view obtained from top-of-the-range system (E9) with M5S single-crystal matrix array probe (a), 4D probe (b), and from PHE (c) in 
the same subject.

(a) (b) (c)

Screening for other abnormalities including right ventricular 
cavity size and function, heart valve diseases, and aortic dissec-
tion is difficult and requires advanced training and expertise and 
optimal images. Marked calcification of aortic valve and colour 
aliasing in aortic root may suggest severe aortic stenosis [16]. 
Mitral leaflet flail suggests severe mitral regurgitation. Full assess-
ment of LV diastolic function and pulmonary pressure are not 
possible due to the absence of Doppler interrogation.

PHE studies do not rule out everything. They are good for 
answering specific questions.

PHE used by non-cardiologists has been shown to provide (1) 
accurate measurements of cavity dimensions, accurate estimation 
of LVEF, and pericardial effusion; (2) rough estimates of valvu-
lar diseases and right ventricular size and function; and (3) no 
assessment of diastolic dysfunction and PHT. Detection of LV 

dysfunction by internists and intensivists showed sensitivity of 
73–100% and specificity of 64–96%.

PHE has the potential to rearrange inpatient workflow and 
diagnosis [10,17,18]. In one study, this examination resulted in a 
major change in the primary diagnosis in 18.4% of patients. In 
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19.4% of patients the diagnosis was verified and in 9.2% of patients 
an important additional diagnosis was made. By adding cardiac 
and abdominal PHE examination lasting less than 10 minutes to 
usual care, a major change of diagnosis was made in almost one 
in five patients admitted to a medical department, resulting in a 
different treatment strategy without delay [17].

The diagnosis of heart failure is based on clinical data and dem-
onstration of dysfunction In addition to N-terminal pro-brain 
natriuretic peptide (NT-Pro BNP), PHE could be routinely used 
in patients with shortness of breath when a full echo study is not 
available at the time of clinical evaluation. When LVEF is low, ori-
gin of symptoms is quickly obtained by PHE examination. Volume 
status and right atrial pressure are estimated by measuring infe-
rior vena cava (IVC) diameter and its variations with respiration 
or sniff. When IVC diameter at rest is larger than 2.5 cm and 
decreases less than 50% during respiration or sniff, right atrial 
pressure is higher than 15 mmHg. On the other hand, when LVEF 
is 50% or higher, detection of LV hypertrophy, pericardial effu-
sion, pleural effusion, and left atrial dilatation are assessed by PHE 
and a full echo study is required to assess LV diastolic function and 
intracardiac pressures.

The use of echocardiography has been shown to improve out-
comes in heart failure. Many of these studies do not occur in the 
echocardiography laboratory, but rather in physicians’ offices and 
in the emergency room. The availability of high-quality, inexpen-
sive hand-held devices will strengthen clinical decision-making 
[19,20].

The patient should be informed that an examination with the 
current generation of PHE devices does not replace a complete 
echocardiogram.

Users
Personnel working in cardiology units including cardiologists, 
cardiology trainees, cardiac catheterization laboratory staff, and 
acute coronary ward staff who have an interest in cardiac imaging 
are routinely using PHE when PHE is available in the depart-
ment. In contrast, if a patient sees a cardiologist as an outpatient 
or is admitted in a cardiology unit, they should have a full echo 
study. For all patients with acute heart failure a full echo study is 
mandatory. Moreover, severe mitral regurgitation may be missed 
by transthoracic echocardiography in acute heart failure with low 
cardiac output. There is a significant role for PHE in cardiac sur-
gery intensive care units for the detection of pericardial effusion 
postoperatively and multiple assessments of LV function.

PHE is used in hospitals by internists, geriatric medicine physi-
cians, anaesthetists, residents, trainees, junior doctors, and nurse 
practitioners who do not work in cardiac units and do not have the 
same access to echo than cardiologists.

Physicians working in intensive care units and emergency 
rooms often face difficult situations from clinical and imaging 
viewpoints [21,22]. Important diagnoses are easy to miss with 
PHE including severe aortic stenosis, aortic dissection, and aor-
tic wall haematoma. Intensive care units and emergency rooms 

should have full echo equipment and trained personnel. Large 
multicentre studies are ongoing in emergency rooms to define the 
role of PHE.

PHE is used out of hospitals by non-cardiologists including 
general practitioners with an interest in cardiology, screening in 
the community [23], and ambulance service personnel.

It is possible to assess lungs and pleural space, abdominal aortic 
aneurism [14], urinary bladder, deep venous thrombosis com-
pression test, gallbladder and detection of gall stones, kidneys, 
liver, and spleen. Midwives may use PHE to assess fetus position, 
heart rate, and placenta location and position.

PHE has also been useful in places where conventional echo 
cannot go (published data using PHE include a natural disaster 
in Guatemala and tribes in the Amazon jungle) and where con-
ventional echo is too expansive to buy, use, and maintain. PHE 
is battery powered and, therefore, do not require a 24 hour a 
day electricity supply. The low cost of portable echocardiogra-
phy machines and the use of remote guidance may have a major 
impact on the identification and management of cardiac diseases 
in remote locations [19].

Recently, focused cardiac ultrasound by non-experts using 
pocket devices demonstrated acceptable sensitivity and specific-
ity for rheumatic heart disease detection when compared with 
the state-of-the-art approach, thereby opening new perspectives 
for mass screening for rheumatic heart disease in low-resource 
 settings [24].

Work in progress
PHE is now equipped with two transducers. In addition to deep 
views, shallow views are available for vascular catheter insertion.

PHE is a useful teaching tool and provides important comple-
mentary information for medical education.

PHE has the potential to deliver indirect cost savings and lower 
downstream costs. In a fee-for-service health system, its wide-
spread use may decrease the number of echo scans performed in 
echo departments.

Limitations
PHE lacks spectral Doppler and M mode, has a small screen, 
and lower quality of colour flow imaging than conventional sys-
tems. Two-dimensional image quality is lower in difficult-to-scan 
patients. It only performs linear measurements. The number of 
patients included in currently published studies is small and there 
is a lack of outcome data.

Conclusion
PHE data improve patient flow, reduce delay to diagnosis and 
treatment, and, therefore, enable cost reduction. PHE should be 
used for goal-oriented, focused studies. PHE does not provide a 
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complete echocardiographic examination and does not replace 
conventional echo study.

The accuracy of PHE data highly depends on training and com-
petency. Emphasis must be placed on acquisition of good quality 
images and knowledge of pitfalls and limitation.

PHE is widely used by non-cardiologists. There is a challenge in 
providing efficient training programmes to ensure competency in 
performing focused studies, and have recognition of an appropri-
ate threshold for performing full echo examination.
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CHAPTER 10

Intracardiac and 
intravascular 
echocardiography
Gilbert Habib, Carlo di Mario, and  
Guy Van Camp

Summary
Intracardiac echocardiography (ICE) is a relatively young technique, nearly exclusively 
used for monitoring and guidance of interventional procedures [1–5].

Principles, methods, and main indications
ICE needs a venous access using 8 or 9 F catheters. The most frequently used catheter 
is the 8 F AcuNavTM catheter (Siemens-Acuson, Inc., Mountain View, CA, USA), allow-
ing the visualization of cardiac structures similar to that obtained with transoesophageal 
echocardiography (TOE).

The technique needs a venous femoral access, after which the catheter is progressively 
advanced into the right atrium under a short fluoroscopic guidance.

After obtaining the ‘home view’, a limited number of two-dimensional (2D) views 
can be obtained, including longitudinal and perpendicular views [6]. However, the high 
image resolution obtained with ICE and the excellent visualization of the interatrial sep-
tum and the left atrium are the reasons why monitoring of atrial septal defect (ASD) 
closure and of electrophysiological interventions are the two main indications of the use 
of ICE. % Fig. 10.1 and % Video 10.1 illustrate the quality of images obtained with ICE in 
a patient with an ASD and the capacity of ICE to explore the different rims of the ASD. Of 
note, the inferior rim is better seen with ICE than with TOE [2].

The main advantages of ICE are the direct visualization of intracardiac structures, par-
ticularly the ASD rims, the reduction of the time to radiation exposure, and the absence 
of need for general anaesthesia. Limitations of ICE include its invasive nature, the poten-
tial risk of vascular complications, and the 2D-only evaluation of the heart. However, 
recent technological advances, including real-time three-dimensional (3D) ICE, have 
been recently reported and are promising in the future [7]. Other limitations include a 
relatively high cost, a limited availability, and a risk of transient atrial arrhythmia during 
the procedure.

Other potential indications of ICE include interatrial septum puncture guidance, 
diagnosis of pacemaker lead endocarditis [8,9], and monitoring of percutaneous mitral 
commissurotomy and of transcatheter aortic valve implantation (TAVI). Indications of 
ICE are likely to increase with the development of catheter interventions, during which 
echocardiography is of utmost importance, that is, MitraClip® implantation, left atrial 
appendage closure, and percutaneous closure of paravalvular leaks [3].
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Intracardiac echocardiography for 
monitoring of patent foramen ovale 
and atrial septal defect closure
Guidance and monitoring of patent foramen ovale (PFO) and 
ASD closures are the first and main indication of ICE [4]. ICE 
presents with the enormous advantage to replace TOE guidance. 
The images obtained are similar (but inverted) to those obtained 
by TOE, but without the general anaesthesia which is needed for 
TOE guidance.

% Fig. 10.2 summarizes the main steps of the closure by a cath-
eter-implanted device of an ASD under ICE guidance, including 
assessment of ASD rims, measurement of the ASD size, balloon 
sizing, verification of the placement of the intravascular sheaths, 
and successive release of the two discs of the device. ICE guid-
ance is particularly useful in cases of difficult situations, including 
very a large ASD, large aneurysm of the interatrial septum, giant 
Eustachi valve, or multiple ASDs. In these situations, ICE helps 
positioning of the catheter in the larger defect and verification of 
the good positioning of the device. It also allows verification of 
the absence of interference of the device with the anterior mitral 
valve motion and of compression of the aortic bulb. Finally, ICE 
allows verification of the final good positioning of the device and 
of the absence of complications of the procedures, such as peri-
cardial effusion [4]. % Videos 10.2 and 10.3 show examples of 
ICE images obtained during PFO and ASD closure, respectively. 
% Videos 10.4 and 10.5 are examples of 3D ICE images obtained 
before and after ASD closure.

It should be noticed that ICE (or TOE) guidance is recom-
mended in ASDs larger than 1 cm, but that closure of PFOs 
and small ASDs can be performed only under transthoracic 

echocardiography (TTE) and fluoroscopic guidance in experi-
enced hands. Finally, TTE must always be performed during and 
after the procedure in order to confirm the correct placement of 
the device and the absence of complications.

Intracardiac echocardiography during 
electrophysiological interventions
A growing number of patients are monitored by ICE during elec-
trophysiological procedures. [10]. Also in this clinical setting ICE 
can be used as an alternative imaging tool for TOE and real-time 
(RT)-3D TOE during the guidance of these ablation procedures by 
monitoring the anatomy of the surrounding structures and detect-
ing eventually complications.

ICE makes transseptal puncture safer by showing the real inter-
atrial structure of the interatrial septum which is the fossa ovalis, 
the only safe place where transseptal access can be performed 
by puncture. It avoids puncture of the aortic wall or pericar-
dium, which are serious complications of transseptal punctures 
(% Video 10.6). Transseptal access is more difficult in patients 
with an interatrial septum with lipomatous hypertrophy, fibrosis 
(more in redo transseptal procedures), and interatrial septal aneu-
rysms, making ICE in these patients even more attractive [11,12].

Once the puncture is performed safely and left atrial access 
is acquired, ICE can be extremely useful in guiding atrial fibril-
lation ablation by showing precise anatomical information of  
the thin wall of the atrium, the different additional structures with 
the precise place of the different pulmonary veins, the left atrial 
appendage, the presence of thrombus on catheters or in the dif-
ferent cardiac cavities, and the complex anatomical relationship 
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Fig. 10.1 Visualization of an atrial septal defect by ICE with specific focus on the different ASD rims (arrows). LA, left atrium; RA, right atrium; SVC, superior vena 
cava. Courtesy of Dr Eric Brochet.
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between the posterior left atrium, the pericardium, the transverse 
and oblique sinuses, and adjacent structures (aorta, oesophagus) 
[10,13]. ICE enables electrophysiologists to appreciate the contact 
of the different catheters with the thin atrial wall.

Thanks to these advantages ICE can make atrial fibrillation 
ablation procedures safer not only by its precise anatomical infor-
mation but also by giving the opportunity to titrate energy delivery 
by monitoring microbubble formation [14].

A very promising development is the ability to overlay ICE 
images with the electroanatomical maps and even with existing 
computed tomography and magnetic resonance scans resulting in 
enhanced spatial information of cardiac anatomy, catheter posi-
tion, and electrical activity [3,15] (% Fig. 10.3).

ICE is also used in patients admitted for ablation of ventric-
ular tachycardia (VT) to enhance the safety and efficacy of VT 
mapping and ablation procedures [16,17]. It provides important 
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Fig. 10.2 Percutaneous closure of an atrial septal defect (ASD). (a) Visualization of the posterior rim of the ASD (arrow) by ICE. (b) Measurement of the diameter 
of the ASD. (c) Calibration of the ASD with balloon under ICE monitoring. (d) Release of the left atrial disc of the Amplatzer device (A) (e) Release of the right 
atrial disc of the Amplatzer device (A) on the right atrial side of the ASD (arrow). (f) Final result in the short-axis view. A, Amplatzer; Ao, aorta; B, balloon; LA, left 
atrium; RA, right atrium.

Fig. 10.3 Integration of 3D angiograpgy, CARTO 
(electroanatomical mapping), and ICE.



CHAPTER 10 intracardiac and intravascular echocardiography88

information about the VT anatomical substrate and may have 
potential to identify areas of scarred myocardium [18] (% Videos 
10.7–10.9).

Miscellaneous less well investigated 
possible indications
Some authors suggest the routine use of ICE during TAVI proce-
dures. The main advantage over TOE is that general anaesthesia 
can be avoided. This is an important benefit especially in these 
frail patients presenting often a haemodynamic instable status. 
By limiting the need for contrast agents ICE can preserve renal 
function and lower the occurrence of acute kidney injury in these 
patients [19]. As for TOE, an ICE guiding strategy for TAVI seems 
safe and effective although experience is still restricted to some 
interventional centres [20].

Other situations where ICE is reported in the literature are 
more anecdotal case reports such as during MitraClip® implan-
tation [21] and mitral valvuloplasty [22], closure of paravalvular 
leaks [23], and left atrial appendage closure [24,25].

New developments of intracardiac 
echocardiography
Until very recently clinical use of ICE was limited to 2D imag-
ing. RT-3D ICE experience is poor and only a few case reports 
show these amazing images [7]. New technological developments 

such as single-chip front-end systems for volumetric intravascular 
ultrasound (IVUS) and ICE imaging, could offer real-time for-
ward looking volumetric ICE imaging [26].

The cost–benefit ratio of intracardiac 
echocardiography
ICE has the potential to be cost-effective compared to TOE by 
avoiding general anaesthesia, limiting complications and renal 
injury and radiation and therefore it is able to shorten hospital 
stays. This has to be weighed against the cost of the ICE catheter. 
Since there is no reimbursement of ICE in Europe, use is limited 
often to those countries where a conventional IVUS study can be 
billed and/or where re-sterilization and re-use is permitted, such 
as in Germany. If ICE is reimbursed as in the United States, it can 
be cost-effective compared to TOE [27].

Conclusion
ICE is now an accepted and recognized reference method for 
monitoring of percutaneous interatrial communication device 
closure procedures and for electrophysiological catheter-based 
ablations, but is still limited to a few experienced centres. 
The main advantages of ICE are the safe guidance of percu-
taneous interventional treatments and avoidance of general 
anaesthesia and reduction of radiation exposure. The potential 
impact of ICE is great in the era of new catheter interventional 
procedures.
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CHAPTER 11

Stress echocardiography: 
introduction and 
pathophysiology
Rosa Sicari and Raluca Dulgheru

Summary
Stress echocardiography is the combination of two-dimensional (2D) echocardiography 
with a physical, pharmacological, or electrical stress. The diagnostic end point for the 
detection of myocardial ischaemia is the induction of a transient change in left ventricu-
lar (LV) regional function during stress. The stress echo sign indicative of myocardial 
ischaemia is a stress-induced worsening in LV regional function, that is, worsening of LV 
myocardial wall thickening in a region contracting normally at baseline. The stress echo 
sign of myocardial viability is a stress-induced improvement of LV regional function dur-
ing low levels of stress in an abnormally contracting myocardial region at rest [1,2].

Pathophysiology
A transient regional imbalance between myocardial oxygen demand and supply usu-
ally results in myocardial ischaemia, the signs and symptoms of which can be used as 
a diagnostic tool. Myocardial ischaemia results in a typical ‘cascade’ of events in which 
the various markers are hierarchically ranked in a well-defined time sequence: regional 
mechanical dysfunction (with reduction of movement and segmental thickening) is an 
early event, linearly and closely related to the reduction of subendocardial flow, and more 
sensitive than electrocardogram changes and the onset of chest pain. The pathophysiolog-
ical concept of the ischaemic cascade is translated clinically into a gradient of sensitivity 
of different available clinical markers of ischaemia, with chest pain being the least and 
regional malperfusion the most sensitive. Regardless of the stress modality used and the 
morphological substrate, ischaemia tends to propagate centrifugally with respect to the 
ventricular cavity: it involves primarily the subendocardial layer, whereas the subepicar-
dial layer is affected only at a later stage if the ischaemia persists (see % Videos 11.1 and 
11.2). In fact, extravascular pressure is higher in the subendocardial than in the subepi-
cardial layer; this provokes a higher metabolic demand (wall tension being among the 
main determinants of myocardial oxygen consumption) and an increased resistance to 
flow. In the absence of coronary artery disease, coronary flow reserve can be reduced in 
microvascular disease (e.g. in syndrome X or LV hypertrophy). In this condition, angina 
with ST-segment depression can occur with regional perfusion changes, typically in the 
absence of any regional wall motion abnormalities during stress. Wall motion abnor-
malities are more specific than coronary flow reserve and/or perfusion changes for the 
diagnosis of coronary artery disease [2,3] (see % Video 11.3).
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the critical threshold indispensable to keep the tissue viable, and 
recovery of function occurs after revascularization [2]. In the 
stunned myocardium, persistent but reversible ischaemia causes 
a metabolic alteration and imbalance between energy supply and 
work produced; recovery of function occurs spontaneously within 
hours, days, and even weeks after restoration of flow [2].
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With exercise and dobutamine, the main mechanism is the 
increase in oxygen consumption (see % Video 11.4). With dipyrid-
amole (which accumulates endogenous adenosine) or adenosine, 
the dominant mechanism is the reduction of supply, vertical and 
horizontal steal phenomena due to the presence of inappropri-
ate arteriolar dilation. When the local supply–demand balance of 
the cell is critically endangered, the cell minimizes expenditure 
of energy used for the development of contractile force and uti-
lizes whatever is left for the maintenance of cellular integrity. The 
echocardiographic counterpart of this cellular strategic choice is 
the regional asynergy of viable segments. Both viable and necrotic 
segments show a depressed resting function, but the segmen-
tal dysfunction of viable regions can be transiently normalized 
by inotropic stimulus—a response called ‘myocardial viability’. 
Hibernation and stunning are the two pathophysiological forms 
of viable myocardium which may be detected, respectively, in 
ischaemic cardiomyopathy and acute coronary syndromes. In 
the hibernating myocardium, myocardial perfusion is chroni-
cally reduced (for months or years), although remains beyond 
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CHAPTER 12

Stress echocardiography: 
methodology
Maria João Andrade and Albert Varga

Summary
Stress echocardiography is the combination of echocardiography with a physical, 
pharmacological, or electrical stress. The fact that different stresses have different 
pathophysiological and clinical targets, broadened the versatility and the suitability of 
stress echocardiography for evaluation of patients with various cardiovascular diseases: 
coronary heart disease, valvular heart diseases, cardiomyopathies, and pulmonary hyper-
tension. Before starting a stress echocardiographic examination, at least three important 
requirements should be fulfilled:

1. A dedicated room large enough to accommodate all the facilities required for stress 
echo performance and to ensure patient privacy and comfort: echo machine and 
examination table, exercise stress equipment, electrocardiogram (ECG) recorder and 
sphygmomanometer, resuscitation apparatus and drugs, oxygen source.

2. An ultrasound system with adequate image quality and equipped with stress echo-
cardiography software and digital acquisition with ECG triggering (second harmonic 
imaging is mandatory) (% Fig. 12.1).

3. An experienced echocardiographer not only full trained in transthoracic echocardi-
ography but also prepared for both acquiring and interpreting images during stress. A 
physician with expertise in both echocardiography and resuscitation should be avail-
able in the immediate vicinity.

The machine
Despite the efforts towards the development of techniques for quantification of regional 
wall motion during stress echocardiography, the standard approach continues to be based 
on qualitative assessment before, during, and following stress. Therefore good quality 
images are absolutely necessary as even a small uncertainty can lead to an increase in 
false positive or negative results [1]. The endocardial border delineation can be enhanced 
through the administration of a contrast agent (either as a slow bolus or continuous infu-
sion) for left ventricular opacification, although these agents are not always available and 
require training on how to use it properly [2].

The echocardiographer
It is not reasonable to begin using stress echo without complete training in standard 
transthoracic echocardiography, in particular as regards appraisal of regional dyssyn-
ergies [1]. It was shown that the interpretation of stress echocardiographic tests by an 
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should be recorded in resting state, after the administration of ‘low 
dose’ if pharmacological test is being performed or after the low 
workload in case of exercise echocardiography, at the peak of the 
test, and after the recovery phase or, in case of the pharmacological 
test, after the administration of the antidote. Imaging should be 
performed from all conventional echocardiographic views: par-
asternal long- and short-axis, and apical four- and two-chamber 
views, as well as long-axis view. Patients with insufficient image 
quality are not suitable for stress echocardiographic examination 
[4]. A quad-screen format should be used for comparative analysis 
(see % Video 12.1).

Exercise echocardiography
Exercise echocardiography has the advantages of its wide avail-
ability, low cost, and versatility for the assessment of various 
cardiac conditions where an assessment of cardiac and haemo-
dynamic response to physiological stress is warranted. The most 
usual pathologies are suspected or known ischaemic heart disease, 
mitral and aortic valve diseases, hypertrophic cardiomyopathy, 
and pulmonary hypertension. Bicycle exercise stress echocardiog-
raphy is most commonly performed on a dedicated tilting exercise 
table in a semisupine position [5]. The most important advan-
tage of this method is the chance to obtain two-dimensional and 
Doppler echocardiographic images throughout the various levels 
of exercise, rather than relying on post-exercise imaging. Exercise 
is usually started at 25 W and increased every 2 minutes by 25 W 
steps, although initial workload and workload escalation can be 
adapted to each individual patient.

echocardiographer without specific training severely underes-
timates the diagnostic potential of this technique. To build a 
learning curve and reach a plateau of diagnostic accuracy, exami-
nation of 100 stress echocardiographic studies was found to be 
more than adequate to offset this deficit [1]. Moreover, it has also 
been shown that a short-term, high-intensity dedicated training 
in stress echo with joint reading sessions and consensus devel-
opment of reading criteria significantly increased accuracy and 
markedly reduced the inter-observer variability in the reading of 
stress echo by beginners [3].

The stressors
Modern large-volume stress echo laboratories should be fully 
acquainted with all the main forms of stresses to ensure a flexible 
and versatile diagnostic approach that enables the adjustment of 
the stress protocol to individual patient needs.

General protocol
The patient is instructed to fast for at least 4 hours before the test. 
Before starting the test, verification that the patient has provided 
informed consent and understood the mode of the procedure 
should be confirmed. A 12-lead ECG is recorded in the resting 
state and at each step throughout the test. An ECG lead should 
be continuously displayed on the echo monitor to provide the 
operator with a reference for arrhythmias. Cuff blood pressure is 
measured in the resting state and at each stage thereafter. Images 

Fig. 12.1 Apical four- and two-
chamber view. Comparison of the 
‘conventional’ (left panels) and ‘second 
harmonic’ technologies (right panels). 
While the endocardial border is almost 
‘invisible’ in the conventional images, 
it is clearly delineated when second 
harmonic imaging is applied.

Standard Technology “Second Harmonic”

Rest

Stress
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2 minutes. If no end point is reached, atropine (doses of 0.25 mg 
up to 1 mg) is added. The same overall dose of 0.84 mg/kg can be 
given over 6 minutes without a loss in the sensitivity of the test 
[8]. Aminophylline (240 mg IV) should be available for imme-
diate use in case an adverse dipyridamole-related event occurs 
and routinely infused at the end of the test independently of the 
result [4]. For the selective evaluation of myocardial viability a 
very low dose (0.28 mg/kg over 4 minutes) has been proposed. 
It is virtually without ischaemic potential and shows accuracy 
comparable to that of low-dose dobutamine for identifying viable 
myocardium [9].

Comparison of dipyridamole and 
dobutamine tests
The two tests have comparable accuracy for the detection of angio-
graphically assessed coronary artery disease, although dobutamine 
is marginally more sensitive and dipyridamole marginally more 
specific (% Fig. 12.2) [10]. Atropine co-administration is useful 
with both drugs to achieve the optimal diagnostic accuracy of 
pharmacological stress echocardiography, although the atropine 
step-up in sensitivity is more substantial with dipyridamole-atro-
pine stress [11]. Another important question is the safety issue. 
There are several registries and meta-analyses showing that stress 
echocardiography is a safe method. However, there are slight dif-
ferences in the safety profile of different stresses [12,13]. The safest 
is obviously exercise echocardiography, followed by dipyridamole 
echo, with dobutamine being the least safe. Complications during 
exercise are extremely rare, and can occur in approximately 1 out of 
1000–1500 examinations with dipyridamole (usually myocardial 

Dobutamine echocardiography
Among exercise-independent stresses, dobutamine is one of the 
most frequently used for stress echocardiography [1]. The prepara-
tion of the patient for dobutamine echo is similar to that of the general 
protocol, ensuring withdrawal of beta blockers for 2 days before the 
test whenever possible. The standard dobutamine stress protocol 
consists of a continuous intravenous (IV) infusion of dobutamine in 
3-minute increments, starting with 5 mcg/kg/min and increasing to 
10, 20, 30, and 40 mcg/kg/min. If no end point is reached, atropine 
(in doses of 0.25 mg up to a maximum of 1 mg) is administered to 
the 40 mcg/kg/min dobutamine infusion over 2 minutes [4]. The 
half-life of dobutamine is very short, but, especially when atropine 
is co administered, the return of the heart rate to the baseline may 
be prolonged; therefore, the administration of a beta blocker at the 
end of the test is recommended. Dobutamine echocardiography is 
widely accepted for the evaluation of myocardial viability in patients 
with ischaemic left ventricular dysfunction, but also to elicit an ino-
tropic reserve in patients with idiopathic dilated cardiomyopathy 
[6,7]. In both cases, the first part of the standard protocol is applied, 
usually not exceeding the 20 mcg/kg/min dosage.

Dipyridamole echocardiography
The patient preparation is similar to the general protocol but 
patients should be advised not to eat or drink food or beverages 
containing theophylline or caffeine for at least 12 hours before the 
test. The standard dipyridamole protocol consists of an IV infu-
sion of 0.84 mg/kg over 10 minutes, in two separate infusions: 
0.56 mg/kg over 4 minutes (‘first dose’), followed by 4 minutes 
of no dose and, if still negative, an additional 0.28 mg/kg over  

Fig. 12.2 The comparison of dobutamine and dipyridamole echocardiography. Dobutamine is slightly more sensitive, whereas dipyridamole is a bit more 
specific. The diagnostic accuracy in predicting haemodynamically significant coronary artery disease is similar by both methods.
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minutes by 10 bpm until 85% target heart rate is achieved or until 
other standard end points are reached [15].

Ergonovine stress test
Ergonovine echo is highly feasible, accurate, and safe for the diagno-
sis of coronary vasospasm and can be an alternative diagnostic choice 
to invasive angiographic spasm provocation testing in the catheteri-
zation laboratory [16]. An IV line is placed in the upper arm, and 
non-invasive blood pressure and lead II of the electrocardiogram is 
monitored during the entire procedure. Bolus injections of ergono-
vine maleate (50 mcg) are administered intravenously at 5-minute 
intervals until a positive response is obtained or a total dose of 0.35 mg 
is reached. The 12-lead ECG is recorded after each ergonovine injec-
tion, and left ventricular wall motion monitored continuously by 
echocardiography. Positive criteria for the test include the appear-
ance of transient ST-segment elevation or depression greater than 
0.1 mV at 0.08 seconds after the J point (ECG criteria) or transient 
wall motion abnormalities by two-dimensional echocardiography 
(echocardiographic criteria). The criteria for terminating the test are 
as follows: positive response defined as ECG or echocardiographic 
criteria, total cumulative dose of 0.35 mg ergonovine, or develop-
ment of significant arrhythmia or changes in vital signs (systolic 
blood pressure > 200 mmHg or < 90 mmHg). An IV bolus injection 
of nitroglycerine (0.25 mg) and sublingual nitroglycerine (0.6 mg) 
should be given as soon as a positive response is detected or at the 
end of a test with a negative response. Sublingual nifedipine can also 
be administered for possible delayed effects of ergonovine [17].

infarction, third-degree atrioventricular block, cardiac asystole), 
while 1 in every 500 dobutamine studies can be complicated by 
some adverse event (mainly acute myocardial infarction, ven-
tricular fibrillation, and sustained ventricular tachycardia, even 
cardiac rupture).

Adenosine echocardiography
Adenosine is a direct-acting vasodilator that differs from dipyrid-
amole for the shorter half-life (only a few seconds). Consequently 
adenosine-induced side effects are short-lived but more frequent 
and more intense. It is administered with an infusion pump 
starting with a dose of 100 mcg/kg/min, and increased stepwise 
up to 200 mcg/kg/min. Owing to its short life, aminophylline 
administration is rarely required. Among pharmacological stress 
tests, adenosine is probably the least well tolerated subjectively 
and of limited value in routine clinical practice although life-
threatening complications are rare [14].

Pacing stress echocardiography
High-rate pacing is a useful stress test to be used in conjunc-
tion with echocardiography. This test is especially appropriate in 
patients with a permanent pacemaker because of the fact that the 
non-invasive diagnosis of CAD in these patients is an extremely 
difficult task. With external programming of the pacemaker, pac-
ing is started at 110 beats per minute (bpm) and increased every 2 
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CHAPTER 13

Stress echocardiography: 
image acquisition and 
modalities
Rosa Sicari, Edyta Płońska-Gościniak,  
and Jorge Lowenstein

General test protocol
During stress echo, electrocardiographic leads are placed at standard limb and pre-
cordial sites, slightly displacing (upward and downward) any leads that may interfere with 
the chosen acoustic windows. A 12-lead ECG is recorded in the resting condition and 
each minute throughout the examination. An ECG lead is also continuously displayed on 
the echo monitor to provide the operator with a reference for ST-segment changes and 
arrhythmias. Cuff blood pressure is measured in the resting condition and each stage there-
after. Echocardiographic imaging is typically performed from the parasternal long- and 
short-axis, apical long-axis, and apical four- and two-chamber views. In some cases the 
subxiphoidal and apical long-axis views are used. Images are recorded in the resting condi-
tion from all views and captured digitally. A quad-screen format is used for comparative 
analysis. Echocardiography is then continuously monitored and intermittently digitally 
stored. In the presence of obvious or suspected dyssynergy, a complete echo examination 
is performed and recorded from all possible approaches to allow optimal documentation 
of the presence and extent of myocardial ischaemia. These same projections are obtained 
and digitally stored during the recovery phase, after cessation of stress (exercise or pacing) 
or administration of the antidote (aminophylline for dipyridamole, beta-blocker for dobu-
tamine, nitroglycerine for ergometrine) [1], an ischaemic response may occasionally occur 
later, after cessation of drug infusion [1]. In this way, the transiently dyssynergic area during 
stress can be evaluated by a triple comparison: stress versus resting state, stress versus recov-
ery phase, and at peak stress. It is critical to obtain the same views at each stage of the test. 
Analysis and scoring of the study are usually performed using a 16- or 17-segment model of 
the left ventricle [1] and a four-grade scale of regional wall motion analysis (% Table 13.1).

Specific protocol: deformation echocardiography
The state-of-the art diagnosis of ischaemia in stress echocardiography remains the eye-
balling interpretation of regional wall motion in black and white cine-loops. However, 
the major limitation of this approach is the subjective interpretation requiring dedicated 
training and experience. Speckle tracking echocardiography (STE) is a relatively new, 
angle-independent technique used for the evaluation of cardiac function. This technique 
[2] can theoretically be used in any myocardial section. The tracking system is based on 
grey-scale B-mode images. The deformation is automatically obtained during the car-
diac cycle from the distance between two pixels of a myocardial segment. The tracking 
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contraction. Flow velocity variations are proportional to total 
blood flow if the vessel lumen is kept constant. This assumption 
is reasonable with vasodilators such as adenosine or dipyridamole 
[4], and less valid with dobutamine. The coronary flow velocity 
variation between baseline and peak effect of a coronary vasodila-
tor makes it possible to derive an index of coronary flow reserve. 
Peak diastolic flow is the simplest and easiest parameter obtained. 
Moreover, it is the most reproducible and the one with the clos-
est correlation with coronary perfusion reserve measured with 
Doppler flow wire [4] and positron emission tomography [4]. 
After stress, the balance between exercise, dobutamine, and vaso-
dilators clearly goes in the direction of vasodilators, which fully 
recruit coronary flow reserve and minimize the factor polluting 
image quality. Among vasodilators, dipyridamole is better toler-
ated subjectively than adenosine, induces less hyperventilation 
(which may pollute echocardiographic images), costs much less 
in most countries, and has a longer-lasting vasodilatory effect, 
which is more convenient for dual flow and function imaging. A 
broadband transducer (2–7 MHz) or two transducers (with low-
frequency imaging of wall motion and high-frequency imaging 
of left anterior descending artery flow) must be used, allowing 
an intermittent imaging of coronary flow and wall motion [4]. 
Coronary flow in the mid-distal portion of the left anterior 
descending artery is searched from a modified apical three-cham-
ber view under the guidance of colour Doppler flow mapping, 
with about 95% feasibility [4]. The posterior descending coronary 
artery can also be imaged using a modified apical two-chamber 
view, but with greater difficulty and a success rate of about 60%. 
A value of coronary flow reserve less than 2 is generally consid-
ered abnormal [4]. Coronary flow reserve can be obtained also 
with myocardial contrast echocardiography (MCE) which detects 
capillary blood volume and, by virtue of its temporal resolution, 
can also assess myocardial blood flow (MBF). The MBF obtained 
in each segment can then be collapsed into the three vascular ter-
ritories. The process is repeated during stress myocardial imaging, 
preferably vasodilator stress. The ratio of peak MBF after hyperae-
mic stress and that of resting flow indicates coronary flow reserve. 
The choice of one method over the other depends largely on local 
expertise, costs, and reimbursement policies. The ability of con-
trast echocardiography to supplement wall motion information 
by providing information on perfusion can add additional diag-
nostic value to stress echocardiography [5].

Three-dimensional stress echo
Technological advances in transducer and computer technology 
have led to the recent introduction of real-time three-dimensional 
(3D) echocardiography. Similar to 2D echocardiography, contrast 
echocardiography can be used for enhancement of endocardial 
border definition and possibly for myocardial perfusion. Matrix 
probes used for real-time 3D echocardiography offer the unique 
feature of recording all left ventricular segments simultaneously, 
which may be advantageous for stress echo studies. The potential 
advantages include the ability to provide an unlimited number of 

quality may be checked for each segment, and manual adjust-
ment made, if necessary. The method allows the simultaneous 
assessment of the three deformation components, that is, radial, 
longitudinal, and circumferential. STE-derived measurements of 
these parameters have been validated against sonomicrometry [3] 
and magnetic resonance imaging [2]. Suboptimal tracking of the 
endocardial border may be a problem with STE. Similar to other 
two-dimensional (2D) imaging techniques, STE relies on good 
image quality as well as the assumption that speckles can be iden-
tified in consecutive frames. Speckle tracking relies on sufficiently 
high temporal resolution, and it may not be the perfect tool when 
evaluating patients with higher heart rates as during stress echo. 
Another significant limitation of STE is the inter-vendor software 
differences [2].

Contrast echocardiography:  
left ventricular opacification
The approved indication for the use of contrast echocardiogra-
phy currently lies in improving endocardial border delineation in 
patients in whom adequate imaging is difficult or suboptimal [3]. 
In coronary artery disease patients, in whom particular attention 
should be focused on regional myocardial contraction, clear endo-
cardial definition is crucial. Intravenous contrast agents can improve 
endocardial delineation at rest and with stress [3]. Moreover, it 
reduces inter-observer variability especially in beginners [3].

Coronary flow reserve
In recent years, the evaluation of coronary flow reserve by combin-
ing transthoracic Doppler assessment of coronary flow velocities 
with vasodilator stress has entered the echo lab as an effective 
modality for both diagnostic and prognostic purposes. The coro-
nary flow velocity profile recorded with pulsed wave Doppler is 
biphasic, with a lower peak during systole and a higher peak dur-
ing diastole. In fact, myocardial extravascular resistance is higher 
in systole and lower in diastole due to the effect of myocardial 

Table 13.1 Technology and stress echo

Certainly 
helpful

Possibly 
helpful

Uncertain 
utility

Native second harmonic √

Digital √

MCE (>2 difficult segments √

Real-time 3D √

Speckle tracking 
echocardiography

√

Doppler coronary flow  
reserve, MCE for perfusion

√

MCE, myocardial contrast echocardiography.
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planes for analysis and more rapid acquisition than conventional 
2D imaging. Three-dimensional volumetric imaging uniformly 
shortens the time required for acquisition of stress images. In 
addition, 3D imaging eliminates apical foreshortening which is 
frequent with 2D imaging, improving the detection of apical wall 
motion abnormalities [6].

The lower spatial and temporal resolution of 3D imaging and 
artefacts introduced by suboptimal subvolume integration are 
limitations of the current 3D technique. Three-dimensional imag-
ing has shown high feasibility with exercise [6], dobutamine [6], 
and dipyridamole [6] and diagnostic accuracy comparable to that 
of 2D imaging in pharmacological stress echocardiography for the 
detection of significant coronary artery disease (% Table 13.2).

Table 13.2 Three generations of stress echocardiography

First Second Third

Era Palaeolithic Neolithic Modern

Tool 2D echo Pulsed Doppler 2D strain

Objective Wall motion 
abnormality

Coronary flow 
reserve

Longitudinal,  
radial, and torsion 
stress

Evaluation Qualitative Quantitative Quantitative

Time Early 1980s Late 1990s 2010

State Clinical state Advanced clinical 
standard

In validation process
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CHAPTER 14

Stress echocardiography: 
diagnostic criteria and 
interpretation
Paolo Colonna, Monica Alcantara, and  
Katsu Tanaka

Semiology: wall motion response to stress
During physical and inotropic stress the regional wall motion and thickening increases in 
normal subjects; in the same manner the ejection fraction increases mainly because of a 
reduction of end-systolic volume. Conversely, in patients with coronary artery disease a 
stress-induced regional systolic dysfunction is usually observed.

Despite the development of novel techniques for quantitation of stress echocardi-
ography, the standard approach to diagnostic criteria and the interpretation of stress 
echocardiograms continues to be based on a qualitative assessment of regional wall 
motion before, during, and after stress [1].

It is highly recommended to follow a systematic step-by-step approach to the interpre-
tation of stress echocardiography to reduce subjectivity and to improve the reproducibility 
of the test.

The reading should begin with the evaluation of images at rest, observing left ventricu-
lar (LV) regional wall motion and thickening, as well as LV shape and size, in order to 
detect patients with abnormal global LV function.

The regional systolic wall function is characterized by wall thickening and endocardial 
inward motion [2]. In clinical practice, the regional function of each myocardial segment 
of the LV is visually evaluated using a qualitative score according to the joint recom-
mendations from the American Society of Echocardiography (ASE) and the European 
Association of Cardiovascular Imaging (EACVI; formerly the European Association of 
Echocardiography) [3]: normokinesia (normal inward motion and normal thickening), 
hypokinesia (reduced but not absent inward motion and thickening), akinesia (absent 
inward motion and thickening), and dyskinesia (systolic outward motion of the ventricu-
lar wall).

It is recommended that each segment should be analysed individually and scored on 
the basis of its motion and systolic thickening; moreover, the function of each segment 
should be confirmed in multiple views, in order to obtain the correct localization of an 
eventual coronary artery lesion.

A special difficulty in visual qualitative analysis relates to segments with poor visibil-
ity in which there is pronounced uncertainty about the correct assessment of function. 
Application of left heart contrast agents enhances visibility of endocardial systolic motion 
and thereby improves accuracy of function analysis as well as agreement between differ-
ent observers on regional function analysis [4,5].

Besides qualitative subjective analysis, several approaches for objective quantification 
of regional systolic function have been suggested with myocardial deformation imaging, 
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the ‘hibernating myocardium’, characterized by reversible loss of 
contractility in the presence of reduced blood flow in compari-
son to normal regional values. Often these two conditions coexist 
in post-infarction reperfusion: after spontaneous coronary reca-
nalization, after pharmacological thrombolysis, or after primary 
angioplasty [10].

Actually the most used and accurate stress echocardiography 
for viability diagnosis and interpretation is echocardiography 
during infusion of low-dose dobutamine [11]; low-dose dipyrida-
mole, albeit another possible recruiter of myocardial viable tissue, 
is much less utilized.

Also several cardiac imaging perfusion modalities have been 
used for viability detection, such as thallium or technetium-single-
photon emission computed tomography or myocardial contrast 
echocardiography [12] and positron emission tomography (PET), 
considered the gold standard for detecting perfusional viability.

As highlighted in % Table 14.1, in viable segments two differ-
ent responses can be observed: (1) the pure viability response is 
characterized by a resting dysfunction (hypokinesia or akinesia) 
with progressive wall motion improvement at low- and high-dose 
stress, interpretable as presence of myocardial viability and a non-
jeopardized myocardium (stunned myocardium). (2) The biphasic 
(viability + ischaemia) response shows a similar improvement at 
low-dose stress and a deterioration at high dose; this is interpret-
able as showing the presence of myocardial viability, combined 
with an infarct-related coronary with significant residual stenosis 
or inadequate regional collateral flow (viable myocardium at risk); 
this jeopardized region (hibernating myocardium) often improves 
after revascularization.

Criteria for a positive viability response (namely, presence of 
contractile reserve and viability) are (1) improvement of the wall 
motion in at least two contiguous segments and (2) reduction of 
20% of the wall motion score index.

Besides the positive/negative diagnosis of presence/absence of 
myocardial viability, it is also important to evaluate the amount 
of viable myocardium with stress echocardiography. In fact it 
has been demonstrated that the amount of viable myocardium 
is related to the prognosis [13]. Additionally, the dose–response 
curve can vary in different myocardial segments, since it depends 
not only on the myocardial viability but also on other determining 
factors of contractility such as preload, afterload, heart rate, and 
transmural extension of myocytes necrosis and viability [14].

Ischaemia
The LV normally responds to increased workload induced by 
exercise or inotropic stress by an increase in the endocardial 
motion and myocardial thickening with consequent increase in 
ejection fraction. In the presence of regional mismatch between 
myocardial blood supply and increased myocardial oxygen 
demand (due to obstructive coronary artery disease), regional 
wall motion abnormalities can be observed during stress. 
Ischaemia is typically progressively manifest at echocardiography 
as (1) failure to augment contractile function, (2) delayed (but 

based either on tissue Doppler velocity analysis or on speckle 
tracking during a two-dimensional (2D) echo recording. The lat-
ter is currently the preferred modality for quantification by the 
2011 EACVI/ASE consensus statement [6]. However, derived 
strain and strain rate data may be affected by artefacts and noise, 
particularly in cases of impaired 2D image quality. Interesting 
supplementary information can be obtained with echo contrast 
media able to improve the detection of wall motion and the perfu-
sion of each myocardial segment at rest and during stress [7,8].

After rest evaluation, the evaluation of stress imaging with a 
careful side-by-side analysis of each myocardial segment has to be 
performed. The wall motion response to stress can be schematized 
based on the changes that occur during low stress and high stress, 
compared to rest. The response of myocardium can be normal, 
ischaemic, viable, biphasic, and necrotic (see % Table 14.1).

A response can be considered normal when the myocardial 
segment is normokinetic at rest and normal or hyperkinetic dur-
ing stress. An ischaemic response is observed when a myocardial 
segment worsens its function during stress from normokinesia 
to hypokinesia or akinesia (worsening of at least two adjacent 
myocardial segments is necessary for diagnosis of significant 
ischaemia).

A response with viability is observed when at least two adjacent 
segments with resting dysfunction show a sustained improvement 
during stress or show a biphasic response with improvement dur-
ing early stress and subsequent deterioration at stress peak. This 
semiology has recently been confirmed in the ‘Stress echocardiog-
raphy expert consensus statement’ from the EACVI [9].

Viability
A regional resting wall motion abnormality of the LV in the acute 
or chronic phase of myocardial infarction is not always myocardial 
necrosis, since it can be ‘dysfunctioning, but still viable’ myocar-
dium. The presence of residual viable tissue is more common in 
hypokinetic than akinetic segments. This viability can subtend 
two different pathophysiological conditions: (1) the ‘stunned 
myocardium’, that characterizes a post-ischaemic dysfunctional 
myocardium in presence of normal regional blood flow; or (2) 

Table 14.1  Wall motion response to stress based on changes at low 
and high stress, compared to rest

Rest Low stress High stress Response

Normokinesia Normo-, 
hyperkinesia

Normo-, 
hyperkinesia

Normal

Normokinesia Normo-, 
hyperkinesia

Hypo-, akinesia Ischaemia

Hypo-, akinesia Normokinesia Normokinesia Viability (stunned 
myocardium)

Hypo-, akinesia Normokinesia Hypo-, akinesia Biphasic (viability + 
ischaemia)

A-, dyskinesia A-, dyskinesia A-, dyskinesia Necrosis (scar)
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echocardiographers need to undergo additional training in 
stress echocardiography in order to provide accurate reading 
of stress echocardiograms, and this requirement is of course 
greater in the case of novice readers. Although the duration of 
the training can vary with individual circumstance, the EACVI 
suggests that experience with at least 100 studies is necessary 
in order to raise the accuracy of interpretation [9], and regular 
exposure is then required to maintain and further enhance this 
skill.

2. A second important limitation that arises from the subjective 
interpretation of stress echocardiography relates to its reproduc-
ibility. Although good reproducibility is often reported among 
readers from the same centres, inter-institutional agreement 
remains suboptimal even in the hands of experienced readers. 
An inter-institutional agreement in the interpretation can be 
enhanced by improved image quality (second harmonic tech-
nology), side-by-side display, and standard uniform reading 
criteria compared to historic reports [15].

Limited coronary flow reserve
Despite regional myocardial blood flow and regional LV systolic 
function being related over a wide range of blood flows, regional 
wall motion abnormalities at rest may not be seen until the lumi-
nal diameter stenosis exceeds 90% (sometimes it also happens in 
chronic total coronary occlusion, if present with a valid collateral 
circulation). During stress exercise, a coronary lesion of 50% can 
also result in regional dysfunction, especially in case of increased 
oxygen request from myocytes (as in LV hypertrophy).

Measurement of coronary blood flow during maximal phar-
macological vasodilation (coronary vasodilator reserve) has 
been used to examine the functional consequences of a stenosis 
on perfusion of the dependent region of myocardium. The coro-
nary flow, which normally can increase three- to fivefold during 
maximal vasodilation compared to rest, in these cases is unable to 
benefit from the vasodilatory reserve. The coronary flow reserve 
(CFR), considered as the coronary flow observed after maximum 
vasodilation related to the resting coronary flow, can be consid-
ered abnormal when it is under the absolute value of 2. Several 
methods now available and established for measuring CFR are 
limited for their invasivity (intracoronary Doppler flow wire) or 
because they are expensive and not highly available (PET).

The feasibility of blood flow velocity recording in the left ante-
rior descending coronary artery (LAD) and consequently the 
assessment of CFR has been shown possible by means of tran-
sthoracic echocardiography, especially using high-frequency 
transducers, with a high success rate in evaluating mid and distal 
LAD blood flow. The posterior descending artery and the left cir-
cumflex artery can be imaged with dedicated imaging projections, 
but with greater difficulty and a lower success rate.

As expressly stated in the EACVI consensus document [9], the 
use of CFR as a ‘stand-alone’ diagnostic criterion is limited by 
(1) the low feasibility in coronary vessels apart from the LAD is 

still adequate) contraction, (3) new or worsening wall motion 
abnormalities (reduced till abolished wall thickening), or (4) (if 
severe) enlargement of LV cavity size and reduction in ejection 
fraction. Regional systolic changes generally precede the devel-
opment of ST segment changes at ECG and chest pain, but follow 
the initial development of abnormalities of diastolic function and 
regional malperfusion.

These ischaemic changes are usually short-lasting and disappear 
promptly with cessation of stress. However, more severe ischae-
mia may lead to myocardial stunning in which case the changes 
may last for as long as 30 minutes or even longer following stress.

The first step in interpretation is the accurate analysis of regional 
wall motion at rest to determine the stress response, with par-
ticular attention to differentiation between normo-, hypo-, and 
akinesis at rest. In fact, hypokinetic segments may improve with 
stress, suggesting the segment is normal, or deteriorate in contrac-
tile function (whether at low or high threshold), being a marker of 
ischaemia.

The second step is the analysis of the global LV behaviour during 
and after the stress test technically checking that adequate image 
quality, appropriate triggering, and comparability of views at each 
stage are obtained. An assessment of changes in LV size and shape 
during stress can detect ischaemia, especially during physical 
exercise stress (these changes are less evident during dobutamine 
stress, due to reduction in afterload). After this global evaluation 
of stress images, all segments should be carefully analysed for 
the presence of reduced wall thickening or delayed contraction 
compared to rest, preferably with a quad screen analysis (rest, low 
stress, peak stress, immediately post stress). Particular attention 
has to be placed on assessment of wall thickening rather than 
wall motion or endocardial excursion as these may result from 
tethering or translational movement of the heart. Slowing down 
the cycle velocity to assess the extent and rapidity of thickening 
in the first half of systole is important, as this phase is relatively 
independent of translational motion and tethering. It is often use-
ful to also evaluate parasternal images, since they can supplement 
information and overcome problems of bad apical window imag-
ing and problems related to breathing.

The presence of new or worsening wall motion abnormalities 
identifies ischaemia, but rather than identifying the test as simply 
positive, the site, extent, and severity of abnormal function should 
be reported, as well as the ischaemic threshold if a bicycle or dobu-
tamine stress study is being examined.

In the necrotic response (% Table 14.1), a segment with resting 
dysfunction remains fixed during stress. A resting akinesis which 
becomes dyskinesis during stress usually reflects a purely passive, 
mechanical consequence of increased intraventricular pressure 
developed by normally contracting walls and should not be con-
sidered a true active ischaemia.

Several limitations of stress echocardiography depend on the 
subjectivity of the interpretation:

1.  The most important limitation is the need for extensive exper-
tise in both the performance and interpretation of stress 
echocardiography to ensure accurate results. Even skilled 
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bundle branch block), sometimes developed during the stress test, 
ventricular pacemaker stimulation, or the pseudo-asynergy of LV 
inferior wall due to close physical contact of the heart with the 
diaphragm in normal subjects.

For the differential diagnosis it is important to aggregate all the 
signs of ischaemia (myocardial thickening as well as motion) and 
to observe wall motion in different stress steps in all the myocar-
dial segments adjacent to the hypokinetic one, supplied by the 
same vascular territory.

False negative
In false-negative stress echo the most important causes are the 
lack of development of ischaemic changes or the lack of detecting 
them (% Table 14.2).

A submaximal stress test, because of (1) the inability to reach 
the target heart rate (insufficient muscular strength for physical, 
ventricular arrhythmias for pharmacological stressor), (2) con-
comitant anti-ischaemic therapy in use or shortly interrupted, (3) 
the ingestion of any caffeine-derived drink in cases of dipyrida-
mole stress echo, are the most frequent reason for not developing 
ischaemic changes.

Another limitation of the diagnostic sensibility of stress echo 
derives from patient-dependent factors that limit image quality, 
such as obesity and lung disease, more often in the visualization 
of lateral and inferolateral LV wall. The use of ultrasound contrast 
agents for LV opacification is recommended to enhance endocar-
dial border detection in these cases [4].

Owing to the global LV hyperkinesia induced by different stress-
ors, often associated with a reduction in cavity size during stress 
(especially with dobutamine and/or the setting of concentric 
remodelling), minor wall motion hypokinesia can be masked 
resulting in a false-negative study. In this case the evaluation of 
post-stress (i.e. recovery) images can allow enlargement of the 
cavity, thus inducing ischaemia (or making it more apparent). 
This recording of post-stress images should be done as routine, 
since it has been shown to increase the accuracy of stress echo 
interpretation.

sampled, and (2) the difficulty in distinguishing between micro-
vascular and macrovascular coronary disease. Therefore, the 
combination of wall motion analysis with 2D echo and CFR with 
pulsed Doppler flowmetry of mid-distal LAD artery it is more 
clinically useful, since it provides an almost simultaneous assess-
ment of both flow and kinesia and adds complementary diagnostic 
and prognostic power during stress echo in patients with known 
or suspected coronary artery disease.

Localization of coronary artery lesions
One of the goals of stress echo is the correct and precise localization 
of coronary artery lesions for both viability and ischaemia diagno-
sis. The correct localization of the different wall motion response 
pattern allows important clinical-therapeutic decisions based on 
(1) the extent of ischaemia/viability; (2) the identification of the 
diseased coronary, which necessitate it to be re-vascularized; or 
(3) the stability of the coronary plaque, already observed in a pre-
vious coronary angiography.

To make the correct localization of the regional LV function, 
a 16-segment model of the LV is usually evaluated, as recom-
mended by the EACVI and the ASE [3], although a 17-segment 
model—adding a 17th segment (the apical cap)—has been sug-
gested by the American Heart Association [16] to homogenize 
with the myocardial scintigraphic perfusion analysis. The EACVI 
recommends the 17-segment model predominantly for myocar-
dial perfusion studies or to compare between imaging modalities, 
while the 16-segment model is recommended (and actually more 
utilized) to evaluate wall motion abnormalities such in stress 
echocardiography, as the tip of the normal apex (segment 17) does 
not move [3].

Similarly to regional wall motion analysis at rest, during 
stress all the 16 myocardial segments are usually attributed to 
the three major coronary arteries. Variability exists in the coro-
nary artery blood supply to myocardial segments, depending on 
the variable coronary artery distribution (right, left, or balanced 
dominance). The vascular distribution of the different coro-
nary arteries should be kept in mind while analysing individual 
segments, as the ischaemic abnormalities usually follow these 
vascular territories.

False positive
One of the most frequent causes of positivity of stress echo in the 
absence of coronary artery disease (false positive) is the appar-
ent hypokinesia of a single myocardial segment, particularly 
at peak stress, especially if unverified from other views. In fact, 
stress echocardiography can overestimate the amount of ischae-
mic or infarcted myocardium, as wall motion of adjacent regions 
may be affected by tethering, disturbance of regional/global load-
ing conditions (hypertensive peak, aortic stenosis, LV outflow 
obstruction), and stunning (% Table 14.2). The segments most 
often falsely hypokinetic are the inferior and inferoseptal basal. 
Other causes of false-positive stress echo can be the presence of 
intraventricular conduction disturbance (such as left or right 

Table 14.2 Causes of false-positive and false-negative stress echo

Cause of false-positive stress Cause of false-negative stress

Single segment (inferior and 
inferoseptal basal) localized 
hypokinesia

Poor image quality

Post-surgical dyssynchrony or 
intraventricular conduction 
disturbance (such as left or right 
bundle branch block)

Anti-ischaemic drugs (e.g. 
beta-blocker)

Ventricular pacemaker stimulation Submaximal stress level

Stress induced pressure overload 
(hypertensive peak, aortic stenosis, 
LV outflow obstruction)

Single vessel disease (especially left 
circumflex) or subcritical stenosis

Absence of post-stress images
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Echocardiographýs Nomenclature and Standards Committee, 
the Task Force on Chamber Quantification, and the European 
Association of Echocardiography. Eur J Echocardiogr 2006; 7:79–108.

 4. Chen LJ, Colonna P, Corda MC et al. Contrast enhanced harmonic 
color Doppler for left ventricular opacification. Improved endocar-
dial border definition compared to tissue harmonic imaging and 
optimization of methodology in patients with suboptimal echocar-
diograms. Echocardiography 2001; 18(8):639–49.

 5. Hoffmann R, von Bardeleben S, Kasprzak JD, et al. Analysis of regional 
left ventricular function by cineventriculography, cardiac magnetic 
resonance imaging, and unenhanced and contrast-enhanced echo-
cardiography: a multicenter comparison of methods. J Am Coll 
Cardiol 2006; 47:121–8.

 6. Mor-Avi V, Lang RM, Badano LP, et al. Current and evolving echo-
cardiographic techniques for the quantitative evaluation of cardiac 
mechanics: ASE/EAE consensus statement on methodology and 
indications endorsed by the Japanese society of echocardiography. 
Eur J Echocardiogr 2011; 12:167–205.

 7. Colonna P, Cadeddu C, Chen LJ, Iliceto S. Clinical applications of 
contrast echocardiography. Am Heart J 2001; 141:S36–44.

 8. Senior R, Moreo A, Gaibazzi N, et al. Comparison of sulfur 
hexafluoride microbubble (SonoVue)-enhanced myocardial echocar-
diography to gated single photon emission computerized tomography 
for the detection of significant coronary artery disease: a large euro-
pean multicentre study. J Am Coll Cardiol 2013; 62:1353–61.

 9. Sicari R, Nihoyannopoulos P, Evangelista A, et al., for the European 
Association of Echocardiography. Stress echocardiography expert 
consensus statement: European Association of Echocardiography 
(EAE). Eur J Echocardiogr 2008; 9:415–37.

10. Colonna P. Detection of myocardial viability. In Neskovic AN, 
Flachskampf FA (eds) Stress Echocardiography. New York: Informa 
Healthcare; 2010, 93–106.

11. Pierard LA, De Landsheere C, Berthe C, Rigo P, Kulbertus H. 
Identification of viable myocardium by echocardiography during 
dobutamine infusion in patients with myocardial infarction after 
thrombolytic therapy: comparison with positron emission tomogra-
phy. J Am Coll Cardiol 1990; 15:1021–31.

12. Iliceto S, Galiuto L, Colonna P, et al Analysis of microvascu-
lar integrity, contractile reserve and myocardial viability after 
acute myocardial infarction by dobutamine echocardiography 
and  myocardial contrast echocardiography. Am J Cardiol 1996; 
77:441–45.

13. Senior R, Kaul S, Lahiri A. Myocardial viability on echocardiogra-
phy predicts long term survival after revascularisation in patients 
with ischaemic congestive heart failure. J Am Coll Cardiol 1999; 
33:1848–54.

14. Colonna P, Montisci R, Galiuto L, Meloni L, Iliceto S. Effects of acute 
myocardial ischemia on intramyocardial contraction heterogeneity: 
a study performed with ultrasound integrated backscatter during 
transesophageal atrial pacing. Circulation 1999; 100:1770–6.

15. Hoffmann R, Marwick TH, Poldermans D, et al. Refinements in stress 
echocardiographic techniques improve inter-institutional agreement 
in interpretation of dobutamine stress echocardiograms. Eur Heart J 
2002; 23(10):821–9.

16. Cerqueira MD, Weissman NJ, Dilsizian V, et al. Standardized myo-
cardial segmentation and nomenclature for tomographic imaging 
of the heart: a statement for healthcare professionals from the car-
diac imaging committee of the council on clinical cardiology of the 
American Heart Association. Circulation 2002; 105:539–42.



Contents
Summary 104
Diagnostic and prognostic values 104

Viability 104
Myocardial ischaemia 104
Limited coronary flow reserve 106
Diagnostic flowcharts 106

Specific clinical subsets 107
Women 107
Left bundle branch block 107
Hypertensive patients 107
Diabetic patients 108
Non-cardiac vascular surgery 108
Valvular heart disease 108
Hypertrophic cardiomyopathy 108

Conclusion 108
References 108

CHAPTER 15

Stress echocardiography: 
diagnostic and prognostic 
values and specific clinical 
subsets
Luc A. Pierard and Lauro Cortigiani

Summary
Stress echocardiography (SE) combines two- (2D) or three-dimensional (3D) echocar-
diography with a physical (exercise) or pharmacological (inotropic or vasodilator) stress 
for assessing the presence, localization, and extent of myocardial ischaemia. Identification 
of viable myocardium and evaluation of haemodynamic repercussions and the dynamic 
component of valvular heart disease are additional recognized applications of SE.

Diagnostic and prognostic values
Viability
In patients with dysfunctional but viable myocardium, regional function can be improved 
by the inotropic effect of dobutamine. In patients with ischaemic cardiomyopathy, sen-
sitivity and specificity of dobutamine SE are 84% and 81% respectively for predicting 
functional recovery following revascularization and the technique provides lower sen-
sitivity, but higher specificity and similar accuracy than myocardial perfusion imaging 
(MPI) [1]. In addition, the documentation of a large amount of viable myocardium  
(at least four segments or 20% of the total left ventricle) on dobutamine SE predicts 
improved ejection fraction [2], reverse remodelling [3], and markedly lower mortality 
rate in revascularized than in medically treated patients [4,5] (% Fig. 15.1), indepen-
dently of a history of diabetes [6]. However, these findings do not apply to patients with 
high end-systolic volume, presenting modest change in ejection fraction and poor out-
come after revascularization independently of the presence of tissue viability [7].

Myocardial ischaemia
Stress-induced wall motion abnormality is an early and specific marker of ischaemia. In 
a meta-analysis on 3714 patients, exercise, dobutamine, and dipyridamole SE showed 
a sensitivity, respectively, of 83%, 81%, and 72%, and a specificity of 84%, 84%, and  
95% [8]. Anti-ischaemic therapy lowers sensitivity of both exercise and pharmacological 
SE [9]. However, it lowers the sensitivity of dipyridamole more than that of dobutamine 
[9]. Compared to MPI, SE has similar accuracy, with a moderate sensitivity gap that is bal-
anced by a markedly higher specificity [8]. The results of studies enrolling thousands of 
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survival rate [12]. Particularly appealing is the very high negative 
predictive value of SE in patients with suspected CAD. In a meta-
analysis on 3021 patients, a normal exercise SE yielded 0.5% yearly 
hard event-rate [13]. SE maintains a high prognostic value also 
in an angiographically benign subset such as single-vessel disease 
[14]. A similar prognostic value has been reported for dobu-
tamine and dipyridamole SE [15]. Anti-ischaemic therapy heavily 
modulates the prognostic impact of pharmacological SE [16]. The 
prognostic indicators of an ischaemic and non-ischaemic SE are 
reported in % Tables 15.1 and Tables 15.2.

patients have demonstrated the capability by exercise [10] or phar-
macological SE [11] to provide reliable risk assessment in patients 
with known or suspected coronary artery disease (CAD). While 
the ischaemic or necrotic pattern (fixed wall motion abnormality) 
are associated with markedly increased risk of death or myocardial 
infarction, a normal test predicts a generally favourable outcome 
independently of a history of hypertension [11] (% Fig. 15.2). The 
ischaemic response can be further stratified with additive param-
eters: the higher the extent of inducible wall motion abnormalities 
and/or the shorter the ischaemia-free stress time, the lower the 
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Fig. 15.1  Results of two meta-analysis on a total of 5305 patients with ischaemic cardiomyopathy reporting markedly lower yearly mortality (−79.6% and −65.1%, 
respectively) in revascularized than in medically treated patients with viability at dobutamine stress echocardiography. Conversely, no prognostic benefit by 
revascularization is evidenced in case of no viability. 
Modified from Allman KC, Shaw LJ, Hachamovitch R, Udelson JE. Myocardial viability testing and impact of revascularization on prognosis in patients with coronary artery disease and 
left ventricular dysfunction: a meta-analysis. J Am Coll Cardiol 2002; 39:1151–8 and Camici PG, Prasad SK, Rimoldi OE. Stunning, hibernation, and assessment of myocardial viability. 
Circulation 2008; 117:103–14.

Fig. 15.2 Kaplan–Meier hard event-free survival curves in hypertensive (left) and normotensive patients (right) separated on the basis of presence (+) or 
absence (−) of ischaemia at stress echocardiography (SE), and presence (+) or absence (−) of resting wall motion abnormality (RWMA). In both populations, the 
best survival is observed in patients with no ischaemia and no RWMA, while the worst survival is observed in patients with ischaemia and RWMA. 
Modified from Shaw LJ, Vasey C, Sawada S, Rimmerman C, Marwick TH. Impact of gender on risk stratification by exercise and dobutamine stress echocardiography: long-term 
mortality in 4234 women and 6898 men. Eur Heart J 2005; 26:447–56.
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useful prognostic information in several clinical subsets, such 
as diabetics [21] and octogenarians [22] with SE negative for 
ischaemia, hypertensives [17], patients with intermediate coro-
nary stenosis [23], left bundle branch block [24], and normal 
coronary arteries [17,25,26]. However, the analysis of quartiles 
of CFR allows an even more effective prognostication [17,27]. 
Moreover, a normal CFR in both the LAD and the right coronary 
artery is associated with excellent survival in patients without 
stress-induced ischaemia, with only 0.7% yearly hard event-rate 
[18]. Anti-ischaemic medication does not affect the prognostic 
value of CFR, which is per se a prognostic marker independent 
of therapy [28].

Diagnostic flowcharts
Exercise electrocardiography (ExECG) remains the first-line 
diagnostic tool due to the high feasibility, excellent safety, ease 
of application, low cost, and high negative predictive value, 
similar to that of SE [29,30]. Accordingly, no further imaging 
test is warranted in low-risk patients with a maximal nega-
tive ExECG (% Fig. 15.4). At the other end of the spectrum, a 
high-risk ischaemic response at ExECG (i.e. positivity with an 
exercise time < 4 minutes, positivity with recovery > 8 minutes, 
> 3 mm of ST-segment depression, ST-segment elevation in 
the absence of Q waves, global ST-segment changes, associated 
hypotension, malignant arrhythmias) warrants direct coronary 
angiography (% Fig. 15.4). In patients unable to exercise maxi-
mally or with uninterpretable or ambiguous electrocardiogram 
as those with left bundle branch block or paced rhythm, and 
those with ST-segment depression greater than 1 mm, an imag-
ing technique is indicated and SE has to be preferred for logistic 
and economic reasons. SE is recommended in the European 

Limited coronary flow reserve
Coronary flow reserve (CFR) (defined as the ratio between peak 
diastolic blood flow velocity during hyperaemia and in the rest-
ing condition) may be obtained combining transthoracic pulsed 
wave Doppler assessment with vasodilator stress. Among vas-
odilators, dipyridamole has a longer vasodilatory effect than 
adenosine allowing dual flow and function imaging. In a study 
on 2089 patients, a CFR less than 1.91 was the best value for diag-
nosing greater than 75% stenosis of the left anterior descending 
artery (LAD) in both hypertensive and normotensive patients 
(sensitivity 87% and 89%, specificity 76% and 80%, respectively) 
[17]. However, CFR is of limited value as a stand-alone diagnostic 
criterion. In fact, it provides high 95% feasibility of LAD but 60% 
feasibility only of right coronary artery [18]. In addition, CFR 
cannot distinguish between micro- and macrovascular coronary 
disease. It is more interesting to assess its additional diagnostic 
value over conventional wall motion analysis. In a meta-analy-
sis on 741 patients undergoing dipyridamole SE, the sensitivity 
improved from 67% to 90% after the addition of flow informa-
tion of LAD while the specificity was reduced from 93% to 86% 
[19]. A CFR of LAD less than 2 is an independent predictor of 
mortality in unselected cohorts of patients, adding prognostic 
contribution over SE result [20] (% Fig. 15.3). Moreover, it yields 

Table 15.1 Stress echocardiography risk titration of an ischaemic test 
result

1-year risk (hard events) Intermediate High

(1–3% year) (> 10% year)

Dose/workload High Low

Resting EF > 50% < 40%

Anti-ischaemic therapy Off On

Coronary territory RCA/LCx LAD

Peak WMSI Low High

Recovery Fast Slow

Positivity or baseline dyssynergy Homozonal Heterozonal

CFR on LAD >2.0 <2.0

CFR, coronary flow reserve; EF, ejection fraction; LAD, left anterior coronary artery; LCx, 
left circumflex coronary artery; RCA, right coronary artery; WMSI, wall motion score 
index.

Table 15.2 Stress echocardiography risk titration of a non-ischaemic 
test result

1-year risk (hard events) Very low Low

(< 0.5% year) (1–3% year)

Stress Maximal Submaximal

Resting EF > 50% < 40%

Anti-ischaemic therapy Off On

CFR on LAD > 2.0 < 2.0

CFR, coronary flow reserve; EF, ejection fraction; LAD, left anterior descending.

Fig. 15.3 Kaplan–Meier survival curves in patients with known or suspected 
coronary artery disease separated on the basis of presence (+) or absence (−) 
of myocardial ischaemia at dipyridamole stress echocardiography (SE), and 
coronary flow reserve (CFR) of the left anterior descending artery < 2 or > 2. The 
best survival is observed in patients with no ischaemia and normal CFR, while 
the worst survival is observed in patients with ischaemia and impaired CFR. 
Modified from Heart, Cortigiani L, Rigo F, Sicari R, Gherardi S, Bovenzi F, Picano E, 95, 
1423–8, copyright notice 2009 with permission from BMJ Publishing Group Ltd.
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Left bundle branch block
Left bundle branch block makes the electrocardiogram uninter-
pretable for ischaemia and, therefore, stress imaging is necessary. 
The abnormal sequence of left ventricular activation determines 
increased diastolic extravascular resistance, with lower and 
slower diastolic coronary flow, accounting for the stress-induced 
defects often observed by MPI [39]. In spite of the difficulty posed 
by abnormal wall motion, SE is the best diagnostic option in left 
bundle branch block patients. It is more specific than MPI [39], 
and its sensitivity is good, albeit reduced in the LAD territory in 
the presence of a dyskinetic septum in resting conditions [40]. 
Moreover, myocardial ischaemia by pharmacological SE is an 
independent indicator of future hard events in patients with left 
bundle branch block, adding prognostic information to that of 
clinical and resting echo findings in patients without previous 
myocardial infarction [41].

Hypertensive patients
Arterial hypertension can reduce CFR through several mech-
anisms, including CAD, left ventricular hypertrophy, and 
microvascular disease [34]. The diagnostic value of ExECG and 
MPI has been very disappointing in the hypertensive population, 
due to a high rate of false-positive responses [34]. In hyperten-
sive patients, SE provides superior diagnostic specificity than 
ExECG with no difference in sensitivity [33]. Moreover, it is more 
accurate than MPI to assess CAD in patients with ExECG posi-
tive for ischaemia [42]. The prognostic value of stress-induced 
wall motion abnormalities is strong and extensively documented 
in hypertensive patients with suspected CAD [43] as well as in 

Society of Cardiology guidelines in patients with intermediate 
probability of significant CAD (Class I, level of evidence A). SE 
is also indicated in patients with ExECG positivity at intermedi-
ate to high load [31], patients with negativity in the presence of 
chest pain, and patients in whom ST-segment changes during 
exercise can often occur in the absence of true ischaemia, such 
as women [32], hypertensives [33], patients with left ventricular 
hypertrophy [34], and those treated by digitalis. Ischaemia at SE 
identifies subjects at higher risk in whom coronary angiogra-
phy is warranted (% Fig. 15.4). Conversely, a non-ischaemic SE 
identifies patients at low risk [10–14] in whom a further effec-
tive prognostication can derive from the analysis of CFR of LAD 
[19–22].

Specific clinical subsets
Women
The diagnostic specificity of ExECG and MPI is lower in women 
than in men. The explanation for this includes reduction of CFR 
in syndrome X (mostly affecting female patients), hormonal influ-
ences for ExECG, and breast attenuation for MPI. In contrast, SE 
provides similar sensitivity but a better specificity as compared to 
ExECG [32] and MPI [35]. The prognostic value of SE in women 
is high, similar to that in men [10,36]. In patients with chest pain 
of unknown origin, a normal test is associated with a lower than 
1% hard event-rate at 3 years of follow-up, while an ischaemic test 
is an independent prognostic predictor [37]. Moreover, stress-
induced ischaemia adds incremental prognostic value on top of 
clinical and ExECG data [38].

Unfeasible Inconclusive
ST depression in HPT,
women, LVH, digitalis

Stress-echo

ExECG

Low risk
Medical therapy

High risk
Angiography

Exercise time <4 min
ST depression ≥3 mm

ST elevation
Slow recovery

Submaximal
Uninterpretable

–

–

? ± +

+

Fig. 15.4 In stable patients with known or suspected coronary artery disease, the diagnostic algorithm should start with the exercise electrocardiography 
test: a negative test result is associated with an extremely good prognosis while a response of severe ischaemia warrants coronary angiography without further 
investigations. In patients unable to exercise or with ambiguous or uninterpretable results during exercise electrocardiography or patients in whom exercise is 
contraindicated or submaximal, stress echocardiography is an excellent choice. A normal stress echocardiography identifies a low-risk group, while an ischaemic 
finding warrants a more aggressive therapeutic approach.
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than 20% [49], have a better outcome with aortic valve replace-
ment than with medical therapy [50]. In symptomatic patients 
with mild degenerative mitral regurgitation, exercise SE may 
determine whether the severity of mitral regurgitation increases 
or pulmonary arterial hypertension develops during exercise 
[48]. In asymptomatic patients with severe mitral regurgitation, 
increase in pulmonary arterial pressure, impaired exercise capac-
ity, and the occurrence of symptoms during exercise SE are useful 
findings for identifying high-risk patients who may benefit from 
surgery [50–52]. The magnitude of ischaemic mitral regurgitation 
varies dynamically in accordance with changes in loading con-
ditions, annular size, and the balance of tethering versus closing 
forces applied on the mitral valve leaflets. Exercise SE can unmask 
haemodynamically significant ischaemic mitral regurgitation, 
identifying patients at higher risk. In particular, an increase in 
the effective regurgitant orifice area of 13 mm2 or more or in the 
systolic pulmonary arterial pressure of greater than 60 mmHg at 
peak exercise is predictive of increased morbidity and mortality 
[53]. Dynamic ischaemic mitral regurgitation can contribute to 
the development of acute pulmonary oedema [54].

Hypertrophic cardiomyopathy
SE can play a key role in patients with hypertrophic cardio-
myopathy, identifying high-risk stress-induced wall motion 
abnormalities dictating revascularization [55], intermediate-risk 
reduction in CFR warranting aggressive medical therapy [56], 
intermediate-risk patients with intraventricular gradients most 
likely to benefit from beta-blockade [57], and low-risk patients 
with none of these features.

Conclusion
SE is an increasingly used clinical tool in many clinical settings. 
Exercise or pharmacological stress is applied for the diagnosis 
of CAD, functional evaluation of intermediate stenosis, identi-
fication of myocardial viability, and risk stratification. ExECG 
is also useful in the assessment of valvular heart disease, hyper-
trophic cardiomyopathy, and pulmonary hypertension. The 
technique plays an important role in the clinical arena of car-
diac patients.

unselected patient populations [11]. The incremental prognostic 
value of SE result over clinical and ExECG findings has also been 
proven [30].

Diabetic patients
ExECG is of limited value in diabetic patients because exercise 
capacity is often impaired by peripheral vascular disease, neuro-
pathic disease, and obesity. In addition, test specificity is less than 
ideal due to a high prevalence of hypertension and microvascular 
disease. SE can play a key role in identifying high-risk diabetic 
patients, providing similar diagnostic [44] and prognostic infor-
mation in individuals with and without diabetes, independently of 
age [45]. Furthermore, SE allows effective risk assessment both in 
diabetics and non-diabetics with intermediate to high ischaemic 
threshold with ExECG [31]. However, a normal test is associated 
with more than a twofold annual hard event-rate in the diabetic 
population [45].

Non-cardiac vascular surgery
Risk stratification before vascular surgery is a major issue as 
CAD is the leading cause of perioperative morbidity and mor-
tality. Dipyridamole and dobutamine SE have a very high and 
similar negative predictive value (from 90% to 100%), allowing 
a safe surgical procedure [46]. To date, it appears reasonable to 
perform coronary revascularization before vascular surgery in 
the presence of a markedly ischaemic SE [47]. Stress imaging is 
recommended before high-risk surgery in patients with three or 
more risk factors.

Valvular heart disease
Patients with severe aortic stenosis and left ventricular dysfunc-
tion may present with an aortic valve area less than 1 cm2 but a 
low-mean pressure gradient (< 40 mmHg). In these patients, 
assessing the transvalvular pressure gradient and aortic valve 
area in the resting condition and during low-dose dobutamine 
stress may allow to distinguish between true severe stenosis and 
coexistence of moderate stenosis and cardiopathy [48]. Patients 
having true severe aortic stenosis and functional reserve, defined 
as the ability to increase stroke volume with dobutamine by more 
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CHAPTER 16

Lung ultrasound
Luna Gargani and Marcelo-Haertel 
Miglioranza

Principles
Assessment of the lung has been traditionally considered off limits for ultrasound, since 
air is a well-known foe of the ultrasound beam. The only established chest application of 
sonography is the assessment of pleural effusion. In recent years, ultrasound examination 
of the pulmonary parenchyma has been proposed as a new technique to detect many pul-
monary conditions beyond pleural effusion, from extravascular lung water (EVLW) and 
pulmonary fibrosis to lung consolidations and pneumothorax (PNX) [1].

The lung ultrasound (LUS) semiotics is relatively easy. In an aerated lung, the only structure 
that can be depicted is the pleura, appearing on the screen as a hyperechoic horizontal line 
that moves synchronously with respiration. This rhythmic movement is called lung sliding and 
provides a visual estimation of the pulmonary excursions during ventilation. Hyperechoic 
horizontal lines arising at regular intervals from the pleural line, called A-lines, are also part 
of the sonographic pattern of the normal lung (see % Fig. 16.1 and z Video 16.1).

When the air content decreases because the pulmonary interstitium is pathologically 
occupied, as in the case of interstitial pulmonary oedema, the acoustic mismatch between air 
and the surrounding tissues changes, and some hyperechoic vertical reverberation artefacts 
are generated. They are called B-lines (or ultrasound lung comets) and are the sonographic 
sign of the pulmonary interstitial syndrome (see % Fig. 16.2 and z Video 16.2).

When the air content further decreases, the acoustic window on the lung becomes 
completely accessible, and the lung may be directly visualized as a solid parenchyma, like 
the liver or the spleen (see % Fig. 16.3 and z Video 16.3). This is the case of lung consoli-
dations, as in pneumonia or pulmonary infarctions.

LUS can be performed using a variety of sonographic transducer: higher frequencies 
are optimal for the evaluation of the pleura and subpleural space (i.e. PNX and small 
subpleural consolidations); lower frequencies should be preferred for the evaluation of 
pleural effusion and interstitial syndromes. Visualization of lung consolidations depends 
on their size, with larger consolidations better visualized by lower-frequency probes and 
vice versa. The convex probe is the most versatile transducer. However, the possibility of 
performing LUS rapidly with different types of transducers is one of the advantages of the 
technique; in the case of emergency, especially for B-line assessment, the sonographer 
should not give up on scanning a patient just because the ‘ideal’ probe is not available [2].

The probe should be positioned on the chest in the intercostal spaces, avoiding the ribs. 
The patients can be scanned in any position. In the setting of chronic patients, the scanning 
technique should be comprehensive, including the anterior, lateral, and dorsal chest. In 
the case of emergency with critically ill patients, a clinically driven, focused examination 
is advised. LUS is very suitable for a point-of-care approach, and adding LUS informa-
tion to integrated multi-organ ultrasonography that can include the heart, inferior vena 
cava and other vessels, abdomen, and brain can be extremely effective and time-saving. 
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Indications
Pulmonary interstitial syndrome
Patients with heart failure may show different degrees of EVLW. 
LUS allows a real-time and easy visualization of pulmonary con-
gestion by imaging B-lines, which can be useful in both acute and 
chronic conditions. Patients with acute cardiogenic pulmonary 
oedema invariably show multiple, diffuse bilateral B-lines that 
can aid in the differential diagnosis of cardiogenic versus non-
cardiogenic dyspnoea. The absence of multiple bilateral B-lines 
excludes cardiogenic pulmonary oedema with a negative predic-
tive value close to 100% [3]. Since B-lines can be dissolved by an 
acute diuretic load, they may be a useful bedside tool to monitor 
in a real-time fashion diuretic therapy [4] or dialysis response [5], 
both in inpatients and outpatients [6]. A higher number of B-lines 
is related to a worse prognosis, both in heart failure and dialysis 
[7]. Portable machines and pocket-sized devices have also been 
proposed for assessing B-lines, as well as pleural effusion [8]. In 
patients with interstitial pulmonary fibrosis, B-lines should not be 
employed to detect interstitial pulmonary oedema, since fibrosis 
can also yield B-lines, although often associated with a thickening 
of the pleural line [9].

On the cardiology ward, enriching the echocardiographic find-
ings with LUS data significantly enhances the specificity of LUS, 
and on the other hand completes the cardiac and haemodynamic 
evaluation with direct visual perception of EVLW and the degree 
of compensation [2].

Fig. 16.1 Sonographic pattern of the normal lung with hyperechoic horizontal lines (A-lines) at regular intervals from the pleural line.
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‘A’ Line

‘A’ Line

Fig. 16.2 Sonographic pattern of the pulmonary interstitial syndrome with multiple hyperechoic vertical lines (B-lines, indicated by white arrows).
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Fig. 16.3 Sonographic assessment of the right costophrenic angle showing a 
lung consolidation of the pulmonary base.
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sliding may also be found in patients without PNX [12]. Also, 
B-lines and the lung pulse (the subtle rhythmic movement of the 
lung upon the parietal pleura, synchronous with cardiac beats) 
are always absent in PNX [13]. An easy step-by-step sono-
graphic algorithm has been proposed to diagnose/exclude PNX 
by LUS [1].

Lung consolidations
LUS is able to clearly show any lung consolidations that reach the 
pleura, whereas the presence of air between the probe and the 
consolidated lung prevents its sonographic visualization. Lung 
consolidations may be due to many different causes including 
infection, pulmonary embolism, lung cancer and metastasis, com-
pression or obstructive atelectasis, and lung contusion [1].

In patients with pleuritic chest pain, the examination should 
start from the painful chest area; if the cause of the pain is a con-
solidation, it will be imaged by ultrasound right below the plural 
line. LUS may also be employed in the follow-up of consolida-
tions, especially in pneumonia: with appropriate therapy, lesions 
decrease in size or number, or disappear with a course comparable 
to that shown by chest X-ray [14].

Conclusion
Sonographic detection and semiquantification of EVLW by scan-
ning the lungs is a promising new application of ultrasound, 
which can be employed at all stages of the management of heart 
failure patients. LUS can further help in the diagnosis of other 
pulmonary conditions that may be challenging in a cardiology or 
cardiothoracic surgery department. Adding LUS findings to echo-
cardiography may help to differentiate the main causes of acute 
dyspnoea.

Acute respiratory distress syndrome
Acute respiratory distress syndrome (ARDS) is a common and 
life-threatening clinical syndrome characterized by diffuse lung 
injury with inflammatory pulmonary oedema. Differential diag-
nosis between acute cardiogenic pulmonary oedema and ARDS 
can be challenging, especially immediately after cardiac surgery. 
The presence of multiple B-lines characterizes both conditions. 
However, there are some sonographic patterns that may help in 
differentiation: a coarse appearance of the pleural line, the spared 
areas (defined as areas of normal lung pattern surrounded by 
areas of multiple B-lines), and multiple subpleural consolida-
tions, which can be seen in ARDS but are usually not visible in 
cardiogenic pulmonary oedema, unless massive alveolar oedema 
is present (see % Fig. 16.4 and z Video 16.4).

Pleural effusion
Identification of pleural effusion is the most well-established 
application of LUS [1]. Effusions should first be sought in depend-
ent zones of the chest. It is possible to use LUS to differentiate a 
pleural effusion from atelectasis, consolidations, masses, or an ele-
vated hemidiaphragm, that sometimes can barely be distinguished 
on a chest X-ray. LUS images pleural effusion as an anechoic or 
hypoechoic space between the two pleural layers, with the lung 
appearing either aerated or consolidated (see % Fig. 16.5). In criti-
cally ill patients LUS has a better sensitivity than bedside chest 
X-ray to detect pleural effusion [10].

Pneumothorax
A basic and initial step for the sonographic diagnosis of PNX is 
the absence of lung sliding, because the physical acoustic enemy 
(air) is between the two pleural layers. The presence of lung slid-
ing allows PNX to be ruled out [11], whereas absence of lung 

Fig. 16.4 Typical sonographic pattern of ARDS: multiple B-lines with 
subpleural consolidations (white arrows).

Fig. 16.5 Sonographic assessment of the costophrenic angle showing pleural 
effusion.
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CHAPTER 17

Digital echocardiography 
laboratory
Reidar Bjørnerheim, Genevieve Derumeaux, 
and Andrzej Gackowski

Digital imaging: principles and equipment
Background
Modern ultrasound machines are based on digital techniques, both in image acquisition 
and handling, while the early machines were analogue in image processing and image 
output, usually to video tape. The first digital media that both stored the images without 
deterioration over time and enabled finding the right echo-study in acceptable time, were 
magneto-optical (MO) disks. They combined magnetic recording, as in digital video tape, 
and optical, as in rewritable computer disks (RW-CD). The reviewer could access any part 
of the study at any time (random access). Both the disks and the necessary machinery 
were relatively slow, expensive, and required a physical archive.

Only when the ultrasound machines were connected with work stations in a computer 
network were the benefits of digital imaging fully appreciated. At first, many laboratories 
formed their own networks, with an on-site work station as the file server. These networks 
were dedicated to handling echocardiography, and many of them had no automatic back-
up of images, due to the large volumes of data. It soon became obvious that a remote file 
server was superior, especially as the cost of the hardware decreased, while server perfor-
mance and bandwidth increased. From then on, the hospital IT departments had to be 
involved. The ordinary switched hospital computer network was sufficient, and the server 
could be situated anywhere [1]. Now, information security could be in focus, since it was 
possible to organize automatic back-up of images, measurements, and reports. At first, 
back-up was based on digital tape, but currently, most back-up is based on disks in RAID 
(Redundant Array of Independent Disks), since such technology has plummeted in cost, 
the stored data are more easily accessed, and double storage allows data recovery in case 
of disk failure. It has become routine practice to divide the storage in a near archive, with 
almost instant access to the most recent recordings, and a remote archive, with delayed 
access. % Table 17.1 compares some storage systems.

Storage format
Machine vendors deliver their own proprietary formats of digital output, allowing for 
post-processing and analysis of their own studies in work stations and office comput-
ers with the same flexibility and quality as during the image acquisition on the echo 
machine. These proprietary data cannot be analysed in other vendor’s software. Also, the 
data volume can be huge, more than 1 GB for a comprehensive study. For routine work, 
there are many reasons for using a standardized protocol. Over the last two decades, the 
DICOM (Digital Imaging and Communications in Medicine) has become the protocol of 
choice for echocardiography, as it is for radiology and electrocardiography (ECG) [2,3].  
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while allowing for a ‘semi-modern’ solution of transfer by CD or 
DVD.

Digital echo laboratory: organization 
and cost-effectiveness
Several institutions have published their experiences with the 
transition from analogue to digital lab [5,6]. The digital lab should 
be run differently from the traditional lab, with increased auto-
mation and less handling of paper. Any manual entering of data 
should occur only once, with the highest possible degree of re-use. 
Patient demographics are preferably obtained from the hospital 
information system, reducing error from misspelling [7]. Most 
echocardiographic studies are pre-planned, with emergencies in 
between. The digital lab must be able to handle both paper referrals 
and digital booking. The booking can be handled by the hospital 
patient administrative system, or by the echo-lab programme. 
When the examination is finished, data required for billing and so 
on should be returned to the hospital information system.

See % Fig. 17.1 for an overview of a high-level conceptual 
workflow diagram for a state-of-the-art digital lab, with a vendor-
independent ‘Echo Solution’ as the hub. It is integrated with the 
hospital information system, the storage system, and the ultra-
sound machines.

The digital lab is currently cost-effective both in small and 
large organizations. In a sonographer-based lab, the ultrasound 
machines can be used by alternating sonographers, one examin-
ing a patient while the other reports and communicates with the 

All major vendors deliver DICOM data from their machines, 
albeit with some individual differences both between brands and 
between generations of each brand. There is agreement that data 
can be compressed at least 20:1 without loss of information, sav-
ing transfer time and cost [4]. Embedded in the DICOM format 
is information on patient demographics, administrative data on 
the study, calibration information allowing direct measurements, 
and so on. The format does not, however, allow the user to post-
process advanced echo techniques, such as speckle tracking and 
three-dimensional echocardiography. These are handled differ-
ently by each vendor. Therefore, the network solution should have 
the possibility to include software plug-ins from different vendors 
to allow for analysis of these proprietary formats, since this is 
impossible in the DICOM environment as such. This is secured by 
the ‘RAW-DICOM’ storage. The downside of this is that the stored 
data volume increases considerably, compared to pure DICOM 
data. Echo data can be stored in dedicated Echo-PACS or in the 
PACS (Picture Archiving and Communication System) used for 
radiology. Even the latter systems often support the RAW-DICOM 
format. See % Table 17.2 for comparison between formats.

No clinical data should be stored in the ultrasound machine 
after the study has been transferred to the network, to avoid the 
possibility of working on different data sets in the same patient, 
and for data safety reasons.

Digital data sets can be stored and copied without loss of infor-
mation. This facilitates transfer of relevant information when 
patients are referred to another institution or healthcare level. The 
receiving institution will be able to view and analyse the studies. 
Preferably, this transfer of images should occur along secure net-
works, but national data security regulations may prohibit this, 

Table 17.2 Vendor-specific format vs DICOM

Vendor specific DICOM RAW-DICOM

Data format Proprietary for each brand only Standardized, available for different 
software

Standardized, with proprietary format 
included

Advanced analysis Vendor dependent No analysis of vendor-specific 
techniques

Analysis by vendor-dependent 
software

Measurements from echo machine Transferred to vendor-specific 
software

Mostly transferred, depending on 
compatibility

Mostly transferred, depending on 
compatibility

Access from other image systems No Enabled Enabled

File size Big Small Big

Data transfer Varying: visible (time-consuming) or 
in the background

DICOM spooler (in the background) DICOM spooler (in the background)

Table 17.1 Examples of storage media for echocardiography

Image quality Availability for 
multiple users

Retrieval speed Archiving Backup Data security

Video tape Limited No Slow Physical Manual, lossy No

MO-disk Lossless, proprietary format No Intermediate Physical Manual, lossless No

Local server Depending on format Yes, in the laboratory High Automatic Automatic User identification

Network server Depending on format Yes High Automatic Automatic User identification
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for connecting the ultrasound machines. The implementation 
may be time-consuming to make sure that errors are eliminated 
before launching the system.

Image analysis and post-processing
Traditionally, image analysis and measurements have been made 
on the ultrasound scanner. Because such measurements may 
affect how the examination develops, this should be an option in 
the digital lab, and the measurements should be transferred to the 
echo report. Additional offline analysis must be permitted by the 
system, combining the measurements into the report. Guidelines 
are published for which type of recording should be made for 
adult cardiology, paediatric cardiology, stress echocardiography, 
and so on [8–10].

The digital lab offers particular advantages in the ease of picking 
the right clips for presentation in clinical decision meetings with 
the heart team. Similarly, putting together examples is simplified 
for presentations in education, publications, and so on. Centralized 
storage of compressed data permits viewing and analysis of images 
from multiple work-stations, enabling the involvement of col-
leagues in different locations, even outside the hospital, making 
tele-consultations and tele-education possible [11]. Solutions 
have been developed that permit synchronous display of the same 

cardiologist. The report is made without the need for dictation and 
typing by secretaries, since much of the report is directly organ-
ized through the lab system. For doctors in training, the digital 
lab makes feedback and adjustments from supervising cardiolo-
gists easier and quicker, since it can be obtained from colleagues in 
distant locations. For clinicians, also non-cardiologists, the ability 
to view echo-studies of their own patients through web solutions 
in ‘read-only’ mode is highly appreciated. This should be accessi-
ble for authorized personnel from any web-reader in the hospital 
network, without the need for installing specific software. Some 
electronic patient journal (EPJ) systems offer the possibility to 
open a web viewer from within a specific patient’s journal, giving 
access to the echo study of that patient.

The smallest lab, with a single or just a few machines, usually 
from one vendor, may use digital archiving and analysis from this 
vendor or use a more limited DICOM system. Even this small-
scale system is superior to the video-based lab.

This field is full of technical terms that may scare off even the 
most committed echocardiographer. For those planning to estab-
lish a state-of-the-art digital lab, see % Box 17.1 for a list of items 
that should be discussed with the vendors. The procuring team 
must include responsible representatives from the echo lab, the 
local IT department, the hospital information system administra-
tion, as well as IT specialist implementing the given echo network 
software. Technicians working for each vendor may be required 

Fig. 17.1 High-level conceptual workflow diagram for digital echo lab fully integrated with the hospital information system (HIS), which serves as the master system 
for patient demographics and scheduling of echocardiographic examinations through the patient administrative system (PAS). The report is returned to HIS to be 
integrated with the electronic patient journal (EPJ). These information exchanges are achieved through Hospital Level 7 (HL7) standards. The vendor independent 
software based digital lab system (arbitrarily named ‘Echo Solution’) is communicating with different brands of ultrasound machines through the DICOM standard 
to make the current work list available at the scanners, store the images, and measurements with automated backup. Through modality performed procedure step 
(MPPS), a complementary service to modality worklist, the ultrasound machine acquires information on the patient at the start of the examination, and at the end 
sends a report about a performed examination including data about the images acquired, beginning time, end time, duration of the study, etc. This message triggers 
reporting, provides data for billing, etc. Through secure web communication, analysis and reporting can occur at any designated PC in the organization.
Sources: Noumeir R. Benefits of the DICOM modality performed procedure step. J Digit Imaging 2005; 18:260–9. Evangelista A, Flachskampf F, Lancellotti P, Badano L, Aguilar R, 
Monaghan M, Zamorano J, Nihoyannopoulos P. European Association of Echocardiography recommendations for standardization of performance, digital storage and reporting of 
echocardiographic studies. Eur J Echocardiogr 2008; 9:438–48. Douglas PS, Hendel RC, Cummings JE, Den JM, Hodgson JM, Hoffmann U, Horn RJ, Hundley WG, Kahn CE, Martin GR, 
Masoudi FA, Peterson ED, Rosenthal GL Solomon H, Stillman AE, Teague SD, Thomas JD, Tilkemeier PL, Weigold WG. 
ACCF/ACR/AHA/ASE/ASNC/HRS/NASCI/RSNA/SAIP/SCAI/SCCT/SCMR Health Policy Statement on Structured Reporting in Cardiovascular Imaging. Circulation 2009; 119:187–200. 
Frommelt P, Gorentz J, Deatsman S, Organ D, Frommelt M, Mussatto K. Digital imaging, archiving, and structured reporting in pediatric echocardiography: impact on laboratory 
efficiency and physician communication. J Am Soc Echocardiogr 2008; 21:935–40.
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reports, depending on the circumstances. One should therefore 
make a set of reports corresponding to the needs in the lab, allow-
ing for different sets of measurements to be included in the report. 
In many instances, more data are collected than is necessary in the 
final report. The excess data should be stored in the echo system, 
as they may come in handy in database searches, categorization 
of groups of patients, or in further diagnostics of the individual 
patient.

The reporting system should be flexible in many respects:

◆	 Flexibility to produce individual report designs, preferably by 
system administrators within the laboratory.

◆	 Flexibility to choose which measurements that should automat-
ically be shown in the report.

◆	 Allow for measurements on the ultrasound machine, during or 
after the patient examination, to be directly transferred to the 
report.

◆	 Allow for measurements to be made on dedicated network com-
puters after the examination, either as supplemently to those 
performed during examination or as the only measurements.

◆	 Allow for storage in a searchable database measurements, diag-
noses, key findings, involved personnel, machine identity, etc. 
for the purposes of research, education, analysis of the labora-
tory activity, etc.

images on several computers located anywhere in the world. The 
consultants may discuss them while pointing at details by cursors, 
as well as performing measurements and analyses.

The system should offer data mining capabilities, enabling indi-
vidualized searches for number and type of studies for any doctor 
in training, finding patients with measurements within certain 
ranges, with flexibility in how to set up the database search. This is 
facilitating both research and quality control. Video export should 
be in standard formats, like AVI or MPEG. Still frames should be 
in JPEG. Presentation of anonymous images should be available.

Some current lab systems aim at fully integrating cardiac imag-
ing, whether it is echocardiography, angiography, computed 
tomography (X-ray computed tomography), or magnetic reso-
nance imaging, into a common storage, analysis, and presentation 
system. This is a great step forward to comprehensive analysis 
and decision-making for the best for the patient, and is in line 
with the process creating the integral organization, the European 
Association of Cardiovascular Imaging.

Computerized reporting of echo studies
Computerized reporting allows for production of structured echo 
reports. Most studies are routine, and can be reported correspond-
ingly. The system must, however, allow for individually made 

Box 17.1 Key customer CTQs (critical to quality) for the ‘Echo Solution’

◆	 Comprehensive HL7 support: v.2.x (ORM, ADT, ORU, MDM, QRY) and v.3 (these are specific routines within HL7)
◆	 DICOM modality worklist provider
◆	 DICOM server
◆	 Preserve private DICOM tags (typically ‘raw data’ from ultrasound vendors)
◆	 Import and handling of DICOM SR objects
◆	 Web-based work-station
◆	 Vendor neutral solution, should also handle specific proprietary data from different ultrasound vendors
◆	 Flexible application programming interface (API) for integrating advanced analysis modules from different vendors. For example, 

EchoPAC (GE), QLAB (Philips), eSie Apps (Siemens), TomTec, etc.
◆	 Structured reporting with flexible customizable template-based reporting system
◆	 Data mining. Customers can create their own queries.
◆	 Built-in offline analysis for routine echo, 2D, M-mode and Doppler spectrum measurements
◆	 Can be extended to handle other cardiology modalities, like ECG, Cath, MRI, CT
◆	 Electronic signoff/approval of echo reports
◆	 Approved echo reports automatically sent to HIS
◆	 Security features: audit logs, user differentiated access to patient data, MS active directory for authentication, etc.
◆	 Industry standard IT environment, MS Windows Server 2008/2012, IIS, MS Windows for client PCs, MS Internet Explorer, MS SQL 

Server 2008/2012, Virtual servers, Citrix, SAN (Storage Area Network), etc.
◆	 Customizable work list on the workstation, quick access to the relevant studies to be reviewed.
These are technical terms that may frighten clinicians. When acquiring the software-based ‘Echo Solution’; however, these points are 
important, and may help in selecting which system is the best for the institution. This process requires close cooperation between the 
clinician, the responsible specialists for the clinical information system, computer network, etc.
(ADT, Admission-Discharge-Transfer; DICOM SR, DICOM Structured Report; MDM, Medical Document Manager; MS, Microsoft; ORM, Order Request 
Message; ORU, Unsolicited Transmission of an Observation; QRY, Queries within HL7.)
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with lab systems, ECG, radiology, and ultrasound. Here, the echo 
report should find its proper position.

Conclusion
The digital lab used to be the future, but the future is now. It may 
be demanding in the establishing phase, but the ease of storing and 
retrieving studies, safe back-up, the preserved image quality, the 
time saving, semi-automated and structured digital echo report, 
the integration with hospital information systems and EPJ, and the 
immediate access to the finalized and approved report, makes the 
effort of establishing the digital lab absolutely worthwhile.

◆	 Simplicity in finding and demonstrating key images or cine 
loops during staff meetings, meetings with surgeons and inva-
sive cardiologists, etc.

◆	 Any information should be entered or measured only once, to 
be reused when appropriate.

◆	 For research purposes, to allow for anonymous storage and 
analysis of ultrasound data.

The finalized and approved report should automatically be inte-
grated in the patient journal. The paper-based journal is losing 
ground to the EPJ. These exist at different levels of sophistication, 
from a collection of texts where external information is scanned 
in, to advanced systems where structured texts are integrated 
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CHAPTER 18

Left ventricle: morphology 
and geometry
Peng-Fei Zhang, Yun Zhang, and  
Siew Yen Ho

Summary
Most of the left-lateral and diaphragmatic surface of the heart is formed by the left ven-
tricle (LV), also forming a large part of the apex. It is located left posterior to the right 
ventricle and left anterior-inferior to the left atrium. The myocardium in the wall of the 
LV is approximately two to three times thicker than that of the right ventricle. The base of 
the LV chamber is occupied by the left atrioventricular orifice and the aortic orifice which 
are located closely. The former is positioned posteriorly and to the left. The aortic orifice is 
to the right-anterior and slightly superior to the left atrioventricular orifice. Functionally 
speaking, the LV receives blood from the left atrium and pushes it into the systemic circu-
lation. Thus, the chamber can be divided into inflow and outflow tracts, separated by the 
anterior leaflet of the mitral valve (see % Fig. 18.1).

The inflow tract
The hallmark of the inflow tract of the LV is the mitral (bicuspid) valve apparatus, com-
posed of annuals, one bicuspid or mitral valve, chordae tendineae, and papillary muscle. 
Annulus fibrosus, originating from the cardiac skeleton, supports the posterior and lateral 
two-thirds of the annulus. The remaining medial third is supported by attachment to the 
left atrium and fibrous support to the aortic semilunar valve.

The LV is grandly architected with trabeculae muscles very well represented, connecting 
the bases of the papillary muscles both amongst themselves and with the ventricular walls. 
There are two distinct papillary muscles of the LV, the anterior and posterior papillary 
muscles. The anterior one is typically slightly larger than the posterior one, and each papil-
lary muscle consists of a major trunk that often has multiple heads from which extend the 
chordae tendineae (see % Fig. 18.1). There also exist false chordae which start from the ven-
tricular walls and end in the ventricular walls. Each set of the papillary muscles is arranged 
paralleled to the long axis of the LV. The close of the valve surfaces is caused by vortexes that 
approach behind the leaflets and tension exerted by the chordae tendineae and papillary 
muscle. This kind of tension can also hold the mitral valve leaflets, being bulged towards 
the atrium, from prolapsing throughout the contraction. In the open position, the leaflets 
and commissures are in an oblique plane roughly parallel to the interventricular septum.

It should be pointed out that the spatial descriptions of the two sets of papillary muscles 
have been made with the heart opened on its obtuse aspect and with the apex pointing 
down [1]. If reorienting the heart as it should be in the thoracic cavity (i.e. its long axis to 
the left and inferiorly), the anterior papillary group is in fact superior, mural, and to the 
left, and the posterior papillary group is inferior, septal, and to the right.
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to the basal loop. The helix angle changes continuously from sub-
endocardium to subepicardium, varying between ± 60°. Although 
it is debated whether the myocardium is a unique intact muscle 
band originating from the pulmonary artery and terminating 
at the aorta, the spiral geometry of the LV is well accepted and 
evidenced capable of developing functional reality by multigated 
imagery in vivo [3]. In contrast to the traditional understanding 
of the activity of the myocardium, that is, constricting to narrow 
and eject, dilating to widen and fill, the double helix formation of 
the LV anatomy guarantees four fundamental motion of the myo-
cardium. The initial motion is the contraction of the basal loop 
to form a stiffer shell muscle to constrict or narrow the LV. This 
motion corresponds to the isovolumetric phase of systole. The 
next motion is the contraction of the descending band, leading 
to the clockwise and counterclockwise twisting downwardly from 
the base to the apex. This torsion causes the myocardial fibres to 
shorten and thicken, and causes ejection. Shortly after the activa-
tion of the inner band, the ascending loop starts contraction and 
lasts beyond the contraction of the descending loop. This results in 
twisting and thickening in an opposite direction, which partially 
contributes to the ejection. When the contraction of the descend-
ing bands stops, the contracting ascending band becomes more 
longitudinal to lengthen the LV, creating an avenue for suction 
(see % Fig. 18.2). The last motion is the repose to allow LV filling 
during the remainder of diastole.

From the apical view, the LV holds the cone shape with an apex 
and the spiral myocardial fibres. This vortical formation also con-
tributes to the systolic efficiency. As the long axis shortens, septal 
and lateral sides move in concert, while the apex keeps relatively 
stationary. The base of the heart acts like a piston. With the angu-
lation proceeding to the apex, 15% shortening of each myocyte 
can create about 60% ejection fraction. Conversely, transverse ori-
entation which dominates in the basal loop produces only 30% 
ejection fraction [4]. The dense oblique transmural netting of 
the myocardium within its connective tissue matrix arranged in 

The outflow tract
The outflow tract of the LV, also called the aortic vestibule or sub-
aortic area, is a narrow cavity with the interventricular septum as 
the anterior wall, the anterior cusp of the mitral valve as the pos-
terior wall, and the aortic orifice as the outlet. The free margin of 
the anterior cusp of the mitral valve along with the zone of the 
interventricular septum opposite to this margin can divide the 
ventricular cavity into a lower reception compartment or inflow 
tract (with irregular walls due to the presence of the trabeculae 
muscles) and a upper ejection compartment or outflow tract (with 
walls relatively smooth due to the absence of trabeculae muscles). 
During diastole, the axes of inflow and outflow tracts can intersect 
at 30° as a ‘V’ with the tip pointed to the apex. During systole, 
the two tracts are merged into one compartment for blood ejec-
tion. Haemodynamically, the outflow tract changes the direction 
of blood flow upwards and to the right. The terminal of the outflow 
tract serves as a transversal floor (in respect to the blood flow axis) 
to facilitate the ejection [2].

Double helix formation of left ventricle 
myocardium
The helix formation of the heart was first reported in the 1660s as 
having an apex and two spiral bands looped at the apical vortex. 
In an upside-down view, the apical vortex was surrounded by the 
buttress of the basal loop, resembling the classical Gothic dome. 
The fibres of the basal loop, occupied the base and upper septum, 
were oriented transversely, while fibres in the two helical bands 
run oblique from mid-wall to apex. The band in the subendocar-
dium is a right-handed or counterclockwise helix, descending 
from the basal loop to the apex, and the band in the subepicar-
dial is a left-handed or clockwise helix, ascending from the apex 
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Fig. 18.1 Internal architecture of left ventricle.



references 125

Society of Echocardiography guidelines to evaluate the morphol-
ogy of the LV [7]. Linear measurements of LV internal dimensions, 
septal and posterior wall by M-mode, anatomical M-line or two-
dimensional (2D) imaging from the parasternal long-axis view at 
the level of the LV minor axis, are widely used for estimation of 
LVM with the prerequisite of symmetry and the assumption that 
the major/minor axis ratio is 2:1. However, dilation of the LV may 
distort the cavity shape and set a limit to the cube formula. In this 
case, a 2D method based on the area–length formula and the trun-
cated ellipsoid model is not a good alternative due to its inherent 
shape assumption. Three-dimensional echocardiography is highly 
recommended in the remodelled LV, obviating the assumption 
regarding the shape and the distribution of wall thickening. The 
LVM index, mostly indexed to body surface area, allows compari-
son in populations with different body size. The sphericity index 
(SI), the ratio between the greater cross-sectional and longitudinal 
diameters of the LV in end-diastolic apical four-chamber view, is 
able to reflect the ellipsoidal shape. As the SI diverges from the nor-
mal value of 0.5 to 1, the LV can be changed to a spherical shape. 
Another index reflecting the LV morphology is the relative wall 
thickness (RWT), a ratio widely accepted as double thickness of the 
posterior wall to the internal diameter at end-diastole.

Traditionally, the changes of LV geometry can be classified into 
concentric hypertrophy (normal cavity size, increased LVM, and 
RWT > 0.42), eccentric hypertrophy (increased cavity size and 
LVM, and RWT ≤ 0.42), and concentric remodelling (normal or 
small cavity size, normal LVM, and increased RWT) [7]. In order 
to overcome the limitation of the classic categories for suboptimal 
categorization of dilated LV, a new subdivision has been proposed 
based on LVM, LV volume, and RWT [8]. The non-dilated ventri-
cle (RWT > 0.42) is characterized as having normal morphology, 
concentric remodelling, or concentric hypertrophy. The dilated 
ventricle without LV hypertrophy is categorized into eccentric 
remodelling (RWT < 0.32). The dilated ventricle with hypertro-
phy is described as eccentric hypertrophy (RWT < 0.32), mixed 
hypertrophy (RWT > 0.42), and physiological hypertrophy (RWT 
0.32–0.42).

a series of spirals lends support to the longitudinal transmission 
of forces along the prevailing tangentially orientated myocar-
dial fibres [5]. Thus, the epicardial principal strain will follow 
the orientation of the myocardial fibres. The dilated LV leads to 
straightening of the angle between LV inflow and outflow, as well 
as the change of fibre formation. The structural consequence is 
the oblique apical fibres transposed circumferentially. The epicar-
dial principal strain changes parallel to the longitudinal axis with 
diminished function [6].

Echocardiographic assessment of left 
ventricle morphology and geometry
Morphologically speaking, the LV is a symmetrical prolate ellipsoid, 
with the apex pointing downwards and the interventricular septum 
bulging into the right ventricle. LV mass (LVM) is recommended 
in European Association of Cardiovascular Imaging and American 

Fig. 18.2 Double helix formation of the left ventricular myocardium (upper) 
and the motion of the left ventricle.

Base

Descending helix

Ascending helix

Contraction of the
ascending band

Contraction of the
descending band

Basal loop

Spiral loop

References
1. Anderson RH, Razavi R, Taylor AM. Cardiac anatomy revisited. J Anat 

2004; 205(3):159–77.
2. Filipoiu FM. Atlas of Heart Anatomy and Development. London: 

Springer; 2005, 131–49.
3. Chen J, Liu W, Zhang H. Regional ventricular wall thickening reflects 

changes in cardiac fiber and sheet structure during contraction: quan-
tification with diffusion tensor MRI. Am J Physiol Heart Circ Physiol 
2005; 289(5):H1898–1907.

4. Buckberg GD, Coghlan HC, Hoffman JI, Torrent-Guasp F. The struc-
ture and function of the helical heart and its buttress wrapping. VII. 
Critical importance of septum for right ventricular function. Semin 
Thorac Cardiovasc Surg 2001; 13(4):402–16.

5. Redmann K, Lunkenheimer PP, Scheld HH, et al. Inhomogeneities in 
wall stress measured by microergometry in the heart muscle in situ. 
Technol Health Care 1997; 5(1–2):123–34.

6. MacGowan GA, Shapiro EP, Azhari H, et al. Noninvasive measure-
ment of shortening in the fiber and cross-fiber directions in the 
normal human left ventricle and in idiopathic dilated cardiomyopathy. 
Circulation 1997; 96(2):535–41.

7. Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for cardiac 
chamber quantification by echocardiography in adults: an update 
from the American Society of Echocardiography and the European 
Association of Cardiovascular Imaging. J Am Soc Echocardiogr 2015; 
28(1):1–39.

8. Marwick TH, Gillebert TC, Aurigemma G, et al. Recommendations 
on the use of echocardiography in adult hypertension: a report from 
the European Association of Cardiovascular Imaging (EACVI) and the 
American Society of Echocardiography (ASE). Eur Heart J Cardiovasc 
Imaging 2015; 16(6):577–605.



Contents
Summary 126
Echocardiographic approach for left 
ventricular contractility 126
Intracardiac flow visualization using 
echocardiography 129
Conclusion 129
References 129

CHAPTER 19

Left ventricle: cardiac 
mechanics and left 
ventricular performance
Erwan Donal, Seisyou Kou,  
and Partho Senguptadd

Summary
Normal ventricular function requires coordinated electrical activation and contrac-
tion but also appropriate pre- and afterloads. Given the three-dimensional pattern of 
ventricular activation and contraction, the assessment of mechanical activation using 
conventional imaging methods is a complex task for imaging cardiologists [1,2]. The 
impact of cardiac resynchronization therapy on global systolic and diastolic perfor-
mance in dyssynchronous hearts heightened interest in understanding the physiological 
background for an optimal left ventricular (LV) performance, although the subject still 
remains widely debated [3–6]. The complexity of LV function(s) assessment in heart 
failure patient is related to the complexity of heart anatomy, but also to the complexity 
of electromechanical interaction, and to the load dependency of all the parameters that 
could be applied in clinical practice [2,7,8].

The starting point for this chapter is based on the currently accepted concept of 
myocardial fibre architecture (% Fig. 19.1). The majority of studies and computational 
models have depicted LV myocardial architecture as a transmural continuum between 
two helical fibre geometries, where right-handed helical geometry in the subendocardial 
region gradually changes into left-handed geometry in the subepicardial region with 
resulting circumferentially oriented myofibre geometry in the mid myocardium [12]. 
For quantification of fibre orientation, the helix and transverse angles were introduced 
by Streeter et al. [9]. The myofibre’s helix angle changes continuously from the suben-
docardium to the subepicardium, from a right- to a left-handed helix, typically ranging 
from −60° at the subendocardium to 60° at the subepicardium [10,11]. Mathematical 
models have shown that this counter-directional helical arrangement of muscle fibres 
in the heart is energetically efficient and is important for equal redistribution of stresses 
and strain in the heart.

Echocardiographic approach for left ventricular 
contractility
During a cardiac cycle, the LV wall shortens, thickens, and twists along the long axis. 
Shortening and thickening can be quantified by measuring regional strain. Strain or 
myocardial deformation from developing forces is expressed as either the fractional or 



echocardiographic approach for left ventricular contractility 127

the instantaneous velocity of myocardial motion. The velocity 
data can be post-processed for calculating parameters such as 
displacement, strain rate, and strain. Numerical integration of 
velocity over time results in displacement curves. Strain rate, 
which is the rate of change of deformation, is derived as a spa-
tial derivative of velocity, whereas temporal integration of strain 
rate is used for calculating regional strain [8]. This technique is or 
was extremely useful in research and complicated in clinical prac-
tice due to a lack of robustness. Nevertheless, most studies about 

the percentage change from the original dimension [10,11]. Three 
perpendicular axes orienting the global geometry of the LV define 
the local cardiac coordinate system: radial, circumferential, and 
longitudinal. Positive radial strains represent wall thickening 
(radial deformation), whereas negative strains represent segment 
shortening (e.g. circumferential shortening, longitudinal short-
ening) [8] (% Fig. 19.2).

Echocardiographic techniques like tissue Doppler imag-
ing have excellent temporal resolution (~ 4 ms) and provide 

Fig. 19.1 LV myocardial fibres: mainly in three layers.

Epi Endo

✓ The fibres in the subendocardium have an approximately
longitudinal orientation of about 80° to the circumferential direction.

✓ Mycardial fibres in the mid LV wall are oriented mainly in the
circumferential direction

✓ Fibres in the subepicardium are oriented in an oblique way of
around 60˚ to the cirumferential direction and rotated in the
opposite direction from the subendocardial fibres

Fig. 19.2 Speckle tracking for the assessment of endocardial longitudinal strain.
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governed by the subendocardial region, are the most vulnerable 
component of LV mechanics and therefore most sensitive to the 
presence of myocardial disease. The mid-myocardial and epi-
cardial function may remain relatively unaffected initially, and 
therefore circumferential strain and twist may remain normal or 
show exaggerated compensation for preserving LV systolic perfor-
mance. Increase in cardiac muscle stiffness, however, may cause 
progressive delay in LV untwisting. Loss of early diastolic longi-
tudinal relaxation and delayed untwisting attenuates LV diastolic 
performance, producing elevation in LV filling pressures and a 
phase of predominant diastolic dysfunction, although the LV ejec-
tion fraction may remain normal. On the other hand, an acute 
transmural insult or progression of disease results in concomi-
tant mid-myocardial and subepicardial dysfunction, leading to a 
reduction in LV circumferential and twist mechanics and a reduc-
tion in LV ejection fraction. Assessment of myocardial mechanics, 
therefore, can be tailored per the clinical goals. The detection of 
altered longitudinal mechanics alone may suffice if the overall goal 
of analysis is to detect the presence of early myocardial disease. 
Further characterization of radial strains, circumferential strains, 
and torsional mechanics provides assessment of the transmural 
disease burden and provides pathophysiological insight into the 
mechanism of LV dysfunction. For example, pericardial diseases, 
such as constrictive pericarditis, cause subepicardial tethering and 
predominantly affect LV circumferential and torsional mechan-
ics [17]. The presence of attenuated longitudinal mechanics in 
constrictive pericarditis may signify the presence of transmural 
dysfunction. As another example, a pathophysiological process 
such as radiation that affects both the pericardium and the sub-
endocardial region may produce attenuation of both longitudinal 
and circumferential LV function. From a clinical standpoint and 

cardiac mechanics in echocardiography have first been done with 
this technique.

The base and apex of the LV rotate in opposite directions. 
Twist defines the base to apex gradient in the rotation angle along 
the longitudinal axis of the LV and is expressed in degrees/mm 
[3,12]. Torsion also can be expressed as the axial gradient in the 
rotation angle multiplied by the average of the outer radii in api-
cal and basal cross-sectional planes, thereby representing the 
shear deformation angle on the epicardial surface (unit degrees 
or radians) [12]. This normalization can be used as a method for 
comparing torsion for different sizes of LV. When the apex-to-
base difference in LV rotation is not normalized, the absolute 
difference (also in degrees or radians) is stated as the net LV twist 
angle [13] (% Fig. 19.3).

Speckle tracking echocardiography (STE) has emerged as an 
alternative technique that analyses motion by tracking natural 
acoustic reflections and interference patterns within an ultra-
sonic window [14]. The image-processing algorithm tracks 
user-defined regions of interest which are comprised of blocks 
of approximately 20–40 pixels containing stable patterns that are 
described as ‘speckles’, ‘markers’, ‘patterns’, ‘features’, or ‘finger-
prints’. Speckles are tracked consecutively frame to frame using a 
sum-of-absolute differences algorithm to resolve angle-independ-
ent two-dimensional (2D) and three-dimensional (3D) sequences 
of tissue motion and deformation (% Fig. 19.2). Data regarding 
the accuracy, validity, and clinical application of speckle-tracking 
imaging are rapidly accumulating. The robustness and the clini-
cal applicability are nowadays only validated for the assessment of 
global longitudinal strain [15,16]. Even when considering regional 
longitudinal strains, there are inaccuracies according to the soft-
ware used. Longitudinal LV mechanics, which are predominantly 

Fig. 19.3 Three-dimensional acquisition of (a) the 3D left ventricular ejection fraction and (b) longitudinal strain curves, (c) circumferential, and (d) radial strain 
curves.

a



references 129

preserve kinetic energy and convey blood itself efficiently into the 
LV outflow tract.

As a maker of diastolic dysfunction, the ‘suction’ has been 
evaluated with echocardiography. The suction is mainly yielded 
by an intraventricular pressure gradient generated in apical 
rotational motion, therefore, torsion could be investigated as a 
surrogate maker of suction. For this purpose, velocity propagation 
(Vp), derived from colour M-mode, and E/Vp have been recom-
mended. Albeit, the parameters are rarely used in daily clinical 
practice since its defined application, where concentric hyper-
trophic heart exists, may cause Vp elevation, and dilated LV with 
eccentric transmitral flow.

Intracardiac vortex formation is increasingly recognized 
as an important component to understand cardiac dynamics  
(% Fig. 19.2). Cardiac magnetic resonance imaging has succeeded 
in depicting cardiac vortex, whereas with echocardiography, 
particle imaging velocimetry (echo-PIV) and vector flow map-
ping (VFM) are available. Both methods display intracardiac 
flow as ‘vectors’, small arrows representing flow direction and 
velocity using different principles. In echo-PIV, intravenous 
contrast infusion precedes image acquisition and the contrast 
visualizes intracardiac flow. Vectors are calculated from particle 
displacement by the speckle tracking method. In VFM, vectors 
are calculated by flow velocity information derived from colour 
Doppler and wall motion tracking. Although both methods com-
prise technical limitation (e.g. underestimation in high velocity in 
echo-PIV, underestimation in lower velocity and perpendicular 
flow in VFM), echocardiographic vortex imaging may implement 
unique information regarding cardiac haemodynamics, espe-
cially in dyssynchrony.

Conclusion
Echocardiography provides an approach for estimating LV systolic 
function and for exploring the alteration of cardiac mechanics. 
Longitudinal strain is becoming popular even though clear valida-
tion studies in larger patient populations are still required. Some 
work is thus needed for improving the routine use of echocardio-
graphic capabilities for assessing LV systolic function and cardiac 
mechanics. New approaches like rotation and torsion are still in 
the pipeline for clinical use.

when trying to translate the quantification of myocardial defor-
mation in clinical practice, the study of longitudinal strain has 
been proposed and is becoming standardized for routine clinical 
applications.

Intracardiac flow visualization using 
echocardiography
Regional differences in myocardial relaxation generate a flow 
sucked into the LV in diastole. According to LV and mitral geom-
etry, the transmitral flow is formed into vortex, swirling flow, to 

Fig. 19.4 Contrast echocardiography for assessing left ventricular vortex 
strength; here is an example displaying pathological vortex in patients with 
non-compaction.
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CHAPTER 20

Left ventricle: systolic 
function
Bernard Cosyns, Thor Edvardsen,  
Krasimira Hristova, and Hyung-Kwan Kim

Summary
The assessment of left ventricle (LV) systolic function provides important information for 
diagnosis, treatment strategy, and prognosis in cardiovascular disease [1]. Transthoracic 
echocardiography (TTE) is the most commonly used technique for quantitative estima-
tion of LV systolic function in daily clinical practice. The LV ejection fraction (EF) and 
regional wall motion analysis have been the most frequently used methods for this pur-
pose. New technologies including computed tomography (CT) and cardiac magnetic 
resonance (CMR) imaging, as well as new ultrasound modalities (tissue Doppler imag-
ing (TDI), speckle tracking imaging, three-dimensional (3D) echocardiography) are 
now available and have led to the use of new parameters to assess LV systolic function 
(% Table 20.1).

M-mode
The initial attempts at LV function quantification were based on one-dimensional, 
M-mode linear measurements of the LV internal dimension in diastole and systole, 
using Teichholz or Quinones methods (% Fig. 20.1). Although this modality is not rec-
ommended anymore for the estimation of the systolic LV function and volumes, it is 
still the reference method in many guidelines. The reproducibility and the reliability of 
M-mode measurements have been questioned and the limitation of the methodology 
should be taken into account in the interpretation of the measurements. A general limita-
tion remains the dependence on the image quality and the definition of the borders.

Fractional shortening has low intra-observer and inter-observer variability and pro-
vides an adequate measurement of ventricular function, in the presence of normal 
geometry and symmetric function [2–5]. When these conditions are assembled, the 
diastolic measurement is a reasonable assessment of the size of the LV and the resultant 
fractional shortening is a reliable index of LV systolic function (% Table 20.1). The normal 
value of fractional shortening is known to be 25% or greater in men and 27% or greater in 
women. However, fractional shortening is a specific marker of LV contractility at the basal 
or mid level and does not necessarily reflect global LV function in patients with regional 
wall motion abnormalities (WMAs).

In the calculation of velocity of circumferential shortening, the minor axis represents a 
circle of known diameter from which the circumference can be calculated and the rate of 
change of circumference determined. This index has the advantage of providing the ampli-
tude of the ejection and its velocity; however, this method is rarely used in clinical practice.
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excursion to LV size reflects the EF, but the method is rarely in 
use [7].

For a quantitative assessment of LV longitudinal function, the 
magnitude of motion from the base of the heart towards the apex 
during ventricular contraction or mitral annular plane systolic 
excursion (MAPSE), is directly proportional to systolic func-
tion and can provide complementary information to LVEF [8]. 
Moreover, decreased MAPSE was suggested as a sensitive marker 
of LV systolic function in hypertensive patients with normal LVEF, 
in whom circumferential deformation is increased as a compen-
satory mechanism, masking the early decrease in longitudinal 
function of the LV [9]. In addition, MAPSE has prognostic impli-
cations in patients with atrial fibrillation [10], post-myocardial 
infarction [11], and heart failure [12,13]. However, the poor 
reproducibility of this parameter makes it difficult to apply in clin-
ical daily practice. Interestingly, this is the same principle used in 
TDI of the mitral annulus velocities, for determination of diastolic 
and systolic function [14].

Spatial resolution of the M-mode beam is superior to that of 
two-dimensional (2D) echocardiography. However, pitfalls on 3D 
geometric assumptions of Teichholz or Quinones methods should 
be acknowledged. The linear line has to be perpendicular to the sep-
tum, but, even if using 2D-guided M-mode measurements, it may 
not be possible to align the beam in a truly perpendicular fashion 
to the long axis of the ventricle, which is an essential condition to 
reflect the true minor axis dimension. The M-mode measurements 
typically overestimate the true minor axis of the LV by 6–12 mm, in 
comparison with 2D minor axis dimensions [6]. These mathemati-
cal assumptions are not valid in the presence of regional myocardial 
disease, since they may underestimate the severity of dysfunction, 
when only a normal region is interrogated, or conversely overesti-
mate the abnormality, if it transits through the WMA exclusively. 

Another linear measurement providing indirect quantitative 
evaluation of LV systolic function is the quantification of the dis-
tance between the E point of the anterior mitral leaflet and the basal 
portion of the interventricular septum (IVS) [6]. The ratio of mitral 

Table 20.1 Measurements of left ventricular systolic function using M-mode, 2D, and 3D echocardiography

Formula Units Possible methods

Stroke volume (SV) LVEDV-LVESV mL M-mode; 2DE; 3DE

Stroke volume by Doppler TVI (LVOT) × (LVOTd)2 mL M-mode; 2DE

Ejection fraction SV/LVVd % M-mode; 2DE; 3DE

Endocardial fractional shortening (eFS) (LVDd-LVDs)/LVDd % M-mode; 2DE

Mid-wall fractional shortening (mFS) [LVDd+IVSd/2+PWTd/2]  [LVDs+ 
{([LVDd+IVSd/2+PWTd/2]3 LVDd3 + 
LVDs3)1/3 LVDs)}]
[(LVDd + IVSd/2 + PWT/2) × 100]

% M-mode; 2DE

Velocity of circumferential shortening (Vcf) FS/ET circumference/s M-mode; 2DE

Fractional area change (ASxd  ASxs)/ASxd % 2DE; 3DE

Cardiac output (CO) SV × HR L/min M-mode; 2DE; 3DE

Cardiac index (CI) CO/BSA L/min/m2 M-mode; 2DE; 3DE

Mitral E-point septal separation (EPSS) mm M-mode

Mitral annular plane systolic excursion (MAPSE) mm M-mode

2D, two-dimensional; 3D, three-dimensional; ASxd, short-axis left ventricle end-diastolic area; ASxs, short-axis left ventricle end-systolic area; BSA, body surface area; ET, ejection time; 
FS, fractional shortening; HR, heart rate; IVSd, end-diastolic inter-ventricular septal wall thickness; LVDd(s), left ventricle end-diastolic (end-systolic) diameter; LVEDV, left ventricle end-
diastolic volume; LVESV, left ventricle end systolic volume; LVOT, left ventricle outflow tract; PWTd, end-diastolic LV posterior wall thickness; SWTd, end-diastolic septal wall thickness; 
TVI, time velocity integral

Fig. 20.1 One-dimensional, M-mode linear measurements of the LV internal 
dimension in diastole and systole, using Teichholz or Quinones methods.

(a)

LVDs LVDd

(b)

LVDs LVDd
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to define risk may vary among patient populations and disease 
states. Therefore, the definition of cut-off values has to be inter-
preted with caution.

The fractional area change (FAC) estimates LV function in the 
parasternal short-axis (PSAX) view. It calculates the fraction of 
area change along the cardiac cycle of a symmetrically contracting 
ventricle (% Table 20.1). FAC is considered a reasonable global 
estimate of LV function and correlates well with EF, because 
approximately two-thirds of the LV stroke volume is generated by 
the contraction of the mid-papillary region of the LV. The normal 
value is 45% or greater. Although not frequently used in clini-
cal practice, it should be kept in mild that it loses its accuracy if 
WMAs are present as it does not take into account abnormal areas 
of myocardium that are not imaged through this view [17].

Another useful method is the mid-wall fractional shortening, 
since the contraction of muscle fibres in the LV mid-wall may bet-
ter reflect intrinsic contractility than the contraction of fibres at 
the endocardium. Its benefit is based on the notion that the cir-
cumferential fibres, which predominate in the mid-wall of the LV, 
are orientated in the same direction of the stress vector. It is par-
ticularly useful in LV systolic function evaluation of patients with 
concentric hypertrophy [22] and it can be estimated from linear 
measures of wall thicknesses, along with diastolic and systolic cav-
ity sizes (% Table 20.1) [18,19].

The area–length method is an alternative process to calculate 
LV volumes and EF, assuming a bullet-shaped LV. The LV cross-
sectional area is traced in PSAX view at the mid- ventricular 
level, and the LV length is taken by measuring the distance 
between the midpoint of the mitral valve annulus and the apex 
in apical four-chamber (A4C) view. All measurements are 
repeated in end-systole and in end-diastole and the volume is 
mathematically computed, according to the following formula:  

For those reasons, 2D echocardiography methods have supplanted 
these measurements and M-mode LV systolic function estimation 
is no longer recommended for clinical practice.

Two-dimensional echocardiography
Two-dimensional echocardiography provides superior spatial 
resolution for determining LV size, and the estimation of LVEF 
can be made either qualitatively, by visual inspection of global and 
regional function, with the so-called eyeball method or quantita-
tively, by means of geometric assumptions of the LV cavity shape.

Qualitative assessment
Global LV function can be performed by the experienced observer 
using several views and is usually described as normal, hyperdynamic, 
or depressed. Hyperdynamic is usually associated with high-output 
syndromes or with a response to exercise or pharmacological stress. 
In the presence of depressed systolic function, its severity may be 
characterized as mild, moderate, or severe, according to the cut-off 
values presented in % Table 20.2. The qualitative global function 
evaluation is no longer recommended as the reference methodol-
ogy in clinical practice. However, it presents a good correlation with 
Simpson’s method, as long as all projections are regarded and inter-
preted by an experienced operator [15], and it is still recommended 
for cross-checking the quantitative data obtained [16].

Quantitative assessment
It should be kept in mind that not all echocardiographic param-
eters are normally distributed. Moreover, the cut-off values used 

Table 20.2 Reference values of left ventricle systolic function by M-mode and 2D echocardiography

Male Female

Abnormal Abnormal

Reference 
range

Mild Moderate Severe Reference 
range

Mild Moderate Severe

M-mode

Endocardial fractional shortening, % 25–43 20–24 15–19  14 27–45 22–26 17–21  16

Mid-wall fractional shortening, % 14–22 12–13 10–11  10 15–23 13–14 11–12  10

LV diastolic diameter 4.2–5.9 6.0–6.3 6.4–6.8  6.9 3.9–5.3 5.4–5.7 5.8–6.1  6.2

LV diastolic diameter/BSA, cm/m2 2.2–3.1 3.2–3.4 3.5–3.6  3.7 2.4–3.2 3.3–3.4 3.5–3.7  3.8

2D mode

Ejection fraction, %  55 45–54 30–44 < 30  55 45–54 30–44 < 30

LV diastolic volume, mL 67–155 156–178 179–201  201 56–104 105–117 118–130  131

LV diastolic volume/BSA, mL/m2 35–75 76–86 87–96  97 35–75 76–86 87–96  97

LV systolic volume, mL 22–58 59–70 71–82  83 19–49 50–59 60–69  70

LV systolic volume/BSA, mL/m2 12–30 31–36 37–42  43 12–30 31–36 37–42  43

BSA, body surface area; LV, left ventricular.

Adapted with mild modification from Lang RM, Bierig M, Devereux RB, Flachskampf FA, et al. Recommendations for chamber quantification. European Journal of Echocardiography 
2006; 7(2): 79–108.
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visualization of the trabeculae. Therefore, the results obtained are 
not interchangeable and the techniques cannot be mixed.

As well as the EF, Simpson’s method also indicates the stroke 
volume, which corresponds to the amount of blood volume 
ejected in each cardiac cycle, measured as the difference between 
the LVEDV and LVESV. The stroke volume can also be obtained 
with 3D full-volume echocardiography, or with the use of Doppler 
measurements as explained later.

The main limitations of this method are the foreshortening 
of the ventricular apex and the possible tangentially A2C view 
acquisition. The former may result in inaccurate assessment of 
the LVEF, and most frequently on its overestimation. Conversely, 
the tangentially A2C view acquisition causes underestimation 
of the true LV volume. Moreover, in cases of asymmetries in 
ventricular geometry or WMAs, a single-plane view seems less 
accurate.

It is of note that this method presents additional limitations, 
such as the myocardial dropout: it is minimized with the use of 
tissue harmonic imaging and contrast echocardiography. Care 
should be taken to keep the transducer at the true apex and the 
ultrasonic cross-sectional beam at the centre of the LV. Correct 
image acquisition is obtained when the apex is visualized as the 
thinnest area of the LV and it does not move towards the base dur-
ing diastolic filling [16]. Although LV volumes might be indexed 
for body surface area (BSA), and data suggest that LVEF is to some 
extent higher in healthy women than in men [23,24], the same 
cut-off in men and woman is used for LV systolic function clas-
sification (% Table 20.2).

Several studies have evaluated the accuracy of 2D echocardiog-
raphy for measurement of LVEF in comparison to radionuclide or 
contrast ventriculography [25,26]. It was noted that those three 
techniques show a high correlation and a moderate agreement 
[25]. However, the current gold standard method for LV volumes 
and function evaluation is CMR imaging [27] and LV evaluation 
by 3D echocardiography appears to be the closest method regard-
ing accuracy and reproducibility [28,29]. On the other hand, LV 
volumes calculated by Simpson’s method tend to be smaller than 
those obtained by 3D full-volume echocardiography and CMR 
imaging [30].

Doppler measurements
dP/dt
The LV dP/dt is an index representing LV contractility, and is 
usually calculated by LV pressure curve measured with a high-
fidelity micromanometer-tip catheter. A LV dP/dt value of greater 
than 1000 mmHg/s is considered normal. In patients with mitral 
regurgitation, LV dP/dt can be estimated using Doppler echo-
cardiography based on the simplified Bernoulli equation without 
the need of invasive catheterization (% Fig. 20.3). This shows a 
good correlation with invasive haemodynamic data [32]. Since 
LV dP/dt is calculated during the isovolumic contraction period, 
it is not influenced by afterload, but is influenced by preload and 

LV volume = (5 × area × length)/6. There are few variations on 
area–length formulas based on different assumptions regarding 
the LV geometric shape [17] (e.g. truncated ellipse, cylinder, and 
cone). This method may be used when poor apical definition pre-
vents accurate tracing of LV endocardial border.

The most frequently used technique for LVEF and LV vol-
umes measurement is the biplane method of discs (modified 
Simpson’s rule), which is the method currently recommended by 
the American Society of Echocardiography and the European 
Association of Echocardiography for EF estimation (% Fig. 20.2) 
[16]. This methodology is based on the principle of calculation 
of total LV volume as the summation of a series of elliptical discs 
of equal height, equally spaced along the long axis of the LV [16]. 
The cross-sectional area in ideal conditions is based on both diam-
eters, obtained from the A2C and A4C views. LV end-diastolic 
and end-systolic volumes (LVEDV and LVESV, respectively) are 
measured in A4C and A2C view. LVEF is calculated as:

EFA4C = (LVEDVA4C − LVESVA4C/LVESA4C)/LVEDVA4C × 100

EFA2C = (LVEDVA2C − LVESVA2C)/LVEDVA2C × 100

Mean EF is obtained as an average of A4C and A2C EF values. 
However, if there are not two appropriate orthogonal views, one 
plane is used and the area is assumed to be circular. Trabeculations 
and papillary muscles should be included as part of the LV cav-
ity, and, if the definition of the endocardial border is not clear, 
the intravenous administration of contrast agents might be used 
for better delineation of the border. When less than 80% of the 
endocardial border is adequately visualized, the use of contrast 
agents is highly recommended [22]. Acoustic shadowing in basal 
segments may be a limitation for the application of contrast echo-
cardiography. Accurate delineation of the LV endocardial borders 
is of critical value for accurate assessment of LV volumes, because 
small errors in border delineation result in significant over- or 
underestimation of LV volumes, finally over- or underestimation 
of LVEF. There are potential sources of variation between meth-
ods, especially when the use of contrast or analogous non-contrast 
changes (contrast echocardiography, X-ray ventriculography, 
CT, CMR imaging) and spatial resolution provide differences in 

Fig. 20.2 Recommended biplane method of discs (modified Simpson’s rule).
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significant intravascular volume changes, as occurs in haemodi-
alysis, patients can present significant variations in EF, according 
to the volume status [35]. As a result, stroke volume relies on the 
interaction of multiple factors and it can be a false indicator of 
systolic function. Nevertheless, this way to analyse this parameter 
may be very useful in patients with apparently preserved LVEF 
but decreased SV (preserved EF heart failure, paradoxical low flow 
aortic stenosis, etc.)

The systolic acceleration time (LVOTacc) is another index of 
LV systolic function, relatively independent from loading con-
ditions [36]. It is calculated as peak LVOT velocity divided by 
the time needed to achieve this velocity. It was found to relate 
 linearly to LV maximal elastance and to be correlated with dP/dt 
(% Fig. 20.4) [36].

Index of global myocardial performance  
or Tei index
The index of global myocardial performance (IMP) or Tei index 
reflects global systolic and diastolic LV performance and is 
expressed by the formula: IMP = ICT + IRT/ET, where ICT is 
the isovolumic contraction time, IRT is the isovolumic relaxation 
time, and ET the ejection time. Classically, these time intervals 
have been assessed with pulsed wave Doppler echocardiography 

heart rate. In particular, in the presence of significant mechani-
cal dyssynchrony, dP/dt may be reduced, as a consequence of 
contractile dyssynchrony in spite of globally preserved systolic 
function.

Stroke volume and cardiac output
Stroke volume is defined as blood volume ejected by a ventri-
cle at a given cardiac cycle, and cardiac output is blood volume 
ejected by a ventricle per minute. Stroke volume can be estimated 
not only by the biplane Simpson’s method and 3D full-volume 
echocardiography, but also as the product of the left ventricu-
lar outflow tract (LVOT) area and LVOT time velocity integral 
(TVI) (% Table 20.1). The normal value is 50–80 mL. Stroke 
volume by the Doppler method has several potential sources of 
error. It presumes a flat velocity profile across the cross-sectional 
area of the LVOT, but Doppler flow spectrum usually is para-
bolic. Moreover, the cross-sectional area of the LVOT is usually 
calculated assuming a circular geometry, but it is actually often 
elliptical, as recently shown with 3D echocardiography [33]. 
Efforts to apply a formula for elliptical geometry resulted in min-
imal improvements in accuracy and had no widespread clinical 
recognition. Any inaccuracy in measuring the LVOT may create 
a substantial error in flow calculation, taking into account the 
square of the radius introduced in the recommended formula 
(% Table 20.1).

Furthermore, stroke volume as well as EF are afterload-
dependent parameters, thus they are dependent on the pressure 
developed and on impedance against which the LV has to contract. 
Therefore, the preload decrease (e.g. severe dehydration) or after-
load increase (e.g. aortic stenosis, severe hypertension) negatively 
affects LV systolic function and might cause a false underestima-
tion of it. Conversely, the pathological decrease in afterload (e.g. 
mitral regurgitation, or interventricular septal defect) can cause 
a false impression of preserved LV function even in the presence 
of a serious myocardial compromise [34]. Moreover, in cases of 

Fig. 20.3 LV dP/dt estimated using Doppler echocardiography based on the 
simplified Bernoulli equation without the need of invasive catheterization.
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LV shape. The landmarks used for this process are the mitral 
annulus and LV apex, which are used to initiate edge detection by 
semiautomated quantification software. Other anatomical fea-
tures of importance are the LV trabeculae and papillary muscles, 
which should be included within the LV cavity for the calculation 
of LV volumes. The trabeculae are small structures that are often 
poorly visualized with 3D echocardiography imaging, and the 
use of LV opacification with contrast is the best way to ensure 
that they are incorporated within the LV cavity. The assessment 
of wall motion requires a frame of reference to allocate segments. 
The 17-segment model distinguishes six segments (inferoseptal, 
anteroseptal, anterior, lateral, inferolateral, inferior) in the base 
and mid LV, four segments (septal, anterior, lateral, inferior) in 
the apex, and the apical cap. This segmentation is based on the 
mitral annulus, papillary muscles, and apical portion of the LV 
cavity to define the planes in the longitudinal dimension. In the 
transverse dimension, the segments comprise arcs, starting at the 
midpoint of the septum, which itself is defined by the anterior 
and posterior RV insertion points of the septum. A little more 
problematic is the definition of regional LV volume, currently 
defined in most programs by the space between the endocar-
dial border and a centreline through the LV cavity. This virtual 
landmark may shift with alterations of LV mass and remodelling 
after myocardial infarction, leading to underestimation of serial 
regional volume changes. The use of an externally defined frame 
of reference could overcome this problem, but it is unclear how 
this can be readily achieved. LV structural changes that can be 
identified with 3D echocardiography include ventricular septal 
defects and masses such as LV thrombi or tumours. The sites of 
these are usually described by reference to the relevant landmarks 
(mitral annulus, LVOT, and apex) or segmentation. The accuracy 
of the traditional 2D techniques for LV volume quantification 
is limited by geometric modelling and by foreshortening of the 
apical view of the LV. There are two approaches which are used 
for 3D LV quantification: (1) the 3D-guided biplane technique, 
which selects by pyramidal data set no foreshortened 2D images 
and calculates LV volumes from biplane approximation; and (2) 
direct volume calculation based on semiautomated detection 
of LV endocardial surface followed by calculation of volume, 
contained by this surface. Both approaches provide measures 
of volume, EF, and mass that are more reproducible and cor-
relate better with gold standard MRI values than those derived 
by the 2D technique. The volumetric approach should be used 
in patients with irregularly shaped ventricles. The full-volume 

(% Fig. 20.5); however, such time intervals can all be obtained 
using TDI. The normal value of the index is less than 0.4. Systolic 
dysfunction causes a prolonged ICT and a reduction of ET, while 
diastolic impairment prolongs the IRT. In patients with heart fail-
ure, the Tei index is greater than 0.5. Characteristically, this index 
combines features of both systolic and diastolic function [37], and 
has been proven to display a significant association with clinical 
outcome in various diseases [38–40].

Reference values of LV systolic function by Doppler measure-
ments are enumerated in % Table 20.3.

Transthoracic three-dimensional 
echocardiography
With the advent of new matrix array transducers, full volume data 
sets to allow real-time imaging, this technique is highly accurate 
and reproducible in the global and regional assessment of LV 
size and function as compared with magnetic resonance imag-
ing (MRI). Three-dimensional imaging reduces the limitation on 
single or biplane imaging, which has the potential to either dispro-
portionately represent or underestimate a WMA. By creating a 3D 
image set, all regions of the ventricular myocardium are incorpo-
rated in the volume determination. In addition, this method does 
not rely on geometric assumptions and therefore provides more 
precise LV size and function assessment. The latest development 
now allows the acquisition of a full-volume data set within a single 
heart beat that may prove to be a particularly powerful technique 
in stress echocardiography.

Left ventricle volume
The purpose of 3D imaging of the LV is to provide volume and EF 
measurements independent of geometric assumptions regarding 

Fig. 20.5 Pulsed-wave Doppler echocardiography.

Table 20.3 Reference values of left ventricular systolic function by 
Doppler measurements

Index Normal values

Stroke volume, mL 50–80

Cardiac output, L/min 4.0–8.0

dP/dt, mmHg/s > 1000

Tei index 0.38±0.04

S velocity, cm/s > 6

IVRT

IVCT

ET

TST

MPI =
(IVCT + IVRT)

ET

(TST - ET)

ET
=
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an anatomically correct apical view and geometric modelling of 
asymmetrical ventricles. Three-dimensional-derived mass meas-
urements are more accurate than the conventional 2D biplane 
techniques because they avoid the use of foreshortened apical 
views and are less view dependent (% Fig. 20.6) and better cor-
relate with CMR imaging.

Recent reviews and meta-analysis provide an excellent sum-
mary of native 2D and 3D value data for EF and volumes. However, 
it is becoming apparent that due to different methodologies and 
algorithms used between diagnostic modalities, fixed values are 
not possible, and so it is necessary to develop a range of normal 
values corresponding to specific modalities. The reference values 
shown in % Table 20.4 are based on studies involving cohorts of as 
few as 60 patients ranging up to 1200. These data raise some con-
cern regarding the accuracy of the 3D measurement performed in 
some studies, limited to vendor differences and 3D experiences of 
sonographers respectively.

Deformation imaging
Tissue Doppler velocity imaging
TDI measures myocardial motion velocity. It allows estimation 
of global and regional LV systolic performance [41]. TDI param-
eters are usually obtained either at the medial or the lateral mitral 
annulus from the apical window. Doppler velocities arising from 
relatively dense, slow-moving targets such as the myocardium 
and cardiac annulus may be imaged by altering receiver gains and 
frequency filters. TDI can be displayed as a colour display, saturat-
ing the typical anatomical structural information (% Fig. 20.7). A 

acquisition should be made during a breath hold to minimize the 
risk for breathing (stitch) artefacts and usually takes less than 10 
seconds. The improved accuracy and reproducibility of 3D-based 
volume and EF measurements is important by clinical decision 
in practice. Despite the improved accuracy and reproducibility, 
recent studies have reported that 3D underestimates LV volume.

LV mass is an important predictor of morbidity and mortal-
ity in patients with systemic hypertension. Two-dimensional 
echocardiography is limited by the frequent inability to obtain 

Fig. 20.6 Three-dimensional images for LV full volume and mass.

Table 20.4 Three-dimensional left ventricular geometry and function by age in men and woman

Variable 18–39 years 40–59 years >60 years

Men (n = 40) Women (n = 44) Men (n = 39) Women (n = 54) Men (n = 24 ) Women (n = 24)

EDV (mL) 128 ± 27 98 ± 16 119 ± 21 94 ± 16 116 ± 26 84 ± 12

ESV (mL) 50 ± 11 36 ± 7 44 ± 9 33 ± 5 44 ± 11 28 ± 6

SV (mL) 78 ± 17 62 ± 10 75 ± 13 60 ± 14 74 ± 15 56 ± 9

EF (%) 61 ± 4 63 ± 3 63 ± 3 65 ± 4 63 ± 3 66 ± 5

Mass (g) 149 ± 22 124 ± 15 150 ± 22 126 ± 16 150 ± 23 118 ± 19

Sphericity index 0.33 ± 0.06 0.34 ± 0.07 0.35 ± 0.08 0.34 ± 0.06 0.37 ± 0.08 0.36 ± 0.07

EDV, end-diastolic volume; EF, ejection fraction; ESV end-systolic volume; SV.

Muraru D, Badano LP, Peluso D, et al. Comprehensive analysis of left ventricular geometry and function by three-dimensional echocardiography in healthy adults. J Am Soc Echocardiogr 
2013; 26(6):618–28.

Fig. 20.7 Curved M-mode display of 
myocardial velocities.
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mitral annular systolic and diastolic velocities as determined by 
TDI, compared to healthy subjects [43]. Moreover, a decreased 
peak systolic velocity is a sensitive marker of mildly impaired LV 
systolic function, even in patients with a normal LVEF [44], or 
in the early subclinical phase of hypertrophic cardiomyopathy, 
when mutations occur without the presence of cardiac hypertro-
phy [45].

However, TDI is not independent from preload. Studies in 
patients who underwent haemodialysis, showed that both sys-
tolic and diastolic tissue Doppler velocities of the left and right 
ventricles were preload dependent, even though the lateral mitral 
annulus was more resistant to preload changes than the septal 
mitral annulus or the lateral tricuspid annulus [35].

Strain and strain rate imaging
TDI suffers from tethering and translational motion artefact 
whereby the movement of the entire heart is recorded in the tissue 
motion of a specifically measured segment. This limitation can be 
overcome by strain imaging which measures actual deformation 
(% Fig. 20.9).

Strain and strain rate imaging assessed from the TDI tech-
nique provide an accurate high-resolution evaluation of regional 
myocardial function. In this method, TDI is used to simultane-
ously determine velocities in two adjacent points as well as the 
relative distance between those two points. Strain rate is defined 
as the instantaneous rate of change in the two velocities divided 
by the instantaneous distance between the two points. Positive 
strain rate represents relaxation or lengthening and nega-
tive values relate to active contraction between the two points  
(% Fig. 20.10).

As with the endocardial–epicardial velocity gradient, strain rate 
has been demonstrated to be a more sensitive and earlier indica-
tor of regional dysfunction than many routine techniques. Strain 
rate imaging assessed from TDI has excellent temporal resolution 
and can be used to demonstrate subtle phenomena such as post-
systolic contraction. However, strain and strain rate derived from 
TDI suffers from noise, is angle dependent, and may not be repro-
ducible enough for routine clinical applications. Strain is defined 
as the change in myocardial length, relative either to original 
length or to length of previous time, derived from excursion of 
speckles. Strain may be measured as Lagrangian or natural strain. 
Lagrangian strain is defined on the basis of deformation from the 
original length:

pulsed Doppler sample volume is placed in either the subendocar-
dial or subepicardial regions and differential velocities in adjacent 
wall segments can thereby be determined. TDI demonstrates 
regional variation based on which area of the mitral annulus is 
interrogated (septal vs lateral). Most laboratories standardize 
clinical measurements to either the septal or lateral annulus to 
maximize efficiency (% Fig. 20.8). The maximum annular velocity 
in systole (S') has shown a good correlation with the LVEF over a 
wide range of ventricular function. It has been demonstrated that 
in symptomatic patients with apparently normal LVEF, this tech-
nique can detect impaired longitudinal systolic function (Ś < 6.0 
m/s) and thus provide superior prognostic ability than the stand-
ard measurements such as LVEF.

Ś has shown a good correlation with the LVEF, over a wide range 
of ventricular function. Normally, Ś is above 6 cm/s (% Fig. 20.4) 
[42]. Similar to other Doppler measurements, however, align-
ment between Doppler beam and the direction of cardiac motion 
is very important for correct measures of tissue velocity. The angle 
should be maintained as low as possible, preferably less than 20°. 
Even though TDI of the mitral annulus reproduces the global 
LV systolic and diastolic function, regional function can also be 
assessed with myocardial velocity measurement in each segment 
by placing the sample volume in the region of interest [42]. This 
is a sensitive marker of ischaemia, as patients with a first myo-
cardial infarction and normal systolic and diastolic LV function, 
determined by conventional Doppler methods, showed decreased 

Fig. 20.8 Regional wall motion variation of velocity.
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or

dL = L(t + dt) − L(t)

Natural strain is more relevant to cardiac imaging. Lagrangian 
and natural strain are analogous at low strain (< −10%) and one 
can be corrected according to the other.

Strain can be expressed in any dimension, and is most com-
monly assessed in the longitudinal, radial, and circumferential 
directions. Longitudinal deformation (% Table 20.5) has been 

ε =
−

=
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Natural strain is defined relative to previous time instance but not 
original length:
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Fig. 20.10 Principles of 2D speckle tracking and 
3D speckle tracking.
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Table 20.5 Normal values of regional longitudinal systolic strain obtained by different techniques and reported in the literature

Study Method n Age (years) Mean strain (%) Septal (%) Lateral (%) Inferior (%) Anterior (%)

Edvardsen et al.a TDI 33 41 ± 13 19 ± 4

Basal 17 ± 3 18 ± 4 20 ± 4 19 ± 4

Apical 19 ± 4 17 ± 3 20 ± 4 19 ± 2

Kowalski et al.b TDI 40 29 ± 5 21 ± 5

Basal 21 ± 5 13 ± 4 15 ± 5 17 ± 6

Middle ventricle 21 ± 5 14 ± 5 16 ± 5 17 ± 6

Apical 23 ± 4 15 ± 5 18 ± 5 18 ± 6

Sun et al.c TDI 100 43 ± 5 18 ± 5

Basal 18 ± 5 18 ± 7 15 ± 6 22 ± 8

Middle ventricle 18 ± 1 19 ± 5 14 ± 5 18 ± 6

Apical 19 ± 6 18 ± 6 24 ± 5 13 ± 6

Marwick et al.d 2D STE 242 51 ± 12 19 ± 5

Basal 14 ± 4 18 ± 5 17 ± 4 20 ± 4

Middle ventricle 19 ± 3 18 ± 3 20 ± 4 19 ± 3

Apical 22 ± 5 19 ± 5 23 ± 5 19 ± 5

aEdvardsen T, et al. Circulation 2002;106:50–6; bKowalski M, et al. Ultrasound Med Biol 2001;27:108–97.; cSun JP, et al. J Am Soc Echocardiogr 2004;17:132–8.; dMarwick TH, et al. JACC 
Cardiovasc Imaging 2009;2:80–4.

Mor-Avi V, Lang RM, Badano PL, Current and evolving echocardiographic techniques for the quantitative evaluation of cardiac mechanics: ASE/EAE consensus statement on 
methodology and indications endorsed by the Japanese Society of Echocardiography. J Am Soc Echocardiogr 2011; 24:277–313.
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myocardium and can be tracked throughout the cardiac cycle. 
This way of assessing strain is not prone to artificial tethering 
effects or angle problems. Strain can be assessed in any direction 
and has been demonstrated to be an accurate measure of LV per-
formance from all main deformation directions (longitudinal, 
circumferential, radial). Longitudinal strain is most reproducible 
for assessment of regional myocardial function [46].

Global longitudinal strain (GLS) has proven to be the most 
accurate and reproducible measure by the strain techniques and 
is defined as the average peak regional systolic strain from all LV 
segments from the apical views [47]. Assessment of strain rates is 
not recommended by the speckle tracking technique due to rela-
tively low frame rates that increase the risk of missing the peak 
value. There is a small, but significant gradient from basal LV seg-
ments to apical, where apical segments generally have 1% more 
absolute deformation.

Fig. 20.13 Schematic drawing of fibre orientation in the LV. Subendocardial fibres have an approximately longitudinal orientation and mid-wall fibres an 
approximately circumferential orientation. The subendocardial fibres are oriented about 60° relative to the circumferential direction.
Nakatani, S., Left Ventricular Rotation and Twist: Why Should We Learn? J Cardiovasc Ultrasound. 2011 Mar; 19(1):1–6. Reproduced from Sengupata et al. Twist and untwist mechanics 
of the left ventricle. Heart Failure Clinics, Vol 4. No. 3 (July 2008) with permission from Elsevier.

Fig. 20.11 Schematic representation of the definition of myocardial strain 
or strain rate. Strain is defined as a change in length normalized to the original 
length. The rate at which this change occurs is strain rate (SR). Strain measures 
the actual extent of shortening (negative strain) or lengthening (positive strain) 
relative to its original length, whereas SR is the speed at which this occurs. Fig. 20.12 Doppler tissue imaging of the medial mitral annulus recorded 

from an apical four-chamber view. Note the systolic motion of the annulus 
toward the apex (Sm) and the biphasic diastolic motion (E' and A'), which 
correspond to the mitral valve E and A waves.
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widely assessed. Shortening is described as negative strain (longi-
tudinal waveform) and lengthening is described as positive strain 
(the radial component) (% Fig. 20.11).

In the TDI methodology, strain rate is derived from the gradi-
ent of velocity over a sampling distance and strain is obtained as 
the integral (% Fig. 20.12).

Speckle tracking imaging
The aforementioned TDI methods are still limited by angle 
dependency and problems with evaluating regional LV torsional 
dynamics (rotational LV contraction) (% Fig. 20.13). The angu-
lar displacement of these pixels can then be plotted over time for 
basal, mid and apical LV segments thereby providing a measure of 
rotational motion (% Fig. 20.14).

Newer techniques such as speckle tracking involve the detection 
of multiple unique patterns of echocardiographic pixel intensity. 
These speckles cause interference of the ultrasound beams in the 
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techniques offer accurate information about myocardial function, 
but are dependent on high image quality like most other echocar-
diographic techniques. In addition, the strain values from different 
vendors may be diverse [54]. This implies that every study of a 
specific patient needs to be performed on the same echocardio-
graphic machine in the follow-up. Otherwise, direct comparisons 
might be difficult. These measurements are also dependent on 
load and pressures and offer only small advantages in that regard 
compared to other systolic measures of LV.

Left ventricular rotation and twist 
illustrations
LV rotation is another parameter of LV systolic function dur-
ing ejection. Direction of rotation is determined by looking at 
the heart from the apex and is related to the orientation of myo-
cardial fibres, which are arranged with a helical structure. The 
subendocardial fibres are arranged in a right-handed helix and 
subepicardial fibres in a left-handed helix. Early activation of 
subendocardial fibres accounts for the apical clockwise rotation 
during the IVC period followed by a net counterclockwise direc-
tion (positive sign in normal heart) during ejection due to later 
contraction of subepicardial fibres. Basal rotation starts with ini-
tial counterclockwise movement during the IVC period followed 
by a net clockwise rotation during the ejection phase (negative 
sign) in normal heart. Twist is the net differences between api-
cal and basal rotations and normally is around 7–9° (±4°). Twist 
varies with age and it is higher in the elderly population (>60 
years). Torsion is the twist in degrees divided by the LV long axis 
(distance between basal and apical segments) and is expressed in 
degree/cm. An increase in LV contractility leads to an increase 
in torsion. A direct positive correlation exists between torsion 
and LVEF%, stroke volume, and dP/dt. Increased afterload with 
unchanged preload leads to a decrease in twist in healthy humans.

Untwisting or recoil occurs during the isovolumic relaxa-
tion time period and early filling period of the LV and normally 
it occurs in a direction opposite to that of twisting. Usually the 
peak untwisting velocity is measured which reflects the direction 
and speed of recoil. The untwisting rate during isovolumic relaxa-
tion time can be measured as well and is the rate of recoil during 
diastole and is a negative value (degrees/s). The timing of peak 
untwisting can provide additional information about LV filling 
and filling pressure. Actually, an increase in LV twist leads to an 
increase in untwist rate. Many studies describe that increased LV 
afterload is associated with reduced and delayed untwisting. The 
impact of different haemodynamic conditions in patients with 
cardiovascular diseases is shown in % Table 20.6. The clinical use 
is, however, not established.

Left ventricular regional function
Myocardial walls are divided according to the distribution of the 
coronary arteries. In order to study contractile function within 

Clinical applications
The most common clinical use of strain assessment is in patients 
with suspected ischaemic heart disease. If visual assessment of wall 
motion is apparently normal, but suspicion of disease is high, we rec-
ommend adding longitudinal strain analyses. The three hallmarks 
of ischaemic disease in strain curves are (1) early systolic stretch,  
(2) decreased systolic strain, and (3) post systolic shortening [46]. 
More than two adjacent LV segments with these changes strengthen 
the diagnosis and might also facilitate an early invasive strategy in 
case of non-ST elevation myocardial infarct (NSTEMI) [48].

GLS is an excellent parameter to find early signs in different 
cardiac diseases. GLS has also been launched as an outstanding 
predictor of outcome in heart failure and ischaemic heart disease, 
adding important and incremental information to EF [49,50]. If 
EF is lower than 35% there are marginal benefits of adding GLS, 
but GLS might be very helpful for calculation of prognosis if EF is 
greater than 35%.

Assessment of strain has been shown to detect early signs of 
heart failure in cancer patients in risk of having chemotherapy-
induced cardiomyopathy [51]. Longitudinal strain analyses can 
reveal subclinical LV dysfunction before a decline in EF. A relative 
decrease of 15% in GLS raises the suspicion of subtle LV dysfunc-
tion and can guide the cardiologist in their strategic choices of 
heart failure treatment.

The use of GLS in hypertrophic cardiomyopathy (HCM) is 
useful. EF is typically normal in HCM patients, and may remain 
normal until the end stage of the disease. The use of GLS will 
reveal a reduced longitudinal systolic LV function before any signs 
of systolic dysfunction by EF [52].

LV dyssynchrony can be revealed by strain measurements, but 
has currently no role in predicting the effect of cardiac resynchro-
nization therapy [53].

Advantages and limitations
Strain and TDI measurements have contributed to improved 
understanding of LV function during the two last decades. The 

Fig. 20.14 LV rotation by speckle tracking echocardiography. When viewed 
from the apex, apical rotation is counterclockwise and basal rotation clockwise 
as shown in the short axis. Clockwise rotation is presented by negative numbers, 
and counterclockwise rotation is presented by positive numbers.

BASE APEX
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crucial for the full assessment of wall motion. It is also important 
to remember that changes in the LV are not uniform, and thus it 
is preferable to obtain different views of the same region to make 
an accurate assessment of segmental wall function. This is usually 
done by combining the use of the standard apical views with the 
parasternal views, particularly in the short axis, where different 
levels of function from base, through papillary muscle down to 
apex can be visualized.

The best way to assess wall motion in each of these views is to 
consider the endocardial border and the epicardium as a number 
of point targets. As normal contraction occurs, the endocardium 
moves inwards (endocardial excursion) and LV cavity diminishes. 
The distance between the endocardium and epicardium increases 
(wall thickness). In patients with ischaemia, there is a reduction 
in the degree of endocardial excursion together with a decrease 
in the amplitude of wall thickening. This can be seen clearly when 
compared to adjacent, normally contracting areas of myocardium. 

Fig. 20.15 Left ventricular segmentation. Left 
ventricular segments from three apical views and 
mid-PLAX view with the corresponding coronary 
artery distribution. Cx, circumflex artery; LAD, left 
anterior descending artery; RCA, right coronary 
artery.
Reproduced with permission from Lang RM, Bierig M, 
Devereux RB, Flachskampf FA, et al. Recommendations 
for chamber quantification. European Journal of 
Echocardiography 2006; 7(2): 79–108 with permission from 
Oxford University Press.

Table 20.6 Left ventricular twist dynamics in different pathologies

LV twist LV untwisting Time to peak untwisting

Heart failure:

Preserved EF → or → or Delayed

Reduced EF Delayed

Ischaemic heart diseases:

Subendocardial MI → → Delayed

Transmural MI Delayed

Aortic stenosis → or Delayed

LV hypertrophy:

Hypertension → or Delayed

HCM Variable Variable Delayed

Dilated cardiomyopathy Delayed

Pericardial diseases No data provided

HCM, hypertrophic cardiomyopathy; LV, left ventricular; MI, myocardial infarction; , reduced; , elevated; →, unchanged.

Mor-Avi V, Lang RM, Badano PL, Current and evolving echocardiographic techniques for the quantitative evaluation of cardiac mechanics: ASE/EAE consensus statement on 
methodology and indications endorsed by the Japanese Society of Echocardiography. J Am Soc Echocardiogr 2011; 24:277–313.
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each perfused territory, the LV myocardial wall is usually divided 
into different segments. Evaluation of regional systolic function 
results from contractility assessment of these segments. Although 
there is some degree of variability, there is a direct correlation 
between the LV segments and the coronary arteries that allows 
diagnosis of which coronary artery is affected when a segmental 
contraction anomaly is seen (% Fig. 20.15).

Introduction should refer to the new EACVI guidelines [55]  
(% Fig. 20.16).

Left ventricle wall motion index
LV wall motion is assessed in the apical four-, three-, two-chamber, 
and parasternal long- and short-axis views. This allows complete 
visualization of all the LV walls, and hence all three vascular ter-
ritories, although care must be taken to ensure clear endocardial 
border definition. Clear visualization of the endocardial border is 
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Fig. 20.17 Regional wall motion 
can be accurately assessed using a 
17-segment model.
Reproduced with permission from Lang 
RM, Bierig M, Devereux RB, Flachskampf 
FA, et al. Recommendations for chamber 
quantification. European Journal of 
Echocardiography 2006; 7(2): 79–108 with 
permission from Oxford University Press.

Table 20.7 Methods for evaluation of regional wall motion 
abnormalities

Visual/subjective Normal, hypokinetic, akinetic, dyskinetic

Semi-quantitative
WMS or WMSI

1 = normal

2 = hypokinetic, i.e. reduced endocardial excursion 
and wall thickening

3 = akinetic, absent endocardial excursion and 
thickening

4 = dyskinetic, systolic bulging with no thickening

5 = aneurysm

WMS, wall motion score; WMSI, wall motion score index (total score of segments/total 
number of segments)

Fig. 20.16 Regional wall motion is generally assessed qualitatively based on a (a) 16- or (b) 17-segment model. See text for details. LA, left atrium; LAA, left atrial 
appendage; LAD, left anterior descending; LCx, left circumflex; MV, mitral valve; PA, pulmonary artery; RCA/PDA, right coronary artery/posterior descending 
artery; SVC, superior vena cava.
Reproduced from Port, S, Imaging Guidelines for nuclear cardiology procedures, part 2, J Nucl Cardiol, 6: G47–G84, with permission from Elsevier.
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Of the two parameters, the degree of endocardial thickening is the 
most reproducible and reliable method of wall motion assessment. 
It is also important to emphasize at this point that one must be 

careful to take into account translatory and rotatory motion of the 
LV which may give a false impression of preserved wall motion. 
However, the absence of endocardial excursion effectively rules 
out any significant wall thickening. Wall motion and wall thicken-
ing assessments are described in % Table 20.7.

The changes seen in regional wall motion correlate closely with 
the blood supply to that area of myocardium. Several methods 
have been described to anatomically describe the LV in order 
that regional wall motion can be accurately assessed but the basic 
principles remain the same. The ventricle is divided into three 
sections: base, mid-ventricular cavity, and the apex. Each sec-
tion is then divided into segments that correspond to areas in the 
LV wall. The most recent recommendations from the American 
College of Cardiology and American Heart Association are to use 
a 17-segment model (% Fig. 20.17).

This divides the base and mid-ventricular cavity into six seg-
ments each, with the apex section having four segments. A final 
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of the observer. When an image is acquired, the backscatter infor-
mation along the scan line is analysed and each pixel classified as 
either blood or tissue. There is sufficient difference between the 
energy returned from the blood in the LV (low) and the endocar-
dium (high) for this distinction to be made. Once this interface 
has been established along the whole of the endocardium, it can 
then be tracked. Each pixel is colour coded and is superimposed 
onto the 2D image. The construction is then integrated with the 
original scan image and this can be performed online. This leads 
to real-time tracking of the endocardial border which is continu-
ally updated frame-by-frame. Colour-coded endocardial tracking 
(Colour Kinesis and A-SMA) is an extension of this automated 
process (% Fig. 20.19).

Once the endocardial border has been defined on the basis of 
the backscatter from the blood and tissue, the inward (systolic) 
and outward (diastolic) movement is colour-coded. Each pixel is 
given a specific colour dependent on its movement which is then 
compared to the previous frame so that an accurate measurement 
of systolic function and regional motion is possible.

Conclusion
The estimation of LV systolic function is one of the most frequent 
indications for echocardiography, and its accurate measurement 
and report is fundamental to ensure the correct therapeutic 

segment is a very distal apical ‘cap’ which is best assessed in the 
apical two- and four-chamber views.

Commonly a ‘bull’s eye’ plot of all of these segments is used to 
note the individual segment scores, with the basal segments on the 
outside, followed by the mid-cavity, and then the apex at the cen-
tre. This allows a clear localization of any defect on a single report 
with an indication of the corresponding vascular supply.

Using 3D echocardiography, along with the LVEF, a mathemati-
cal model showing the regional function of the 16 or 17 segments 
can be assessed (% Table 20.8).

The coronary territories corresponding to the segmental model 
(% Fig. 20.18) are shown but it should be noted that there may be 
considerable overlap in coronary vascular supply.

Analysis of 2D grey-scale images obtained during 2D imaging 
tend to be subjective, qualitative, and dependent on the experience 

Table 20.8 Non-ischaemic regional wall motion abnormalities

Conduction system based Left bundle branch block

Ventricular pacing

Premature ventricular contraction

WPW syndrome

Abnormal ventricular  
interaction

Right ventricular volume overload

Right ventricular pressure overload

Pericardial constriction

Miscellaneous After cardiac surgery

Congenital absence of pericardium

Posterior compression:

Ascites

Pregnancy

Hiatal hernia

Fig. 20.19 Colour-coded endocardial tracking (Colour Kinesis and A-SMA) 
is an extension of an automated border detection process. The colour overlays 
are superimposed onto the grey-scale images which are updated on a frame-
by-frame basis. This allows real-time assessment of systolic function and 
regional wall motion using a visual colour scale. However, the accuracy and 
reproducibility of this technique depend on good image quality.

Fig. 20.18 Bull’s eye polar plot depicting specific regions from the various views.
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limitations of each modality should be taken into consideration 
while performing this evaluation. Supplementary quantitative 
methods for analysis of myocardial function, such as deformation 
imaging parameters, have appeared in the clinical arena.

strategies and risk assessment in various diseases. EF and vol-
umes are the most usual way to report the systolic function using 
2D and 3D echocardiography. Most of the guidelines still use the 
M-mode echocardiographic measurements. However, all inherent 
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CHAPTER 21

Left ventricle: diastolic 
function
Otto A. Smiseth, Maurizio Galderisi,  
and Jae K. Oh

Summary
The assessment of left ventricular (LV) diastolic function is an important part of the stand-
ard Doppler echocardiographic examination, particularly in patients who are referred for 
symptoms and signs of heart failure (HF). In contrast to systolic function, which can be 
evaluated by a few parameters, evaluation of diastolic function is more challenging as 
reflected in the large number of indices which have been introduced. However, with an 
understanding of diastolic haemodynamics and diagnostic strength of different indices it 
is feasible to assess diastolic function and filling pressure in most patients. This chapter 
reviews the physiology of diastolic function, the clinical methods and indices which are 
available, and how these should be applied.

Physiology of diastole
Phases of diastole
The LV has two alternating phases: systolic contraction and diastolic filling. Although 
the transition from contraction to relaxation begins prior to aortic valve closure, the 
traditional definition of diastole (in the ancient Greek language the term διαστολε 
means expansion) includes the part of the cardiac cycle starting at the time of aortic 
valve closure and finishing at mitral valve closure. Traditionally, diastole is divided into 
isovolumic relaxation, rapid early filling, diastasis, and atrial-induced filling. During 
isovolumic relaxation, LV pressure falls rapidly, and when LV pressure has declined 
below atrial pressure, a pressure gradient is established between the atrium and the 
ventricle, the mitral valve opens and the ventricle fills rapidly, giving rise to the early 
diastolic filling velocity (E velocity) (% Fig. 21.1). During diastasis, left atrial (LA) and 
LV pressures almost equilibrate and transmitral flow occurs at a low rate. Not infre-
quently in patients with markedly delayed relaxation, there may be a velocity peak 
during mid-diastole (L velocity). Finally, atrial contraction causes late diastolic filling 
of the ventricle (A velocity). As illustrated in % Fig. 21.1, mitral velocity increases as 
long as there is a positive transmitral pressure gradient and therefore peak velocity 
occurs when the gradient is zero. Then the gradient becomes negative and accounts for 
the deceleration of transmitral flow. The delay in velocity relative to peak gradient is due 
to the effect of blood inertia.
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Fundamental disturbance: relaxation, restoring 
forces, and stiffness
The three fundamental mechanisms that contribute to diastolic 
dysfunction are slowing of relaxation, loss of restoring forces, and 
increased diastolic stiffness, and these are typically accompanied 
by a compensatory increase in LV diastolic pressure. Both myo-
cardial relaxation and restoring forces contribute to the normal 
rapid fall in LV pressure in early diastole. They do, however, repre-
sent entirely different mechanism and presumably only restoring 
forces can create negative LV diastolic pressures, and thereby 

cause diastolic suction. Filling by suction implies that the LV wall 
performs work to pull blood into the ventricle, and the work is 
attributed to release of restoring forces which have been generated 
in the preceding systole [1,2]. Therefore, restoring forces express 
a coupling between systolic and diastolic function. Elevated early 
diastolic pressure in a failing ventricle is due to a combination of 
slow relaxation [3] and loss of restoring forces [4,5] and is aug-
mented by venoconstriction and fluid retention.

Routine assessment of diastolic function includes meas-
urement of both flow velocities and mitral annular velocities 
(% Fig. 21.2). Peak mitral annular velocity (e′) by tissue Doppler is 

Fig. 21.1 The physiology of filling illustrated by 
intraoperative recordings of pulmonary venous 
flow (flowmeter), mitral velocity (electromagnetic 
sensor), pressures (micromanometers) and ECG.  
Smiseth OA, Thompson CR. Atrioventricular filling 
dynamics, diastolic function and dysfunction. Heart Fail 
Rev 2000; 5(4):291–9.
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essentially a measure of LV lengthening velocity and as illustrated in  
% Fig. 21.3, e′ is determined by rate of LV relaxation, restoring 
forces, and diastolic pressure, and is therefore a key parameter 
of diastolic function [4,6–8]. Importantly, since restoring forces 
are primarily determined by degree of systolic shortening, e′ also 
reflects systolic function. In HF with increased LV end-systolic 
volume, restoring forces are attenuated or lost and relaxation 
becomes an increasingly important determinant of e′. Since e′ 
is also modified by early diastolic pressure it is not entirely load 
independent. Similar to e′, LV untwisting rate is determined by 
rate of relaxation and restoring forces, and is therefore an alterna-
tive or supplement to e′ as a measure of early diastolic function 
[9,10]. Left ventricular twist and twisting rate can be measured by 
speckle tracking echocardiography (STE) [11] (% Fig. 21.4).

Mitral flow velocities reflect the transmitral pressure gradient 
and therefore provide important insights into diastolic function. 
The early diastolic transmitral pressure gradient is determined by 
rate of relaxation, LV restoring forces, the compliance of the left 
ventricle, and the operating diastolic pressure. Furthermore, LA 
reservoir function and compliance determines how rapidly atrial 
pressure declines after onset of LV filling. Slowing of relaxation and 
loss of restoring forces lead to elevation of minimum LV diastolic 
pressure, and therefore tends to reduce the transmitral pressure 

Fig. 21.3 Determinants of e′. Upper panel: 
relaxation rate reflects decay of active fibre force. 
Middle panel: restoring forces are illustrated by an 
elastic spring which is compressed to a dimension 
(L

min
) less than its resting length (L

0
) and recoils back 

to resting length when the compression is released. 
Similarly, when the LV contracts to a volume less 
than its unstressed resting volume, it recoils back 
in early diastole when the myocardium relaxes. 
Lower panel: the LV lengthening load is the pressure 
in the left atrium at mitral valve opening, which 
‘pushes’ blood into the LV and thereby lengthens 
the ventricle. Smiseth OA, Remme EW, Opdahl A, 
Aakhus S, Skulstad H. Heart failure with normal left 
ventricular ejection fraction: basic principles and 
clinical diagnostics. In: Bartunek J, Vanderheyden  
M (eds) Translational Approach to Heart Failure. 
New York: Springer; 2013, 25–62.
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gradient and E velocity. Compensatory elevation of LA pressure 
leads to increased transmitral pressure gradient and E velocity.

Shortening of E deceleration time (EDT) is typical for ventricles 
with reduced compliance either due to structural remodelling or 
pericardial disease or because a ventricle with normal elastic proper-
ties operates on the steep portion of its pressure–volume curve due 
to elevated LV diastolic pressure [12,13]. As illustrated in % Fig. 21.5, 
reduced chamber compliance in ventricles with elevated dias-
tolic pressure may be attributed to the curvilinear shape of the LV 
diastolic pressure–volume; that is, chamber compliance decreases 
progressively when diastolic pressure is elevated. Therefore, when 
LA pressure is markedly elevated as in severe HF, there is typically a 
high transmitral E velocity, which decelerates rapidly.

Reduction in LV chamber compliance is also reflected in atten-
uation and abbreviation of the transmitral A velocity [14], and 
is typically combined with accentuation and prolongation of the 
pulmonary vein reversed A velocity [15,16]. The latter is attrib-
uted to a larger pressure A wave when the atrium contracts against 
a ventricle with reduced chamber compliance. Then little blood 
moves forward across the mitral valve, and anterograde mitral 
flow is interrupted prematurely. Therefore, at elevated LV end-
diastolic pressure there is increased regurgitation of blood into 
the more compliant pulmonary veins. Low amplitude and short 

http:www.phy-061062.blogspot.com
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duration of the transmitral A velocity in combination with a high 
amplitude and long duration of the reverse pulmonary venous 
velocity is typical for a ventricle with elevated end-diastolic pres-
sure. However, the reversal of pulmonary vein velocity may not be 
present if there is the first-degree atrioventricular block or atrial 
function is severely reduced.

Diastolic pulmonary venous flow (D) is initiated by transmitral 
filling and peak D is determined by many of the factors which deter-
mine transmitral E [17] (% Fig. 21.1). The early systolic pulmonary 
venous velocity (S1) is caused by atrial relaxation and systolic descent 
of the atrioventricular plane, which sucks blood into the atrium. The 
second component (S2) is also caused in part by the latter mecha-
nism, but is predominantly a result of forward propagation of the 
RV pressure pulse which ‘pushes’ blood into the atrium [18].

Similar to transmitral filling, intraventricular filling has an early 
and an atrial-induced filling phase. However, assessing intraven-
tricular filling is more complex than measuring flow velocities in 
blood vessels and across heart valves. This is due to the multitude 
of variables that determine intraventricular flow. Not only driving 
pressure, inertial forces, and viscous friction, but geometry, regional 
differences in function, and asynchronies in contraction play major 
roles as well [4,19,20]. Furthermore, flow occurs in multiple and 
rapidly changing directions, forming complex vortex patterns. It 

 Fig. 21.5 LV diastolic pressure–volume curve. As indicated by the slope of 
the tangents, an increase in LV end-diastolic pressure causes a reduction in LV 
chamber compliance. Because the pressure–volume coordinates are moving 
along a single curve, there is no change in LV passive elastic properties.
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Furthermore, increased diastolic stiffness reduces the ability to 
utilize the Frank–Starling mechanism and thus limits maximum 
cardiac output [22].

Invasive methods
Left ventricular filling pressure
The only invasive measure of LV diastolic function which is 
used in clinical routine is LV filling pressure and is measured as 
LV end-diastolic pressure during left heart catheterization, and 
as pulmonary capillary wedge pressure (PCWP) as an indirect 
measure of mean LA pressure during right heart catheteriza-
tion. LA pressure is a direct determinant of pulmonary capillary 
pressure, whereas LV end-diastolic pressure is a better meas-
ure of preload when studying LV mechanical function. Filling 
 pressures are considered elevated when the PCWP is greater 
than 12 mmHg or when the LV end-diastolic pressure is greater 
than 16 mmHg [23].

Relaxation and restoring forces
Global LV relaxation can be quantified by measuring the decay 
rate of LV pressure during isovolumic relaxation (tau) [24] 
(% Fig. 21.7). Measurement of tau requires high sensitivity 

Fig. 21.6 Loss of diastolic suction in heart failure. Upper panels: schematic illustration of diastolic suction as a force that ‘pulls’ blood into the LV (upper left 
panel). During heart failure when diastolic suction may be lost, the LV fills because blood is ‘pushed’ in from the atrium (upper right panel) [37]. Lower panels are 
recording from an animal study [21] showing a normal heart (left panel) in which LA pressure does not rise during exercise. This is due to markedly negative LV 
early diastolic pressure during exercise which accounts for an increase in the transmitral pressure gradient. During heart failure (right panel) there is no reduction 
in early diastolic pressure and transmitral flow increases due to elevation of LA pressure. dV/dt = time derivative of LV volume and E = peak early-diastolic 
transmitral flow rate.  Cheng CP, Igarashi Y, Little WC, Mechanism of augmented rate of left-ventricular filling during exercise. Circulation Research, 70, 1, 9–19.
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is therefore difficult to relate measures of intraventricular flow to 
LV function. There is, however, a well-defined intraventricular flow 
disturbance that has proven to be a marker of LV dysfunction, that 
is, the velocity of mitral-to-apical flow propagation.

The isovolumic relaxation time (IVRT), which is defined as the 
time from aortic valve closure to mitral valve opening, reflects the 
decay rate of LV pressure, and therefore IVRT reflects the rate of 
LV relaxation. However, systolic aortic pressure and LA pressure 
also influence IVRT [14]. IVRT gets longer with delayed relaxa-
tion, but also with elevated aortic pressure, but gets shorter with 
increased left atrial pressure. Hence, these variables need to be 
taken into account when using IVRT to evaluate diastolic function.

Diastolic function during exercise
Pulmonary congestion in HF is due to elevated LA pressure as 
a compensatory mechanism to maintain LV filling. % Fig. 21.6 
illustrates the pathophysiology behind elevated LA pressure in the 
failing ventricle and shows how loss of diastolic suction leads to 
abnormal elevation of LA pressure during exercise. As suggested 
by experimental data, a normal heart increases the transmitral 
gradient by lowering early diastolic LV pressure [21], and explains 
why a healthy individual can do vigorous exercise with little or 
no rise in LA pressure. In HF, however, there is loss of restoring 
forces and slowing of relaxation, and the only way to increase 
the transmitral pressure gradient is by increasing LA pressure. 
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Fig. 21.8 LV diastolic pressure–volume data from normal controls (solid line) and patients with normal EF, diastolic heart failure (DHF) (dotted line), and 
patients with systolic heart failure (SHF) (dashed line).  
Aurigemma GP, Zile MR, Gaasch WH. Contractile behavior of the left ventricle in diastolic heart failure—with emphasis on regional systolic function. Circulation 2006; 113(2):296–304.
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micromanometer-tipped catheters. The clinical value of measur-
ing tau has not been fully explored. Therefore, invasive assessment 
of LV relaxation is rarely justified in clinical practice. There is no 
clinical method to directly measure restoring forces, but simi-
lar to myocardial relaxation, the influence of restoring forces 
are reflected in the rate of fall in LV pressure during isovolumic 
relaxation.

Left ventricular compliance
Myocardial elastic properties are difficult to measure in patients 
and are done exclusively for research purposes. What can be 
measured are LV chamber properties which reflect the combined 
stiffness of the myocardium and extraventricular structures. Both 
a reduction in slope and a parallel upward shift in the diastolic 
pressure–volume relationship so that a higher pressure is needed 
to obtain a given LV volume, indicate a less compliant (i.e. stiffer) 
ventricle (% Fig. 21.8).

Non-invasive methods
Mitral inflow velocity
Pulsed wave Doppler echocardiography with the sample vol-
ume between the mitral leaflet tips during diastole measures E 
and A velocities, reflecting the transmitral pressure gradient [25] 
(% Fig. 21.9). In normal hearts in young individuals the major-
ity of filling occurs during early diastole. Therefore, E is higher 
than A velocity, and E/A ratio is greater than 1 in individuals 

Fig. 21.7 Calculation of the time constant of LV isovolumic pressure fall 
(tau): pressures were recorded by a dual sensor micromanometer.
Modified from Smiseth OA, Steine K, Sandbaek G, Stugaard M, Gjolberg TO. Mechanics 
of intraventricular filling: study of LV early diastolic pressure gradients and flow velocities. 
Am J Physiol Heart Circ Physiol 1998; 275(3):H1062–H1069.
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Fig. 21.9 Left: diagram of apical four-chamber 
view with a sample at the tip of mitral valve during 
diastole. Right: mitral inflow velocity demonstrating 
the early diastolic velocity (E) and late diastolic 
velocity with atrial contraction (A). The duration 
from the peak of E to the baseline (indicated by the 
arrow) is deceleration time (E

DT
). From Oh et al. The 

Echo Manual. 3rd ed. 2007.

E

A
E at A

EDT

LARA
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LV
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Volume

Table 21.1 Normal reference values for LV filling velocities and diastolic Doppler parameters

Parameters 20–40 years 40–60 years ≥ 60 years P

Mean ± SD 95% CI Mean ± SD 95% CI Mean ± SD 95% CI

Pulse Doppler at the mitral valve

E wave velocity (m/s) 0.82 ± 0.16 0.53–1.22 0.75 ± 0.17 0.46–1.13 0.70 ± 0.16 0.39–1.03 < 0.001

A wave velocity (m/s) 0.50 ± 0.13 0.30–0.87 0.62 ± 0.15 0.37–0.97 0.77 ± 0.16 0.40–1.04 < 0.001

E wave deceleration time (ms) 178.2 ± 43.1 105.2–269.0 187.6 ± 45.5 114.6–288.1 208.9 ± 62.7 114.0–385.9 < 0.001

E/A ratio 1.71 ± 0.52 0.89–3.18 1.24 ± 0.39 0.71–2.27 0.98 ± 0.29 0.53–1.80 < 0.001

Tissue Doppler data

Septal e′ wave (cm/s) 12.1 ± 2.5 8.0–17.0 9.8 ± 2.6 5.0–16.0 7.6 ± 2.3 3.0–13.0 < 0.001

Septal a′ wave (cm/s) 8.5 ± 1.7 5.3–12.0 9.8 ± 2.0 6.9–14.0 10.5 ± 1.7 7.0–14.0 < 0.001

Lateral e′ wave (cm/s) 16.4 ± 3.4 10.0–23.0 12.5 ± 3.0 6.0–18.0 9.6 ± 2.8 4.0–17.0 < 0.001

Lateral a′ wave (cm/s) 8.2 ± 2.2 5.0–13.0 9.4 ± 2.6 5.0–15.0 10.6 ± 2.9 6.0–17.0 < 0.001

Average septal and lateral e′ wave 14.3 ± 2.7 9.1–19.5 11.1 ± 2.5 6.0–16.0 8.6 ± 2.3 3.5–15.0 < 0.001

E/e′ ratio

Septal E/e′ 6.9 ± 1.6 4.4–10.6 8.1 ± 2.3 4.3–13.2 9.7 ± 2.8 5.0–16.9 < 0.001

Lateral E/e′ 5.1 ± 1.3 3.1–8.5 6.3 ± 2.2 3.7–12.0 7.8 ± 2.2 4.2–12.8 < 0.001

Average septal and lateral E/e′ 5.8 ± 1.3 3.6–9.1 7.0 ± 2.1 4.2–11.5 8.5 ± 2.2 4.6–13.5 < 0.001

Average E/e′ 5.6 ± 1.1 3.7–7.9 6.8 ± 1.8 4.0–11.6 8.3 ± 2.2 4.4–14.8 < 0.001

P differences between groups according to age category (one-way ANOVA)

Caballero L et al. Echocardiographic reference ranges for normal cardiac Doppler data: results from the NORRE Study. Eur Heart J Cardiovasc Imaging (2015), 83, by permission of 
Oxford University Press.

with normal diastolic function. Reduced myocardial relaxation 
property is one of the earliest abnormalities in diastolic function 
[26]. It gets gradually reduced with ageing (% Table 21.1) and is 
reduced in all forms of myocardial diseases such as myocardial 
ischaemia, hypertensive heart disease, and cardiomyopathies. 
The progression of diastolic dysfunction in terms of myocar-
dial relaxation, filling pressure, and corresponding mitral inflow 
velocity pattern is shown in % Fig. 21.10. As myocardial relaxa-
tion is reduced, LV pressure fall slows and the pressure cross-over 
between LV and LA takes place later (longer IVRT) so that the 
early transmitral pressure gradient is reduced and increasing por-
tion of diastolic filling occurs with atrial contraction as long as LA 
pressure remains not elevated, hence, E/A ratio is less than 1. The 
typical mitral inflow velocity during this early stage of diastolic 
dysfunction is also accompanied by longer EDT (normal value is 

200 ± 20 ms; 160–240 ms) since it takes a longer time to reach LV 
minimal pressure or to equilibrate LV and LA pressures (grade 1 
diastolic dysfunction).

With worsening of diastolic dysfunction, LV filling is not com-
pleted as necessary and LV is not able to accommodate all blood 
volume pumped by the right ventricle. Consequently, LV and 
LA pressures increase and the LA gets enlarged. As LA pressure 
increases, LV–LA pressure cross-over happens at a higher pres-
sure, and sooner, closer to the closing of the aortic valve compared 
to early diastolic dysfunction. Even with reduced myocardial 
relaxation, early transmitral gradient increases and the rise of 
early LV diastolic pressure is steeper, leading to elevated late and 
end-diastolic LV pressure. Consequently, mitral E velocity is again 
greater than A velocity with shortened EDT and IVRT. Therefore, 
with a right amount of relaxation abnormality and increased 
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Fig. 21.11 Colour M mode (top), Mitral inflow (middle), and pulmonary 
vein (bottom) indicating ‘L’ velocity by arrows.

dysfunction). Superficially, the pseudo-normal pattern looks 
the same as the true normal pattern, but a close detailed analy-
sis can separate them. Since myocardial relaxation is reduced in 
patients with grade 2 diastolic dysfunction or pseudo-normalized 
mitral inflow velocity pattern, it is not infrequent to see ‘L’ velocity 
(> 20 cm/s) which is a mid-diastolic flow velocity (immediately 
after E velocity) due to markedly delayed myocardial relaxation 
(% Fig. 21.11) which reduces LV diastolic pressure after an initial 
diastolic filling [27].

In patients with HF symptoms and advanced diastolic dys-
function, LA pressure is markedly elevated with reduced LV 
compliance. Therefore, early diastolic filling dominates with 
a very rapid rise in filling pressure (dip-and-plateau or square 
root sign in LV diastolic pressure tracing) and EDT is very short  
(E/A > 1.5 and EDT < 160 ms: grade 3 diastolic dysfunction) [28]. As 
described, mitral inflow velocity pattern is sensitive to or reflects 
the LV myocardial relaxation and filling pressure; unfortunately, 
the ‘U’ shape phenomenon of mitral inflow velocity pattern makes 
it difficult to be used alone to assess diastolic function in many 
situations.

Mitral annulus velocity
Early diastolic mitral annulus motion is used as a marker of myo-
cardial relaxation, is relatively insensitive to preload, and remains 
reduced in all stages of diastolic dysfunction (% Fig. 21.12).  
Therefore, e′ combined with mitral inflow velocity pattern 
makes the echocardiographic assessment of diastolic function 
relatively simple and easy [29]. In subjects with normal dias-
tolic function, e′ is a little lower at septal than at lateral annulus 
[30,31] (% Fig. 21.2). If e′ is in the upper normal range  (septal 
e′ ≥ 8 cm/s), diastolic function may be considered normal 
except in patients with constrictive pericarditis and in patients 
with significant mitral regurgitation. However, in patients with 
pseudo-normalized mitral inflow velocity pattern, e′ is reduced. 
It is important to be aware of the age dependency of e′ [32–34].  
% Tables 21.1 and 21.2 show age-adjusted normal values for e′ 
from two large populations. The values in % Table 21.1 are from 
several mid, southern, and eastern Europe countries. % Table 21.2  
shows data from a Norwegian population free from cardiovas-
cular disease, hypertension, and diabetes. Reference values for 
e′ are essentially similar for individuals from all these European 
countries. Owing to the wide range for reference values for e′, 
individuals with values in the upper normal range may drop 
markedly due to cardiac disease and still have e′ within the refer-
ence range. This limitation implies that e′ should not be used as 
a stand-alone parameter of diastolic function. Furthermore, one 
cannot exclude that some individuals in the lower range in the 
studies presented in % Tables 21.1 and 21.2 may have unknown 
myocardial disease. Probably ‘age-related’ low e′ velocity in the 
asymptomatic elderly predisposes them to develop increased 
filling pressure much easier than in individuals with higher e′ 
velocity (> 8 cm/s) [32,33,35].

It is debated which e′ velocity works better for diastolic function 
assessment. The American Society of Echocardiography (ASE)/ 
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Fig. 21.10 Progression of diastolic dysfunction. On the top, left ventricular 
pressure and left atrial pressures during diastole are shown, with corresponding 
mitral inflow velocity pattern below the pressure tracings, reflecting 
transmitral pressure gradient. Please see the ‘U’ phenomenon of E velocity 
resulting in pseudo-normalization.

filling pressure, the mitral inflow pattern of moderate diastolic 
dysfunction appears similar to that of the true normal diastolic 
filling pattern of E/A greater than 1 with EDT equal or greater than 
160 ms, which is a pseudo-normalized pattern (grade 2 diastolic 
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the European Association of Cardiovascular Imaging (EACVI) 
guideline for diastolic function assessment recommends an aver-
age of septal and lateral e′ velocities [36]. Studies have shown 
superiority of septal or lateral e′ in assessing LV filling pressure. 
Therefore, an alternative is to use either septal or lateral e′ veloc-
ity except for situations where one side e′ velocity is affected by 
mechanical factors (e.g. enlarged RV which displaces septum) or 
myocardial damage (e.g. scar).

Pulmonary vein velocities
In normal individuals the pulmonary venous systolic velocity S 
is usually higher than D and increases further in the setting of 
early diastolic dysfunction (grade 1) in which atrial contraction 
empties the majority of LA volume (i.e. high mitral A velocity) so 

that there is increased flow from pulmonary vein to the LA during 
systole. As LA pressure increases in the setting of more advanced 
diastolic dysfunction (grade 2 and 3), the majority of LV filling 
occurs during early diastole and D is increased and S is reduced. 
With increasing LV diastolic pressure which leads to a reduction 
in operative LV compliance, atrial contraction pushes an increas-
ing volume of blood back into the more compliant pulmonary 
veins and reversed pulmonary venous flow (Ar) is prolonged and 
peak velocity usually higher than 40 cm/s. The pulmonary venous 
S1 is related to atrial relaxation which lowers LA pressure, allowing 
pulmonary venous flow into LA, before S2 [18]. The first compo-
nent of pulmonary venous systolic flow (S1) is usually hidden or 
combined with the second component (S2) except when there is a 
prolonged atrioventricular conduction or PR interval. In young 
healthy subjects with excellent LV relaxation and/or bradycardia 
who have a predominant diastolic filling during early diastole, S2 
<< D, similar to the pattern seen with advanced diastolic dysfunc-
tion, but a noticeable Ar is absent. However, even in patients with 
severe diastolic dysfunction, a large Ar may be absent when there 
is atrial failure or prolonged atrioventricular conduction or tachy-
cardia [37] so that atrial contraction takes place before diastolic 
pulmonary venous flow (D) is completed.

Cardiac timing interval
Abnormality in diastolic function alters various timing intervals, 
hence they can be used for determining the status of diastolic 
function [38]. They are EDT, IVRT, duration of mitral A flow 
(DurA), duration of pulmonary venous reversal flow (DurAR), and 
the interval between the beginning of e′ and the onset of E (TE–e′).  
Both EDT and IVRT can be pseudo-normalized so that their 

Table 21.2 Mitral annular e’ by pulsed wave TDI in 1266 randomly 
selected healthy individuals from the study by Dalen et al. [32]. Table 
shows average for all four LV walls. Ranges represent 95% of the 
population (two standard deviations of the mean). The findings were 
similar when e’ was calculated as average of septal and lateral e’

e’ (cm/s) E/e’

Women, < 40 years
Women, 40–59 years
Women, ≥ 60 years
Women, overall
Men, < 40 years
Men, 40–59 years
Men, ≥ 60 years
Men, overall

10.0–19.2
6.5–16.1
1.8–14.6
5.4–18.2
8.7–19.5
6.1–15.3
4.4–12.0
4.8–16.8

3.0–8.2
3.2–10.4
3.1–14.3
2.5–10.9
2.5–8.5
3.0–9.4
3.1–12.3
2.4–10.4

Fig. 21.12 Mitral inflow (top) and mitral annulus velocity (bottom) for normal diastolic function, grade 1 (relaxation abnormality), grade 2 (pseudo-
normalization), and grade 3 (restrictive physiology) diastolic dysfunction. Mitral E velocity decreases for grade 1 dysfunction, then increases gradually with shorter 
deceleration time as diastolic function gets more advanced. Mitral annulus e′ velocity also decreases for grade 1 diastolic dysfunction, then remains reduced for all 
stages of diastolic dysfunction since e′ is less sensitive to filling pressure or preload. 
Reprinted from Journal of the American College of Cardiology, 30/2, Sohn DW, Chai IH, Lee DJ, Kim HC, Kim HS, Oh BH, et al, Assessment of mitral annulus velocity by Doppler tissue 
imaging in the evaluation of left ventricular diastolic function, 474–80, Copyright (2015) with permission from Elsevier.
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diagnostic value is highest when they are critically shortened  
(< 160 and < 70 ms, respectively) for advanced diastolic dysfunc-
tion and increased filling pressure, or overly lengthened (> 240, 
and > 120 ms, respectively) for an early stage of diastolic dys-
function with predominant relaxation abnormality and relatively 
normal filling pressure. DurA gets shortened with increasing left 
ventricular end-diastolic pressure (LVEDP) while DurAR length-
ens (% Fig. 21.13). When DurAR is longer than DurA by 40 ms 
or greater, LVEDP was found to be elevated [16]. In normal 
diastolic function or early stage of diastolic dysfunction with 
normal filling pressure, early diastolic filling is initiated by myo-
cardial relaxation, which moves the mitral annulus away from 
the apex and lengthens the LV. In these situations, the onset of 
E and e′ is almost simultaneous. However, with advanced dias-
tolic dysfunction and increased filling pressure, the early diastolic 
filling is initiated by increased filling pressure, even before the 
onset of e′ velocity. Therefore, TE–e′ greater than 50 ms is spe-
cific for increased filling pressure. Since IVRT shortens and TE–e′  
lengthens, their ratio, IVRT/TE–e′ less than 2 indicates increased 
filling pressure [39].

Left atrial volume
The LA encompasses four mechanical functions: (1) reservoir 
(collection of pulmonary venous flow) during LV systole, (2) con-
duit (passage to the LV) during early diastole, (3) active contractile 
pump (15–30% of LV filling) in late diastole, and (4) suction force 
that refills itself in early systole. Through these varying functions, 
the LA modulates LV filling.

Measurement of LA volume by two-dimensional (2D) echocar-
diography is highly feasible and reliable, as outlined in Chapter 
22 in this textbook, and is most often reported as LA maximal 
volume (at LV end-systole). Whereas Doppler-derived diastolic 
indices reflect LV filling pressures at the time of measurement, LA 

volume reflects the cumulative (chronic) effect of LV filling pres-
sures over time in patients who are in sinus rhythm and do not 
have mitral disease, anaemia and other high-output states.

Despite systematic underestimation versus real-time three-
dimensional (3D) echo [40,41] and cardiac magnetic resonance 
[42], 2D LA volume has satisfactory intra- and inter-observer 
variability [43]. Reference values of LA volume and cut-off val-
ues to categorize LA enlargement (mild, moderate, severe) have 
been established by indexing LA volume for body surface area 
(left atrial volume index = LAVi) [44]. The value for defining LA 
 dilation is a LAVi above 34 mL/m2 and is consistent with the ASE/
EACVI recommendations on LV diastolic function [36]. In the 
absence of cardiovascular diseases, LA volume can be increased in 
elite athletes and in chronic anaemia and this need to be taken into 
account to avoid misinterpretation as abnormal [45].

More recently attention has been moved towards the estima-
tion of LA minimal (at end-diastole) volume and to LA emptying 
fraction (LAEF = [LA maximal volume − LA minimal volume]/
LA maximal volume × 100), as a further marker of LA pressure 
level. LA minimal volume is determined by LA contractility and 
LA load, which depends in part on LV passive elastic proper-
ties and on pulmonary venous capacitance since retrograde flow 
occurs backwards into the pulmonary veins [46]. LAEF is a good 
estimate of the global capacity of LA to fill the LV [47]. LA output 
becomes an important determinant of LV filling when LV compli-
ance is reduced, contributing to about 38% of the stroke volume, 
but it decreases to 19% in restrictive LV disease [48].

Estimation of filling pressure
Estimation of filling pressure is the most valuable clinical appli-
cation of indices of diastolic function, and we should be able to 
estimate LV filling pressure reliably in most clinical situations if 
measurements are done adequately.
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Fig. 21.13 Calculation of difference in duration of antegrade transmitral A and reversed pulmonary venous A
r
 velocity as a marker of filling pressure. 

Reprinted from J Am Coll Cardiol, 22/7, Appleton CP, Galloway JM, Gonzalez MS, Gaballa M, Basnight MA, Estimation of left ventricular filling pressures using two-dimensional and 
Doppler echocardiography in adult patients with cardiac disease. Additional value of analyzing left atrial size, left atrial ejection fraction and the difference in duration of pulmonary 
venous and mitral flow velocity at atrial contraction, 1972–82, Copyright (2015) with permission from Elsevier.
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When LV ejection fraction (EF) is reduced or myocardium is 
affected by a cardiomyopathy, myocardial relaxation or e′ is almost 
always reduced [49], so that even E/A ratio alone is able to determine 
the status of diastolic function. However, when EF is preserved or 
the myocardial status is not apparent, e′ velocity is the first guide to 
assess diastolic function (% Fig. 21.12). As shown in % Tables 21.1 
and 21.2, normal reference values for e′ are wide, and therefore in a 
given patient e′ may drop markedly, but still be within the normal 
range. As a simplified approach one may consider septal e′ of 8 cm/s 
or greater or lateral e′ of 10 cm/s or greater as markers of normal 
diastolic function, and hence avoid further detailed studies of dias-
tolic function in these cases. However, if e′ velocity is greater than 
8 and 10 cm/s, respectively, in a patient with definite history and 
clinical evidence of HF (increased jugular venous pressure, oedema, 
or pleural effusion) in the setting of normal EF, constrictive pericar-
ditis should be considered. Furthermore, mitral insufficiency tends 
to increase e′ and this needs to be taken into account before con-
cluding that septal e′ of 8 cm/s or greater or lateral e′ of 10 cm/s or 
greater represents normal diastolic function.

Although several parameters are able to estimate filling pres-
sure, the most simple and practical echocardiographic parameter 
is E/e′ ratio [50] combined with tricuspid regurgitation velocity to  

estimate pulmonary artery systolic pressure (PASP), peak E as a 
marker of the transmitral pressure gradient and LA volume which is 
increased in patients with long-lasting elevation of diastolic pressure 
[36]. Pulmonary vein S/D ratio <1 is consistent with elevated LAP 
in patients with depressed LV EF. Supplementary methods include 
EDT as a marker of LV compliance and difference in time duration of 
mitral A and pulmonary venous Ar. % Fig. 21.14 shows algorithm 
for estimation of LV filling pressures and grading LV diastolic func-
tion from the joint ASE/EACVI recommendations [36].

% Fig. 21.2 shows recordings of transmitral E velocity along 
with mitral annular septal and lateral e′ which are used to calculate 
the E/e′ ratio. When E/e′ was compared to LA pressure simulta-
neously measured by implanted intra-atrial pressure monitoring 
device, E/e′ greater or equal to 15 was associated with PCWP 
greater or equal to 15 mmHg [51]. Despite its wide use, the real 
utility of E/e′ ratio has been challenged by observations in some 
studies, which included patients with either pacemaker or ventric-
ular conduction delay in very advanced HF [52] or with normal 
LVEF [53] and in those with hypertrophic cardiomyopathy [54].

Several other studies which compared E/e′ with simultane-
ously obtained PCWP demonstrated a good correlation between 
them. E/e′ greater or equal to 15 was found to be specific, but not  

Fig. 21.14 Algorithm for estimation of LV filling pressures and grading LV diastolic function in patients with depressed LVEFs and patients with myocardial 
disease and normal LVEF after consideration of clinical and other 2D data. Nagueh SF, Smiseth OA, Appleton CP, et al. Recommendations for the evaluation of left 
ventricular diastolic function by echocardiography: an update from the American Society of Echocardiography and the European Association of Cardiovascular 
Imaging. Eur Heart J Cardivasc Imaging 2016 Jul 15. pii: jew082. [Epub ahead of print]
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sensitive for PCWP greater or equal to 15 mmHg [7,17]. When E/e′ 
is 8 or lower, PCWP is mostly normal. When E/e′ is between 8 and 
15, other echocardiographic parameters are required to provide 
accurate evaluation of filling pressure. E/e′ also has been shown to 
correlate well with PCWP in sinus tachycardia or atrial fibrillation 
[55,56]. An important additional parameter is estimated PASP by 
tricuspid regurgitation velocity since the most common cause of 
pulmonary hypertension is pulmonary venous congestion along 
with increased LV filling pressure. Furthermore, increased mitral 
E and shortening of EDT are consistent with elevated LV filling pres-
sure. In many patients atrial-induced reversed pulmonary venous 
velocity can be measured, and difference in DurAR over DurA 
(Δ DurAR–A) by 40 ms or more supports elevated LV end-diastolic 
pressure. Therefore, diastolic function and/filling pressure should 
be able to be assessed in most patients simply using mitral inflow 
velocities (E, A, and E/AT), mitral annulus velocity e′, and tricuspid 
regurgitation velocity and left atrial volume [36]. Importantly, no 
single echocardiographic index is reliable as a standalone param-
eter of LV filling pressure. It is essential to look for consistency 
between the indices. Other parameters described below can be 
helpful in patients with uncertain diastolic function after utilizing 
mitral inflow, mitral annulus, and tricuspid regurgitation veloc-
ity. The diagnostic accuracy of E/e′ and other echocardiographic  
parameters is currently undergoing further evaluation against 
invasive LV diastolic pressure as gold standard [57].

Complementary diastolic function parameters
When LV is not able to accommodate all flow provided from the 
right side, LA volume increases progressively with worsening 
diastolic dysfunction [58]. However, enlarged LA does not always 
indicate diastolic dysfunction. LA size also increases when there 
is chronic increased stroke volume as in healthy well-conditioned 
young subjects or individuals with chronic anaemia [36]. There 
is also an overlap of LA volume between healthy individuals and 
subjects with diastolic dysfunction. It is difficult to determine dias-
tolic function or filling pressure by LA volume alone unless LA 
volume is completely normal indicating normal filling pressure.

The Valsalva manoeuvre increases intrathoracic pressure, thus 
reducing venous return so that it decreases both E and A velocities 
in normal subjects, but for pseudo-normalized or grade 2 diastolic 
dysfunction, it decreases only E and actually increases A velocity 
[59]. E/A ratio should decrease by more than 0.5 with the Valsalva 
manoeuvre in pseudo-normalized mitral inflow. However, the con-
cept of the Valsalva manoeuvre in assessment of diastolic function 
was developed before the use of tissue Doppler imaging. When e′ 
velocity can determine the underlying myocardial relaxation status, 
the role of the Valsalva manoeuvre is quite minimal in assessing 
diastolic function (% Fig. 21.12). Moreover, one needs to generate 
40 mmHg or greater pressure for the manoeuvre to be effective.

Flow propagation velocity of early mitral velocity (E) is meas-
ured by colour flow imaging and is a parameter for how fast the 
early diastolic flow travels from the mitral annulus to the LV 
cavity. Since it provides similar information as e′ velocity and is 
more challenging to measure technically, it has no major clini-
cal value in assessing diastolic function. Moreover, propagation 

velocity is high (> 45 cm/s) in patients with smaller LV cavity 
and diastolic dysfunction as in hypertrophic cardiomyopathy.

Diastolic stress echocardiography
It is important for us to be able to estimate LV filling pressure with 
exercise especially in patients with exertional dyspnoea [60]. Since 
mitral E velocity is sensitive to preload while mitral annulus e′ velocity 
is less sensitive to preload and reduced in all stages of diastolic dysfunc-
tion, E/e′ correlates well with PCWP at rest. With exercise, e′ velocity 
increases an average of 25%, similar to the percentage increase in  
E velocity in normal subjects or in patients with mild diastolic dys-
function who do not increase filling pressure with exertion. As a result,  
E/e′ remains in the range of 6 ± 2 mmHg with exercise [61,62]. In 
patients with advanced diastolic dysfunction, mitral E velocity increases 
with higher filling pressure, but e′ velocity remains flatly reduced  
(% Fig. 21.12). Therefore, E/e′ increases with exercise (% Fig. 21.15).

Several studies have demonstrated a good correlation between 
E/e′ and simultaneously obtained PCWP with exercise [63,64]. 
If PASP (or tricuspid regurgitation velocity) increases together 
with higher E/e′, the prognosis is even worse compared to the 
patients without exercise-induced pulmonary hypertension. 
Many patients with early stage of HF with preserved ejection frac-
tion (HFpEF) may not have any symptoms at rest and the earliest 
clinical presentation may be exertional dyspnoea [60]. Without 
demonstrating increased filling pressure with exercise, the diag-
nosis of HFpEF may be missed and many unnecessary evaluations 
may be  performed to evaluate exertional dyspnoea [65].

Deformation imaging and twist
Myocardial systolic strain and SR by STE can provide potential 
meaningful information on LV diastolic function/dysfunction. 

Fig. 21.15  Mitral inflow (top) and mitral annulus velocity (bottom) at 
baseline (left) and immediately after exercise (right) in a 67-year-old woman 
with exertional dyspnoea and normal ejection fraction. At baseline, she has 
grade 1 diastolic dysfunction, indicating reduced myocardial relaxation. As 
suggested by low E and E/e′ she has normal filling pressure. With exercise, she 
became short of breath. Mitral inflow E velocity increased with no change in 
mitral annulus e′ velocity resulting in increased E/e′ due to increased filling 
pressure responsible for her symptom. Accordingly, pulmonary artery systolic 
pressure was also increased with exercise.
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LV longitudinal strain has been found to correlate inversely with 
serum levels of tissue inhibitor of matrix metalloproteinase [66], 
a marker of myocardial interstitial fibrosis (i.e. a main determi-
nant of LV diastolic dysfunction). LV longitudinal strain is also 
reduced in patients with HF with preserved EF when also LV 
radial strain may be impaired but both normal circumferential 
strain and twisting contribute to keep normal EF [66]. However, 
little is still known about possible relations between global lon-
gitudinal strain and LV filling pressures. Early diastolic strain 
rate is undergoing testing, but is not yet ready for clinical use.

Preliminary data have demonstrated the ability of LA 
strain (% Fig. 21.16), determined by 2D STE, in predicting 
invasive level of LV filling pressure [67]. Two-dimensional STE 
normal values of LA strain have been proposed [68] but are 
derived by small sample sizes and need therefore to be confirmed 
in larger populations. Global LA strain is a strong predictor of 
cardiovascular events [69] and new-onset atrial fibrillation [70]. 
In general, the main strength of LA strain is the very good fea-
sibility. The main weakness is related to the anatomic effect of 
pulmonary veins outlet and of LA appendage which can preclude 

an accurate assessment of LA basal regions when pulmonary 
veins are dilated and when LA appendage is extremely large 
respectively [71].

Atrial fibrillation
It is challenging to assess diastolic function in patients with atrial 
fibrillation for various reasons. The LA is usually large and there is 
no atrial contraction. Moreover, mitral inflow varies with different 
cardiac cycle lengths. Fortunately, studies have shown that E/e′ cor-
relates well with PCWP in atrial fibrillation [56]. In this situation, 
it would be best to obtain an average value from five consecutive 
cardiac cycles for E and e′ velocity. Kusunose et al. reported an inno-
vative way of obtaining E and e′ velocities simultaneously from the 
same cardiac cycle using double sample volume.

The lack of E velocity fluctuation or very short EDT (< 130 m) 
also indicate increased filling pressure and/or a poor clinical 
outcome in atrial fibrillation [36]. Furthermore, tricuspid regur-
gitation velocity as the average of several beats can be used to 
estimate PASP.

Fig. 21.16  STE-derived left atrial systolic train. 
Determination of 12 regions, six in apical four-
chamber view and six in apical two-chamber view 
by the use of ECG-derived QRS complex as a 
reference point and measurement of the positive 
peak left atrial longitudinal strain.
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CHAPTER 22

Left atrium
Monica Rosca, Sergio Mondillo, and  
Kim O’Connor

Left atrial morphology and geometry
The left atrium (LA) is the most posteriorly situated of the cardiac chambers, bounded 
anteriorly by the aortic root from which it is separated by the transverse pericardial sinus 
and posteriorly by tracheal bifurcation, the oesophagus, descending aorta, and vertebral 
column.

Left atrial anatomy
The LA has four main anatomical components: the appendage, the vestibule, the pulmo-
nary venous portion, and the septal portion. Owing to the close vicinity of the LA with the 
oesophagus, transoesophageal echocardiography (TOE) remains the method of choice 
for the assessment of LA anatomy. Moreover, providing images from multiple perspec-
tives, three-dimensional (3D) TOE is a valuable tool to identify anatomical landmarks, 
to assess the size of different structures or defects and to guide interventional procedures 
involving atrial septum, left atrial appendage, or pulmonary veins [1].

The LA appendage is a small, narrow, often multilobar structure, with a trabeculated 
wall (pectinate muscles), located between the left ventricle (LV) and left upper pulmonary 
vein, from which is separated by the ligament of Marshall. Three-dimensional TOE is able 
to better discriminate between LA appendage pectinate muscles and thrombus than 2D 
TOE and to improve the assessment of LA appendage morphology and size [2], crucial for 
guiding its percutaneous closure (see z Video 22.1).

The septal portion of the LA merges into the roof, the posterior wall and the vestibule, 
without a clear anatomical demarcation. Three-dimensional TOE can provide high-qual-
ity images of interatrial septum, identifying anomalies as patent foramen ovale, septal 
aneurysmal (defined as a saccular excursion of > 10 mm from the plane of the atrial sep-
tum) or septal lipomatous hypertrophy (defined as a septal thickness of > 20 mm) [3]. 
The position and the relationship with surrounding structures of a septal defect can be 
accurately visualized by 3D TOE. Providing a high-quality ‘en face’ image of the defect, 
3D TOE is a valuable tool for device sizing, guiding and monitoring interventional proce-
dures when percutaneous closure is an option (see z Video 22.2).

The posterior part of the LA receives the pulmonary veins, commonly two veins (supe-
rior and inferior) from the hilum of each lung. However, considerably more variations 
in the number and arrangements of pulmonary venous orifices have been described [3]. 
Cardiac CT allows an accurately imaging of pulmonary venous anatomy, becoming the 
investigation of choice before, during, and after atrial fibrillation ablation procedures.

The vestibule, the part of the LA surrounding the mitral valve orifice, does not have 
clear anatomical demarcations.



left atrial physiology 163

Left atrial–left ventricular interdependence
The main determinants of LA phasic functions illustrate the 
interplay that exists among atrial and ventricular performance. 
Thus, LA reservoir function is modulated by both LV contrac-
tion (through the descent of the LV base during systole) and LA 
diastolic properties (i.e. relaxation and chamber stiffness). The LA 
conduit function is modulated by LV relaxation, early diastolic 
pressures, and LA compliance while LA booster pump function is 
modulated by LV compliance, LV end-diastolic pressure, and LA 
intrinsic contractility.

LA remodelling, including changes in shape, dimension, 
structure, and function, occurs in response to pressure over-
load (mitral valve stenosis, LV dysfunction, stiff LA syndrome) 
or volume overload (valvular regurgitation, left-to-right shunts, 
high output states). In the absence of primary atrial pathology 
or mitral valve disease, LA remodelling mainly reflects LV dys-
function, being proposed as a barometer of diastolic burden. 
Thus, in the presence of abnormal LV relaxation, LA reservoir 
and contractile function increases to maintain an adequate LV 
filling, while LA conduit function decreases. With advancing 
LV diastolic dysfunction and increasing LV filling pressures, LA 
reservoir and contractile function decreases and the LA works 
predominantly as a conduit [5].

Left atrial volume–pressure curves
LA output increases as atrial diameter increases, contributing to 
maintain a normal stroke volume, until the optimal Frank–Starling 
relationship is exceeded [6]. Beyond this point, LA contractile 
function might decrease in the presence of severe LA dilation, 
suggesting that the study of LA function can provide incremen-
tal information to LA dimensions assessment. The evaluation of 
volume–pressure curves represents the ‘gold standard’ method for 
the assessment of LA mechanical function (see % Fig. 22.1) [7]. 

Left atrial structure
LA remodelling includes pathophysiological changes at dif-
ferent levels (ionic, genomic, cellular, extracellular matrix, 
neurohormonal expression), occurring in response to specific 
stressors. The ability to non-invasively imagine LA structural 
changes is limited. Recently, an imaging methodology has been 
described for obtaining delayed enhancement cardiac mag-
netic resonance (CMR) scans with sufficient spatial resolution 
and signal-to-noise ratio for visualization and analysis of thin 
LA wall [4]. The area of fibrosis identified by CMR correlated 
with the region of low voltage identified on the electroanatom-
ical map acquired during invasive electrophysiological study 
and predicted the response to the atrial fibrillation ablation 
procedure [4].

Left atrial physiology
Left atrial functions: reservoir, conduit,  
buster pump
The LA, through its reservoir, conduit, and booster pump func-
tions, in a close interdependence with the LV function, plays 
a pivotal role in maintaining an optimal cardiac performance, 
mainly by modulating LV filling. Throughout the cardiac cycle 
the LA functions as a reservoir (during LV systole and isovolumic 
relaxation) receiving blood from the pulmonary veins and storing 
energy in the form of pressure, as a conduit (during early LV dias-
tole and diastasis), transferring blood into the LV through the LA 
via a small pressure gradient during early diastole and passively 
from the pulmonary veins into the LV during diastasis, and as a 
pump (during late LV diastole), augmenting LV stroke volume by 
approximately 20–30% in normal subjects and substantially more 
in the presence of a dysfunctional LV.
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phasic volumes might add significant prognostic information. LA 
phasic volumes include beside maximal volume, minimal volume 
(Volmin) measured at the closure of the mitral valve, and the volume 
just before the atrial contraction (VolP), measured at the onset of P 
wave on the electrocardiogram (ECG). Measurement of LA pha-
sic volumes using 2D echocardiography is time-consuming, and 
errors can arise from geometric assumptions of biplane volume 
calculations, as well as from difficulties with echocardiographic 
window and timing of various atrial events. As the body size is a 
major determinant of LA size, LA volumes must to be reported 
indexed to body surface area [11].

Three-dimensional echocardiography-derived 
left atrial volume
Three-dimensional (3D) echocardiography overcomes 2D echo-
cardiography limitations, avoiding geometric assumptions and 
atrial cavity foreshortening and thus, the underestimation of LA 
volumes. The feasibility of 3D echocardiography for the assess-
ment of LA volumes has been demonstrated and the technique 
has been validated against CMR [12,13]. Three-dimensional echo-
cardiography allows an accurate assessment of LA volume, with 
a lower variability as compared to bidimensional echocardiogra-
phy. Owing to the availability of the 3D data set in different phases 
of the cardiac cycle, the assessment of LA phasic volumes and 
derived function parameters by 3D echocardiography is improved  
(see z Video 22.3). We can automatically obtain the phasic LA 
volumes (minimum, maximum, and before atrial contraction) 
and active LA ejection fraction. Recently, 3D echocardiography 
derived LA minimum volume was the best independent predic-
tor of adverse cardiovascular events in a group of consecutive 
outpatients [14]. Three-dimensional echocardiography has also 
some limitations: arrhythmias (atrial fibrillation) prevents multi-
beat full-volume acquisitions; inadequate apical acoustic window 
limits the accuracy of atrial volume measurement; and reference 
values derived from large populations are currently lacking.

Left atrial volume: relevant cut-offs
It is generally accepted that echocardiography ‘underestimates’ 
LA size in comparison with cardiac CT or CMR. However, it 
could be as accurate to describe cardiac CT or CMR as ‘over-
estimating’ the size of the LA. Thus, any consideration of 
abnormality or change in size should be based on comparison 
to the reference values established for each of these methods. 
For 2D echocardiography the guidelines established the normal 
value as 22 ± 6 mL/m2 [11]. LA volume increased by more than 
one standard deviation (SD) of the mean (> 28 mL/m2), cho-
sen based on setting sensitivity and specificity for prediction of 
adverse cardiac events, is considered as mildly enlarged. LA vol-
ume increased by more than two SD of the mean (>34 mL/m2)  
is considered the cut-off providing a more specific discrimina-
tion of abnormal from normal LA volume for the purpose of 
diastolic function assessment [15]. Despite extensive evidence 
on the prognostic role of LA dilation, clear cut-offs with an 

The clinical utility of this method is limited as it requires com-
bined invasive measurements.

Left atrial neuroendocrine function
Mechanical stretching of the LA is associated with increased 
release of atrial natriuretic peptide (ANP), which promotes direct 
vasodilation, decrease of renin and endothelin secretion, and 
fibroblast collagen synthesis, thus preventing further LA remod-
elling. Development of severe LA fibrosis can cause depletion of 
ANP stores, limiting this compensatory effect of ANP secretion. 
On the other hand, the overproduction of the ANP can accumu-
late as amyloid, leading to isolated atrial amyloidosis and atrial 
fibrillation [8].

Left atrial dimensions
The assessment of LA size is of clinical importance, since LA 
enlargement has been established as a robust predictor of major 
adverse cardiovascular outcomes in the general population and 
different pathological conditions [9].

Left atrial anterior–posterior diameter
Traditionally, the LA size has been estimated by measuring its 
anterior–posterior diameter, a parameter extensively used in 
clinical routine and research work. However, the LA is a three-
dimensional structure with enlargement occurring preferentially 
in the superior–inferior or medial–lateral axes and not in the 
anterior–posterior direction as the LA is constrained by the 
aortic root anteriorly, and the tracheal bifurcation posteriorly. 
Therefore, changes in the anterior–posterior LA diameter often 
underestimate changes in other LA dimensions, making this lin-
ear measurement misleading and unsuitable for the quantification 
of LA size. The alternative of using LA area as a measure of atrial 
size shows the same limitations.

Two-dimensional echocardiography-derived 
left atrial volume
LA volume enables an accurate assessment of the asymmetric 
remodelling of the LA, providing superior prognostic informa-
tion in comparison with LA area or diameter [10]. The assessment 
of maximum LA volume (measured just before the opening of the 
mitral valve) is routinely recommended in the standard echocar-
diographic examination. For a proper assessment of LA volume 
by 2D echocardiography modified section should be used in order 
to maximize LA volume. Biplane area-length or biplane Simpson’s 
are the available methods for the assessment of LA volume by 2D 
echocardiography. However, this 2D echocardiographic method 
makes assumptions that may be inaccurate and underestimates LA 
volumes as compared with cardiac computed tomography (CT) 
or CMR. Moreover, LA maximal volume (Volmax) is only a snap-
shot of LA remodelling and the extension of the assessment to LA 
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and booster pump). The analysis of transmitral or pulmonary 
venous flow pattern is a facile method for identify the atrial 
stunning and the recovery of atrial mechanical function after 
restoration of sinus rhythm post cardioversion (see % Fig. 22.2). 
The ratio between the velocity time integral of the A wave and 
the velocity time integral of diastolic transmitral flow, repre-
senting atrial fraction, may also be used as an estimate of LA 
contractile function [18]:

Atrial fraction = VTI /VTIA wave mitral inflow

Atrial ejection force, representing the force exerted by the LA to 
accelerate blood into the LV, is another parameter proposed to 
describe atrial systolic function [19]:

Atrial ejection force = 0.5 × 1.06 × mitral annulus area  
         × (peak A velocity)2

The main limitations of these Doppler indexes are their depend-
ence on heart rate and loading conditions, especially on LV 
diastolic properties.

The contraction of the LA appendage can be also assessed by 
pulsed Doppler flow interrogation, usually on TOE. Reduced LA 
appendage velocities (< 20 cm/s) can predict the risk of throm-
bus formation, guiding anticoagulation therapy. The presence of a 
good LA appendage function post cardioversion (high velocities 
of emptying, > 40 cm/s) indicates patients with low embolic risk, 
and low risk of atrial fibrillation recurrences [20].

impact on patient management have been merely arbitrarily 
set. Thus, in asymptomatic patients with severe primary mitral 
regurgitation, preserved LV function, high likelihood of durable 
repair, low surgical risk, and severe LA dilatation (volume index  
≥ 60 mL/m2) surgery may be considered (IIb class of indication) 
[16]. Normal values for LA volumes assessed by 3D echocardiog-
raphy have been reported, but data are limited [17].

Left atrial function
With the advancement of technology, a variety of innovative meth-
ods have emerged for the quantitative assessment of LA function. 
Alongside classical parameters based on pulsed wave Doppler and 
volumetric analysis, novel post-processing imaging methodolo-
gies based on tissue Doppler imaging (TDI) and speckle tracking 
echocardiography (STE) provide a more comprehensive image of 
LA mechanics.

Spectral Doppler-derived parameters
The assessment of atrial filling and emptying by the analysis of 
pulmonary venous flow, respectively diastolic transmitral flow, 
can provide a broad estimate of atrial functions.

Transmitral peak A-wave velocity can reflect LA booster 
pump function, while systolic (S), diastolic (D), and atrial 
reversal (Ar) waves measured at the level of pulmonary venous 
flow can describe all three LA functions (reservoir, conduit, 
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Fig. 22.2 Successively assessment of transmitral flow in a patient with paroxysmal atrial flutter. (a) Normal sinus rhythm (E and A waves with comparable 
amplitude). (b) Atrial flutter characterized by disappearance of A wave corresponding to the atrial contraction and by persistence of E wave corresponding to 
early LV filling. (c) After spontaneous cardioversion, despite the presence of P wave on the ECG, A waves still are missing (yellow arrows) (atrial stunning).  
(d) Two days later, small A waves appear (white arrows) as an evidence of resumption of atrial mechanical function. 
Reproduced with permission from Muraru D. Ecocardiografia Doppler in tulburarile de ritm si de conducere. In Popescu BA. Ecocardiografia Doppler. Editura Medicala 2011:358.
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reduced sector size and depth, frame rate > 100 frames/s, parallel 
alignment of the sampling window with the region of interest), 
in order to obtain an accurate measurement of atrial myocardial 
velocities. Peak velocity of the mitral annulus in late diastole a′, 
with a good demonstrated correlation with LA ejection fraction 
or LA ejection force, can be used as a marker of atrial contraction 
[22]. Offline colour tissue Doppler waveforms allow simultane-
ous assessment of multiple atrial regions (see % Fig. 22.3). The 
velocities are influenced by translation and tethering and there-
fore are not able to distinguish intrinsic atrial movement from the 
displacement induced by ventricular motion through the mitral 
annulus movement (see z Video 22.4).

In contrast, atrial strain (ε) and strain rate (SR) demonstrate 
a good site specificity and are able to describe the intrinsic 
movement of the atrium (longitudinal shortening and lengthen-
ing) which is discordant with ventricular longitudinal motion  
(see z Video 22.5). It is possible to quantify LA strain in two dif-
ferent ways, depending on whether the atrial cycle (the onset of 
the P wave on the ECG) or ventricular cycle (the QRS complex) 
is used as the reference point from which the software starts the 
processing (see % Fig. 22.4) [23]. The method using the P wave as 
the reference point is not suitable for patients in atrial fibrillation. 
These procedural differences led to differences in nomenclature 
and cut-offs, and to difficulties in practical application of LA strain 
parameters. Regardless of the reference point used, the LA SR 
curve is triphasic, with SRs in ventricular systole, early diastole, 

Left atrial phasic volumes-derived parameters
The most common method used for the assessment of LA func-
tions is based on the measurement of LA phasic volumes and the 
calculation of the following indices [21]:

( )
( )− ×

LA ejection fraction or total ejection fraction

= Vol Vol /Vol 100max min max

( )− ×LA expansion index = Vol Vol /Vol 100max min min

( )− ×LA passive emptying fraction = Vol Vol /Vol 100max P max

( )− ×LA active emptying fraction = Vol Vol /Vol 100P min P

Providing more accurate and reproducible measurements, 3D 
echocardiography emerges as the best and preferred method to 
obtain LA phasic volumes and automatically derived LA function 
parameters. The load dependency represents the main limitation 
also for LA phasic volumes-derived parameters.

Tissue Doppler imaging parameters
TDI allows characterization of intrinsic myocardial velocities, 
providing a relatively load-independent measure of atrial func-
tion. Care should be taken to settings adjustment (minimum gain, 

total atrial
conduction

time

(a) (b)

(c) (d)

Fig. 22.3 The assessment of LA function by tissue Doppler imaging (TDI) in a normal subject. (a) Decrease of velocities from the mitral annulus (red curve) 
to superior segments (yellow curve) at the level of the lateral LA wall. (b) Left atrial myocardial velocities recorded at the level of right LA wall (yellow curve), 
interatrial septum (green curve), and lateral LA wall (red curve). Time interval from the beginning of the P wave on the ECG to the peak of the a′ wave 
(electromechanical delay) is progressively longer from the right LA wall to the interatrial septum, and lateral LA wall. Total atrial conduction time can be estimated 
as the time from the beginning of the P wave on the ECG to the peak of the a′ wave velocity recorded at the level of lateral LA wall. Myocardial velocities (c) and 
strain (d) recorded by TDI at the level of LV inferior wall (green curves) and of LA inferior wall (yellow curves). The displayed curves demonstrate the limitation 
of measuring velocities (c) in distinguishing atrial contraction from mitral annular and ventricular motion (the curves are in the same direction) and the good 
site specificity of strain (d) which are able to describe the discordant movement of the atrium and the ventricle throughout the cardiac cycle (the curves are in 
opposite directions).
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12-segment model [27]), can be determined. LA, ε, and SR were 
inversely related to extent of LA fibrosis, detected by CMR [29] or 
on the histological samples [30]. These results support the use of 
LA deformation as a surrogate for atrial wall fibrosis.

The inability of 2D STE to address the complexities of cardiac 
geometry and motion is an important limitation of the method. 
Recently developed 3D STE eliminates the effect of through-plane 
motion and enables the evaluation of LA area ε by combining lon-
gitudinal and circumferential ε information [31]. In a preliminary 
study, LA 3D STE-derived parameters were highly reproducible 
and closely correlated with classical LA functional parameters 
derived from LA phasic volumes [32].

In recent years a lot of studies have tried to demonstrate the 
usefulness of LA mechanics assessment with respect to LA per-
formance status, clinical end-points, risk stratification, and 
prognostic role in different clinical settings (see % Table 22.1) 
[25]. However, the current guidelines recommend the assessment 
of LA mechanics by STE for limited purposes: for regional LA 
assessment in patients with LV diastolic dysfunction, after atrial 
fibrillation to predict the maintenance of sinus rhythm, or to iden-
tify patients at risk for LA failure or arrhythmias [23].

Left atrial deformation: normal values
Normal values for global and segmental atrial deformation 
using either TDI or STE, have been reported [24,27]. The values 
obtained by TDI are generally higher than those obtained by STE. 
An explanation could be the age dependency of LA deformation 
parameters, as long as the population in the TDI studies was sig-
nificantly younger than the population in the STE studies. Normal 

and late diastole corresponding to reservoir, conduit, and con-
tractile function [24]. For standardization, the denomination of 
strain and SR according to the LA cycle phase has recently been 
proposed: εR and SRR (reservoir phase), εCT and SRCT (contractile 
phase), and εCD and SRCD (conduit phase) [25] (see % Fig. 22.4)

The atrial electromechanical delay can also be determined 
by TDI, as the time interval from the onset of the P wave on the 
ECG to the peak or onset of the a′ wave on the atrial myocardial 
velocities curves [26]. Total atrial conduction time, non-invasively 
estimated as the time from the beginning of the P wave on the ECG 
to the peak of the a′ wave velocity recorded at the level of lateral LA 
wall, can provide information regarding the electrical stability or 
vulnerability of atrial wall and the risk of atrial fibrillation.

The main limitation of TDI-derived strain remains the angle 
dependency. Moreover, wall-by-wall sampling is time-consum-
ing and the settings of cut-offs is difficult, limiting the use of this 
method in clinical practice.

Speckle tracking echocardiography parameters
STE allows a comprehensive, angle-independent assessment of 
atrial mechanics, overcoming thus, at least in part, the limitations 
of TDI. This method was recently applied to study the defor-
mation of the thin LA wall in the longitudinal direction [27]. A 
good grey-scale image quality and a frame rate between 60 and  
80 frames/s, are needed for an accurate tracking. The same two 
type of gating (QRS or P wave) can be used for the analysis of 
strain by STE (see % Fig. 22.4). Global longitudinal LA strain and 
strain rate parameters, expressed as the average deformation of all 
LA segments recorded in the apical views (in a 15-segment [28] or 

Fig. 22.4 The assessment of LA function by speckle tracking echocardiography in a normal subject. Average LA longitudinal strain (ε) and strain rate (SR) in 
different LA cycle phase: εR and SRR (reservoir phase), εCT and SRCT (contractile phase) and εCD and SRCD (conduit phase) obtained in a QRS-timed analysis 
(a) and P-wave timed analysis (b).

(a) (b)
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Fig. 22.5 How to non-invasively estimate left atrial stiffness.
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assessment of LA stiffness in athletes has clarified the adapta-
tion of atria to training demonstrating that, despite a greater LA 
size, exercise-induced physiological remodelling is accompanied 
by a low LA stiffness, contrary to data found in patients suffering 
from cardiomyopathies [36]. Thus, this novel echocardiographic 

values are also different, depending on the segmentation model 
(with 12 segments or 15 segments) and type of gating used (QRS 
or P wave). The variability reported for STE-derived parameters is 
lower than the variability reported for TDI parameters. The lack of 
standardization is an important limitation to the widespread use 
of these parameters in routine clinical practice.

Left atrial stiffness
Physiologically, stiffness is the change in pressure required to 
increase the volume of a passive container by a unit amount. To 
estimate LA stiffness, the ratio of invasively measured mean pul-
monary wedge pressure to LA systolic strain can be used. Recently, 
a new non-invasive estimation of LA stiffness, using the intra-cav-
ity filling pressure (E/e′ ratio) in conjunction with the percentage 
of maximal LA myocardial deformation, has been proposed as 
a reliable method [33], demonstrating good agreement with the 
invasively assessed LA stiffness [34] (see % Fig. 22.5). This novel 
parameter, known to be related to LV diastolic dysfunction, to LA 
dilatation, and collagen synthesis [33], has been used to identify 
patients with diastolic heart failure [34]. Furthermore it has been 
demonstrated that LA stiffness is a predictor of maintenance of 
sinus rhythm after cardioversion for atrial fibrillation [35] and 
may predict atrial fibrillation recurrences after pulmonary vein 
isolation [33]. In the context of physiological remodelling, the 

Table 22.1 Left atrial mechanics assessment in different clinical settings

Clinical setting Study Methodology Main findings

Normal subjects Sirbu et al. Eur J Echocardiogr 2006; 7:199
Cameli et al. Cardiovasc Ultrasound 2009; 7:6
Saraiva et al. J Am Soc Echocardiogr 2010; 23:172
Vianna-Pinton et al. J Am Soc Echocardiogr 2009; 22:299

TDI
2D STE
2D STE
2D STE

Studies of feasibility
Reference values have been reported

Heart failure
With reduced LVEF
With preserved LVEF

Cameli et al. Cardiovasc Ultrasound 2010; 8:14
Donal et al. J Am Soc Echocardiogr 2008; 21:703
Helle-Valle et al. Circulation 2011; 124:A8551
Kurt et al. Circ Cardiovasc Imaging 2009; 2:10
Kusunose et al. Heart 2012; 98:1311

2D STE
TDI
2D STE
TDI
2D STE

ε
R
 predicted elevated PCWP

ε
R
 was an independent predictor of pVO

2

ε
R
 was a predictor of cardiac death

LA stiffness distinguished between DHF and DD
ε

R
 was a predictor of exercise capacity

Atrial fibrillation Mochizuki et al. J Am Soc Echocardiogr 2013; 26:165
Saha et al. J Am Soc Echocardiogr 2011; 24:506
Di Salvo et al. Circulation 2005; 112:387

3D STE
2D STE
TDI

3D ST identified patients with paroxysmal AF
ε

R
 was a predictor of a high risk of stroke

ε
R
 and SR

R
 were predictors of sinus rhythm maintenance

Valvular heart disease
Mitral regurgitation
Mitral stenosis
Aortic stenosis

Cameli et al. Int J Cardiovasc Imaging 2012; 28:1663
Candan et al. Echocardiography 2013; 30:1061
Caso et al. Eur J Echocardiogr 2009; 10:753
O’Connor et al. Eur J Echocardiogr 2011; 12:299
Lisi et al. Int J Cardiol 2013; 167:1450

2D STE
2D STE
TDI
TDI
2D STE

ε
R
 was lower for patients with history of AF

ε
R
 was a predictor of postoperative AF

SR
R
 was a predictor of a combined clinical end point

All LA ε parameters were reduced in severe AS
ε

R
 was a predictor of postoperative AF

Cardiomyopathies
DCM
HCM

D’Andreea et al. Int J Cardiol 2009; 132: 354
Paraskevaidis et al. Heart 2009; 95:483
Rosca et al. J Am Soc Echocardiogr 2010; 23:1090

2D STE, TDI
2D STE, TDI
2D STE

ε
R
 was an independent predictor of pVO

2

ε
CT

 discriminated HCM from non-HCM hypertrophy
SR

CT
 correlated with heart failure symptoms

Coronary artery disease Antoni et al. J Am Soc Echocardiogr 2011; 24:1126
Ersbol et al. Circ Cardiovasc Imaging 2013; 6:26

2D STE
2D STE

ε
R
 was a predictor LA late remodelling

ε
R
 was not a predictor of outcome

Other clinical conditions
Stroke
HT and diabetes

Karabay et al. Echocardiography 2013; 30:572
Mondillo et al. J AmSoc Echocardiogr 2011; 24:898

2D STE
2D STE

ε
R
 and ε

CT
 were predictors of LAA thrombus

All LA ε and SR parameter, excepting SR
CT

, were reduced.

AF, atrial fibrillation; AS, aortic stenosis; DCM, dilated cardiomyopathy; DD, diastolic dysfunction; DHF, diastolic heart failure; HCM, hypertrophic cardiomyopathy; LA, left atrium;  
LAA, left atrial appendage; LVEF, left ventricular ejection fraction; PCWP, pulmonary capillary wedge pressure; STE, speckle tracking echocardiography; TDI, tissue Doppler imaging.
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cut-offs for 3D echocardiography-derived volumes will help the 
implementation of this method in current clinical use. Until then, 
3D echocardiography remains an invaluable tool for LA anatomy 
assessment, providing useful, unique information for percutane-
ous procedures. The potential usefulness of LA function over LA 
dimensions has recently been highlighted. However, the clinical 
application of LA mechanics assessment is merely marginal. Some 
conceptual and technical issues need to be addressed for improv-
ing the perspectives of using LA functional parameters in daily 
practice. Thus, the identification of parameters able to accurately 
describe the intrinsic atrial function, and standardization in image 
acquisition, software application, and data analysis could lead to 
significant advancement of the field.

parameter could represent a new tool able to further clarify the 
functional properties of the atria.

Future perspectives
Despite considerable data regarding the prognostic role of LA size 
and function assessed by multiple imaging techniques, the exploi-
tation of these parameters in clinical practice is still limited. If the 
role of 2D echocardiography-derived LA volume for risk stratifi-
cation and decision-making strategies is clearly established, the 
place of more accurate and comprehensive assessment of LA vol-
ume by 3D echocardiography is less obvious. Establishing specific 
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Right ventricle and 
pulmonary arterial pressure
Annemien E. van den Bosch, Luigi P. Badano, 
and Julia Grapsa

Summary
The right ventricle (RV) has been neglected for a long time, yet it is the RV function 
that is strongly associated with clinical outcomes in many conditions, such as pulmo-
nary arterial (PA) hypertension, congenital heart diseases, valvular heart disease, left 
ventricular (LV) dysfunction secondary to coronary artery disease, or cardiomyopathies. 
Echocardiography is the modality of choice to assess RV geometry, function, and haemo-
dynamics in clinical practice [1,2]. An accurate assessment of RV geometry and function 
is an essential part of any routine echocardiographic study, irrespective of the presence of 
left heart abnormalities. However, RV function and geometry may be difficult to quantify 
by conventional echocardiography, because of the complex RV shape and poor endocar-
dial definition, the characteristic pattern of myocardial contraction related to muscle fibre 
orientation, and the anterior position of the RV within the chest, affecting its explorability 
and image quality [3,4]. Therefore, when using conventional M-mode, two-dimensional 
(2D), and Doppler echocardiography to assess RV function, a multiparameter approach 
is needed in clinical practice to compensate for the flaws of conventional echocardio-
graphic techniques [5]. This approach is often time-consuming and not routinely feasible. 
Recently, new echocardiographic techniques like speckle tracking and three-dimensional 
(3D) echocardiography have entered the clinical arena, opening new opportunities for RV 
geometry and function quantification.

In this chapter, the various echocardiographic parameters proposed for RV geometry 
and function assessment in clinical practice will be described with a special emphasis 
on technical considerations, limitations, and pitfalls of image/tracing acquisition and 
analysis.

Right ventricular morphology and physiology
The RV is positioned directly behind the sternum and it is anatomically subdivided into 
three components [3,6,7]:

◆	 the inflow tract (sinus), which accommodates the tricuspid valve (TV)
◆	 the apical portion, heavily trabeculated
◆	 the outflow tract (infundibulum or conus) which corresponds to the smooth myo-

cardium outflow region, separated from the inflow tract by crista supraventricularis 
(which is thought to aid RV free-wall contraction towards the interventricular septum).
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Imaging the right ventricle

Echocardiographic assessment of the RV is complicated by:

◆	 complex asymmetric geometry
◆	 anterior retrosternal position
◆	 pronounced trabeculation of the inner contour with poor 

endocardial definition
◆	 incomplete visualization of the RV in any single 2D echocardio-

graphic view and more than one view is usually required for a 
comprehensive evaluation of RV morphology and function.

To assess RV morphology and function a complete set of stand-
ardized views must be obtained (% Fig. 23.1). It is important to 
use all available views, because each view adds complementary 
information, permitting a more complete assessment of the differ-
ent segments of the RV [1].

Right ventricular systolic function
Qualitative assessment
Qualitative assessment of RV function consists of the evaluation of 
the size, the systolic function, as well as the degree of hypertrophy 
[5,9–13].

Size
Starting the echocardiographic examination with the parasternal 
long-axis view, the RV size should be one-third of the LV size, when 
there is no known LV dilatation (z Videos 23.1–23.3 and 23.5).  

RV shape is almost triangular in frontal section and crescent in 
transverse section (wrapping around the convex interventricu-
lar septum). The RV wall is thinner (< 5 mm thick) than the LV 
wall. Differently from the LV, the myocytes within the RV wall 
are predominantly longitudinally orientated in the subendocar-
dium and circumferentially orientated in the thin subepicardial 
layer. Accordingly, the RV contraction pattern consists of three 
components (inward, longitudinal, and circumferential contrac-
tion due to LV contraction), and the longitudinal one is the major 
contributor to the overall RV performance. Deformation imaging 
analysis demonstrated that the RV contracts with a typical pattern: 
a bellow-like contraction of the free wall towards the septum and 
a longitudinal contraction of the base towards the apex, and bulg-
ing of the interventricular septum into the RV cavity due to the LV 
contraction [8].

Functionally, the normal RV is mainly a volumetric pump, 
which is able to produce the same stroke volume as the LV, but 
using only 25% of LV stroke-work, because of the low resistance 
of the pulmonary vasculature. Pressure–volume loops of the RV 
demonstrated that the RV can tolerate better volume overload 
than pressure overload conditions. It is believed that the RV 
compliance is greater than the LV compliance. The RV is closely 
connected to the LV by the interventricular septum and the RV 
free wall is attached to the anterior and inferior interventricular 
septum. The RV and LV also have mutually encircling epicardial 
fibres and share the same intrapericardial space. These explain 
an important aspect regarding RV physiology—ventricular 
interdependence—that may affect both RV and LV filling and sys-
tolic performance. During inspiration, transtricuspid flow (RV 
preload) increases by approximately 20%, while transmitral flow 
is mildly decreased by approximately 10%, with this process being 
reversed during expiration.

Fig. 23.1 Echocardiographic views used to assess the right ventricle. (a) Parasternal long-axis view which visualize the RV anterior wall. (b) Long-axis view of the 
inflow tract. (c) Long-axis view of the outflow tract. (d) Parasternal short-axis view of right ventricular outflow tract. (e) Short-axis view of the bifurcation of the 
PA. (f) Parasternal short-axis view at the level of papillary muscles, which visualizes the RV anterior, lateral, and inferior walls. (g) Short-axis view at mitral valve level. 
(h) Apical four-chamber view which visualizes the RV lateral wall and interventricular septum. (i) Modified apical four-chamber view focused on the RV.

(a)

(f)

(b)

(g)

(c) (d)

(h) (i)

(e)
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RV infarction or arrhythmogenic RV cardiomyopathy, where 
there will be regional wall motion abnormalities. The best views 
to assess RV function are the parasternal short-axis view and the  
apical four-chamber view.

Quantitative systolic function
To perform quantitative measurements of RV size and function, 
end-diastole is defined as the frame occurring at the peak of the  
R wave of the QRS complex and end-systole as the first frame 
before the tricuspid valve opens.

Right ventricular fractional area change

The RV fractional area change (FAC) provides an estimate of 
global RV systolic function. It is calculated from the apical RV 
focused view as the percentage change in RV area between end-
diastole and end-systole (% Fig. 23.4):

RV FAC = (RV end-diastolic area − RV end-systolic area)/ 
    RV end-diastolic area

Normal RV FAC is greater than 35%, when tracing the RV area it is 
important to ensure that the whole RV is included in the imaging 
sector in both diastole and systole. FAC measurement has a few 
limitations: it does not account for RV rotation, there is a pseudo-
normalization of RV FAC when the RV is volume overloaded, 
it does not take into account the RV outflow tract function, and 

Since the conventional apical four-chamber view (i.e. the one 
focused on the LV) may result in considerable variability in how 
the RV is sectioned, and, consequently, RV dimensions and areas 
may vary widely in the same patient with relatively minor trans-
ducer rotations, RV dimensions and areas are best estimated using 
an apical RV focused view in which the LV apex is in the centre 
of the scanning sector, while the largest basal diameter is simul-
taneously displayed, thus avoiding foreshortening (% Fig. 23.2; 
z Video 23.4). The parasternal short-axis view at the level of 
papillary muscles is the most useful view to assess the RV loading 
condition. The motion of the septum helps distinguish pressure 
from volume overload. In RV volume overload states, the septum 
flattens only in diastole, and regains its normal convex shape in 
systole (% Fig. 23.3; z Video 23.6). Conversely, in RV pressure 
overload states, the septum flattening is limited to systole in early 
stages of the disease, while in more advanced stages it remains flat-
tened throughout the entire cardiac cycle (z Video 23.7).

Hypertrophy

In patients with chronically elevated RV afterload, the RV walls 
become hypertrophied. From the subcostal four-chamber view, 
RV hypertrophy is defined by a free-wall thickness of more than 
5 mm [1].

Systolic function

In pulmonary hypertension, RV functional impairment is global: 
this is in contrast to other conditions affecting the RV, such as 

Fig. 23.2 Linear measurements of the right ventricle. (a) Modified apical four-chamber view focus on the RV, showing the basal (D1) and mid cavity (D2) RV 
dimension; (b) parasternal long-axis view showing the long-axis RVOT anterior (D3) dimension; (c) parasternal short-axis view showing the proximal RVOT (D4) 
dimension; (d) parasternal short-axis of pulmonary bifurcation view showing the distal RVOT (D5) and pulmonary artery (D6) dimension between the valve and 
bifurcation.

(a) (b) (c) (d)

D2

D3
D4 D5

D6

D1

Fig. 23.3 Parasternal short axis view of the right 
ventricle in a patient with severe pulmonary 
regurgitation. Note the diastolic flattening of 
the septum in diastole (a) which is completely 
normalized in systole (b).

(a) (b)
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analysis, serial transversal planes of the RV volumetric data sets 
are then obtained, and endocardial contours are traced using 
semi-automated border detection algorithms with cross-refer-
ence to long-axis planes for identification of the tricuspid annulus. 
Papillary muscles and trabeculations are part of the RV cavity  
(% Fig. 23.5).

Right ventricular dP/dt
This index estimates RV contractility by measuring the rate of pres-
sure rise in the RV [3,24]. It is not as commonly used as LV dP/dt  
taking into consideration the lack of data in healthy volunteers 
or in pulmonary hypertension. It is calculated from the continu-
ous wave Doppler envelope of the tricuspid regurgitation jet by 
measuring the time required for the TR jet to increase its veloc-
ity from 1 to 2 m/s. Using the simplified Bernoulli formula, this 
indicates an increase from 4 to 16 mmHg resulting in the follow-
ing formula for calculating dP/dt: RV dP/dt = 1200 mmHg/time  
in seconds. A RV dP/dt less than 400 mmHg/s is considered 
abnormal [25]. A significant limitation of this parameter is its high 
load dependency but it may still be useful for longitudinal assess-
ment and comparison with previous scans.

Tricuspid annular plane systolic excursion
The tricuspid annular plane systolic excursion (TAPSE) is the 
measure of the displacement of the base of the RV towards the 
apex during systole (longitudinal function). Because the septal 
attachment of the tricuspid annulus is relatively fixed, the majority 
of tricuspid annular displacement occurs in its lateral portion [26]. 
Using the apical four-chamber view, an M-mode beam parallel to 
the motion of the lateral wall is oriented to cross the lateral part 
of the tricuspid annulus. The TAPSE is the height of the M-mode 

finally, suboptimal endocardial definition due to trabeculations 
might explain its suboptimal accuracy and reproducibility [14,15].

Two-dimensional dimensions

The complex anatomy of RV cavity prevents the use of 2D to cal-
culate RV volumes and ejection fraction [15,16]. Using the apical 
four-chamber view focused on the RV, RV linear dimensions can 
be assessed. In general, a diameter greater than 41 mm at the base 
and greater than 35 mm at the mid-level of RV area indicates RV 
dilatation [17].

Three-dimensional echocardiography

The complex RV anatomy makes 3D echocardiography manda-
tory to measure RV volumes and obtain RV ejection fraction [18]. 
The major advantage of 3D echocardiography is that volumetric 
analysis does not rely on geometric assumptions, as has been 
the case with 2D echocardiography (% Fig. 23.5; z Video 23.8) 
[19–22]. Although normal 3D echocardiography values of RV vol-
umes need to be established in larger group of subjects, current 
published data suggest a RV end-diastolic volume of 87 mL/m2 
in men and 74 mL/m2 in women, and RV end-systolic volume of 
44 mL/m2 in men and 36 mL/m2 in women as the upper limits of 
corresponding normal ranges. RV ejection fraction less than 45% 
usually reflects abnormal RV systolic function [17,23].

Protocol for 3D echocardiography

3D echocardiography acquisitions are obtained using the scanner 
equipped with a matrix volumetric probe. Images are acquired 
from the apical approach with the patient in the left decubitus 
position during a breath hold. In addition, the depth and width 
are adjusted to include the RV apex (% Fig. 23.4). For quantitative 

RVAD = 25 CM2 RVAS = 10 CM2

(a) (b)

Fig. 23.4 Right ventricular areas measurement and fractional area change calculation. Tracing of the right ventricular endocardium at end-diastole (a) and  
end-systole (b) leaving the trabeculae and the moderator band as part of the cavity. The calculated fractional area change is: (25–10)/25 × 100% = 60%.
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to be a good prognostic factor [35,36]. RIMP has become a 
robust prognostic factor with good reproducibility and makes 
it a useful measurement for patient follow-up [37].

2. The RIMP can also be measured using the pulsed wave spectral 
velocity tracing obtained by applying tissue Doppler imaging 
(TDI) to the lateral tricuspid annulus (% Fig. 23.8). A RIMP 
greater than 0.54 by TDI is indicative of RV dysfunction.

Tissue Doppler imaging
Studies on the efficacy of pulsed tissue Doppler velocity of the 
tricuspid annular systolic motion in predicting RV systolic per-
formance and clinical outcome in patients with heart failure found 
a cut-off value of the peak systolic lateral annular velocity (s′) less 
than 11.5 cm/s as predictor of RVEF less than 45%, determined by 
radionuclide angiography, with a sensitivity of 90% and a specific-
ity of 85% [38].

Two-dimensional speckle tracking echocardiography
The main advantages of speckle tracking echocardiography are 
that this technique uses conventional grey-scale images and is 
relatively angle independent, and therefore it circumvents some 
of the limitations inherent to TDI. RV myocardial longitudi-
nal strain and strain rate are parameters that are independent of 
ejection fraction and allow quantification of regional myocar-
dial deformation. The images must be obtained at frame rates 
higher than 60 frames/s and only one cardiac cycle is required. 
Measurements of strain and strain rate have shown significant 
RV myocardial abnormalities in patients with amyloidosis, pul-
monary hypertension, atrial septum defects, and arrhythmogenic 
RV cardiomyopathy [39]. The view of choice is the focused RV 
apical four-chamber view (% Fig. 23.8). There is no consensus 

tracing of the tricuspid annulus displacement measured from the 
R wave on the electrocardiogram to its peak excursion and its nor-
mal value is higher than 20 mm [27,28] while values lower than 
17 mm are highly suggestive of RV systolic dysfunction [17]. The 
most significant limitation of TAPSE is that it measures the tri-
cuspid annular motion using a reference point, which is external 
to the heart and, therefore, it takes into account also the transla-
tional motion of the heart (% Fig. 23.6). TAPSE values less than 
14 mm have proven to be a univariable predictor of death [29,30]. 
Even further, TAPSE adds significant prognostic information to 
the New York Heart Association (NYHA) classification [31,32].

Right ventricular index of myocardial performance
The Doppler-index of myocardial performance is a parameter of 
global (systolic and diastolic) RV performance.

There are two different approaches for the measurement of right 
ventricular index of myocardial performance (RIMP):

1. From conventional Doppler modality, two different pulsed 
wave Doppler tracings obtained from cardiac cycles with simi-
lar R–R intervals are needed for the determination of RIMP 
[33]: the tricuspid inflow for the determination of the diastolic 
time, and the RV outflow tract for the determination of ejection 
time. RIMP is expressed by the formula: isovolumic contrac-
tion time + isovolumic relaxation time/RV ejection time  
(% Fig. 23.7).

 RIMP normal values are below 0.28–0.32 [34] and a RIMP 
greater than 0.43 with pulsed Doppler indicate RV dysfunction 
[17]. RIMP can be falsely low in conditions associated with ele-
vated right atrial pressures, which will shorten the isovolumic 
relaxation time. In patients with primary pulmonary hyperten-
sion, RIMP had a good correlation with symptoms and proved 

(a)

(c)

(b)

(d)
PV

TV

Apex
Fig. 23.5 Three-dimensional full-volume data set 
of the right ventricle. (a) Multislice (nine transversal 
planes) of the right ventricle from the tricuspid 
valve in the right lower corner, to the apex, in the 
left upper corner. (b) A volume rendered image of 
the RV. (c) Review of the RV contour that allows 
the software system to create a 3D RV beutel. (d) 
Surface rendering of the measured RV volume.
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Three-dimensional speckle tracking
The complex geometry of the RV is ideally displayed using a 3D 
imaging modality. However, further investigation and reliable 
validation are required for assessing RV myocardial deformation 
with 3D speckle tracking [44].

Indexing for heart rate

Most indices of function are unaffected by heart rate (HR), yet 
some require correction when HR exceeds 100 or drops below 
70. These are RV outflow tract (RVOT) acceleration time (AT), 
myocardial performance index, s′ wave velocity, and isovolumic 
relaxation time. In order to index to HR, the measurement should 
be multiplied by 75/HR, for example:

RVOT AT (indexed to HR) = RVOT AT × 75/HR

(a)

(c)

TAPSE = 14 MM TAPSE = 25 MM

1010

15
72bpm76bpm 75mm/s75mm/s

(b)

(d)

Fig. 23.6 Measurement of tricuspid annular plane systolic excursion (TAPSE). TAPSE is acquired by placing an M-mode cursor through the tricuspid annulus and 
measuring the amount of longitudinal motion of the annulus at peak systole. Note: TAPSE is angle dependent. Panels (a) and (c) show TAPSE measurement from 
a wide angle that corresponds with lower TAPSE measurement. Panels (b) and (d) show the correct TAPSE measurements.

on which method—full RV myocardium (i.e. including interven-
tricular septum too) or RV free wall only—of generating strain 
measurements is more accurate and correlates with best prognosis  
(% Fig. 23.9). Also, there is still a lack of data for normal values of 
RV strain measurements in adults. A strong correlation between 
longitudinal strain of different RV segments and RV global func-
tion has been demonstrated when patients with RV dysfunction 
were compared to healthy volunteers [40]. In patients with chronic 
left heart failure referred for heart transplantation, RV longitudi-
nal strain is a strong predictor of outcome [40,41].

Multiple studies have shown the prognostic role of speckle 
tracking echocardiography in patients with pulmonary artery 
hypertension and that the RV free-wall longitudinal strain has 
been an independent predictor of various RV parameters, includ-
ing mean pulmonary artery pressure [39,42,43].
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gradient from peak velocity of the tricuspid valve regurgitation 
(TR) using the simplified Bernoulli equation and add this value 
to an estimate of the mean RA pressure to obtain the RV systolic 
pressure (RVSP):

RVSP = 4(VTR)2 + mean RA pressure

In the absence of pulmonary stenosis or RVOT obstruction, SPAP 
is considered equal to RVSP [1].

Avoidance of technical pitfalls in obtaining an adequate Doppler 
tracing of TR (e.g. misalignment of Doppler beam to regurgitant 
jet direction, single view estimation, incomplete envelops, misin-
terpretation of aortic stenosis velocity jet or tricuspid valve closing 
click as TR signal, postextrasystolic or peak velocity measurement 
in irregular rhythms, and respiratory variations), is crucial for an 
accurate measurement (% Fig. 23.10). Usually, a technically ade-
quate TR signals with well-defined borders can be obtained in the 
majority of patients. In patients with inadequate Doppler tracings 
or undetectable TR, several tricks may be useful to improve the 
Doppler signal: measure during inspiration (usually the amount 
of TR is larger at this time), raising the patient’s leg increases the 
venous return and TR signal, use atypical views (e.g. one intercos-
tal space higher, parasternal long-axis or subcostal views of the 
RV), use agitated saline solution injection to enhance the Doppler 
signal. In patients with severe TR, the Bernoulli equation may 
underestimate the PASP, because there is an early equalization of 
ventricular and atrial pressure.

Normal peak TR velocities are less than 2.5 m/s at rest or a peak 
systolic pressure of 35 or 36 mmHg, assuming a normal RA pressure  
(3–5 mmHg). These values may vary with increased age and 
increasing body surface area. In patients with symptoms and 
an estimated SPAP greater than 40 mmHg, further evaluation is  
recommended [45,46].

Indexing for body surface area

Parameters of RV size are affected by body size and gender and 
measurement should be gender specific and normalized by body 
surface area [17,22,23].

Haemodynamic assessment of right 
ventricular and pulmonary circulation
Pulmonary arterial pressure: systolic, diastolic, 
and mean
Systolic pulmonary arterial pressure
The most common approach to estimate systolic pulmonary 
artery pressure (SPAP) is to measure the RV right atrium (RA) 

Fig. 23.7 Calculation of right index of myocardial performance (RIMP) by 
pulsed Doppler. (a) The Doppler tracing of the tricuspid inflow demonstrates 
the summation of isovolumic contraction time (IVCT), ejection time (ET), and 
isovolumic relaxation time (IVRT). (b) The ejection time—as measured from 
the short-axis RVOT view—is subtracted and the sum is divided to ET.

(a)

b

a

(b)
RIMP = IVCT + IVRT / ET

= a – b / b

a

b

Fig. 23.8 Calculation of RIMP through tissue 
Doppler imaging. Tissue Doppler imaging tracings 
contains both ejection and diastolic events and 
RIMP can be measured from a single heartbeat. ET, 
ejection time; IVCT, isovolumic contraction time; 
IVRT, isovolumic relaxation time; RIMP, right index 
of myocardial performance.

RIMP = (IVCT + IVRT) / ET

IVCT IVRT

ET
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(% Fig. 23.12), if systolic and diastolic pulmonary arterial pres-
sures are known, with the formula:

MPAP = 1/3(SPAP) + 2/3(PADP) 

The MPAP can also be estimated as 4 × (early pulmonary regurgi-
tation velocity)2 + estimated mean RA pressure.

The Mahan’s equation is a practical method for estimating 
MPAP by using the pulmonary artery acceleration time, too. The 
pulmonary artery acceleration time is measured by sampling the 
RV outflow with the pulsed Doppler [47]:

Diastolic pulmonary arterial pressure

The diastolic pulmonary arterial pressure (DPAP) (% Fig. 23.11) 
can be estimated from the end-diastolic pulmonary regurgitation 
velocity using the modified Bernoulli equation:

 DPAP = 4 × (end-diastolic pulmonary regurgitation velocity)2  
 + mean RA pressure

Mean pulmonary arterial pressure

The normal cut-off value for invasively measured mean pulmonary 
arterial pressure (MPAP) is 25 mmHg. MPAP can be estimated  

Fig. 23.9 There are two methods of generating strain measurements for the RV: (1) full RV myocardium including the septum (panel on the left) and (2) RV free 
wall only (panel on the right). Note: speckle tracking measurements in a patient with pulmonary hypertensive (panel on the left) and in a healthy subject (panel 
on the right).

GS=-6.9%
Peak Systolic Strain Longitudinal Strain

(a)

(b)
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RA pressure is mostly estimated by inferior vena cava (IVC) 
diameter and its changes during respiration, this is accordingly to 
the following principles:

◆	 IVC dilation suggests increased central venous pressure and 
may accompany volume overload states

◆	 IVC diameter normally decreases more than 50% during 
inspiration

◆	 a blunted or absent inspiratory variation of IVC diameter sug-
gests increased RA pressure.

Based on these considerations, RA pressure is estimated by IVC 
diameter and respiratory variation (% Table 23.1) [50].

The subcostal view is the most useful for imaging the IVC. Its 
size is measured at end-expiration just proximal to the junction of 
the hepatic veins (% Fig. 23.13) [50,51]. To accurately assess IVC 
collapse, the change in diameter of the IVC during a sniff test is 
usually measured.

However, the degree of respiratory variability of IVC size has 
some limitations that should be taken into account:

MPAP = 79 − (0.45 × PA acceleration time (ms)) 

This formula changes when the acceleration time is less than  
120 ms:

MPAP = 90 − (0.62 × acceleration time (ms)) 

To increase the accuracy of echocardiographic determination of 
MPAP, it is recommended to obtain MPAP by several methods 
and formulas [48].

Mean right atrial pressure
Mean RA pressure is an important haemodynamic variable that 
helps to address optimal treatment of patients with cardiac and 
pulmonary disease. In addition to guiding the management of 
fluid status in patients with heart failure, elevated mean RA pres-
sure is a marker for increased mortality in patients with primary 
pulmonary hypertension [49].

Fig. 23.10 Assessment of pulmonary arterial 
systolic pressure. For adequate assessment of 
Doppler tracing of tricuspid regurgitation (TR), 
alignment of the TR with the echo beam is 
necessary, to avoid underestimation. Panel (b) 
shows the correct alignment for Doppler tracing of 
the TR. In the assessment of PASP, the peak velocity 
of TR and IVC size and collapse is measured. 
Example of normal subject (c) and severe 
pulmonary hypertension (d).

(a) (b)

(c) (d)

Fig. 23.11 Doppler tracing of pulmonary regurgitation (PR). The mean pulmonary arterial pressure (M) V
max

 can be estimated from the early PR velocity and 
the pulmonary arterial diastolic pressure (D) V

max
 from the end-diastolic PR velocity. Continuous wave Doppler tracing of pulmonary regurgitation showing end-

diastolic atrial contraction (arrow) in a normal patient (a) and in a patient with a flat deceleration pattern (b) Measurements of proto- and end-diastolic gradients 
are shown.

(a) (b)



CHAPTER 23 right ventricle and pulmonary arterial pressure180

Supportive parameters to confirm increased right atrial 
pressure

Hepatic vein and IVC flow patterns are similar and provide com-
plementary insights into RA pressure. Antegrade flow (toward 
the RA) has two main components: (1) a larger systolic wave (Vs) 
and (2) a slightly smaller diastolic wave (Vd) (% Fig. 23.14) [52]. 
Between these two antegrade flow patterns, at end-systole, a small 
retrograde flow pattern may be recorded. Likewise, during atrial 
systole, some retrograde flow is also present. Hepatic vein flow is 
respiratory cycle dependent with increased flow velocity during 
inspiration and decreased flow velocity (and a greater degree of 
retrograde flow) during expiration. At elevated RA pressures, the 
large systolic wave is lost, and Vs is substantially decreased with a 
ratio Vs/Vd of less than 1. The hepatic vein systolic filling fraction 
is the ratio Vs/(Vs + Vd), and a value less than 55% is associated 
with elevated RA pressure (> 8 mmHg).

The hepatic atrial reversal velocity also provides useful informa-
tion. Hepatic vein atrial reversal velocity greater than antegrade 
systolic hepatic vein velocity predicts increased RA pressure: in 
severe TR, because the TR jet is transmitted retrograde into the 
RA, the normal antegrade systolic flow is replaced by a prominent 
retrograde wave.

Analysis of hepatic vein flow plays an important role in the 
assessment of different conditions:

◆	 In patients being ventilated using positive pressure, IVC diam-
eter and respiratory response cannot be used to estimate RA 
pressure. However, if the IVC diameter is small and spontane-
ous collapse is present, it suggests hypovolaemia.

◆	 In young individuals and athletes, the IVC may be dilated 
despite normal systemic venous pressure.

◆	 IVC dilation may occur secondary to narrowing at the IVC–RA 
junction resulting from the presence of a web of tissue or due 
to a prominent Eustachian valve regardless of mean systemic 
venous pressure.

◆	 IVC changes during respiration may be altered by varying force 
of inspiratory effort and patient cooperation.

Fig. 23.12 Estimation of pulmonary arterial pressure (PAP). Pulsed wave and continuous wave Doppler tracing in a normal subject (a, b) and a patient with 
severe pulmonary hypertension (c, d). Measurements of acceleration time of systolic flow, velocity and pressure gradient of pulmonary regurgitation helps in 
estimation of PAP.

(a)

(c)

(b)

PV accel. time 120 ms

PV accel. Time 67 ms

(d)

Table 23.1 Estimation of right atrial pressure.

IVC diameter (cm) Respiratory changes RA pressure (mmHg)

≤ 2.1 > 50% 0–5 [3]

≤ 2.1 < 50% 5–10 [8]

> 2.1 > 50% 5–10 [8]

> 2.1 < 50% 15

Respiratory changes are assessed by collapse of the IVC with sniff test. IVC, inferior vena 
cava; RA, right atrial.
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Morphological analysis of pulmonary Doppler 
flow pattern
In normal individuals, pulmonary flow tracing has a symmetric 
contour with a peak velocity occurring at mid-systole. As pul-
monary pressure increases, peak velocity occurs earlier in systole 
and late systolic notching is often present as seen in patients with 
severe pulmonary hypertension (% Fig. 23.15). The acceleration 
time (time from onset to peak flow velocity) can be measured and 
provides a rough estimate of the degree of increase in PA pres-
sure. In normal individuals, acceleration time exceeds 140 ms 
and progressively shortens with increasing degrees of pulmonary 
hypertension: at an acceleration time of less than 70–90 ms, PASP 
exceeds 70 mmHg [54,55]. Acceleration time is dependent on car-
diac output (CO) and HR. With increased CO through the right 
side cardiac chambers (as in atrial septal defect), acceleration time 
may be normal even when PA pressure is increased. If the HR 
is slower than 60 beats per minute or more than 100 beats per 
minute, acceleration time needs to be corrected for HR. There is 
heavy dependence on the position of the Doppler sample volume 
because acceleration and velocities are higher along the inner edge 
of curvature of the PA: positioning of the sample volume in the 
middle of the vessel in the imaged plane may not avoid overesti-
mation of velocity by sampling adjacent to the vessel wall in the 
orthogonal non-imaged plane.

With severe pulmonary hypertension, a mid-systolic notch may 
be present in the deceleration slope of the PA Doppler flow profile 
(% Fig. 23.15). This notch is analogous to the mid-systolic notch 
seen in M-mode examination of the PV. The notch may be sec-
ondary to transient elevation of PA pressure above RV pressure, 

◆	 In patients with restrictive physiology and constrictive 
pericarditis.

◆	 In patients with pulmonary hypertension. There is a prominent 
atrial flow reversal in the hepatic vein caused by increased dias-
tolic pressure and decreased compliance of the RV. Conversely 
from what can be observed in restrictive or constrictive peri-
carditis, there is very little respiratory variation of atrial flow 
reversal in pulmonary hypertension.

◆	 In the setting of atrial fibrillation, retrograde flow during atrial 
systole and the velocity of systolic anterograde flow are dimin-
ished, regardless of pressure.

The superior vena cava (SVC) can be visualized from the supraster-
nal notch as a vertical structure just to the right of the aortic arch. 
Doppler interrogation of SVC flow velocities makes it possible to 
estimate the extent of right circulatory dysfunction in patients 
with congestive heart failure [53].

The venous flow velocity pattern is considered:

◆	 normal, when the systolic/diastolic ratio is between 1 and 2 (≥ 1 
and ≤ 2)

◆	 ‘predominant systolic wave’, when the ratio is greater than 2
◆	 ‘predominant diastolic wave’, when the ratio is less than 1.

Hepatic vein flow velocities have been validated in mechanically 
ventilated patients; provided that the velocities are obtained over 
five or more consecutive heart beats and comprises one or more 
respiratory cycle.

Fig. 23.13 A measurement of the diameter of 
the inferior vena cava is performed during end 
expiration and proximal of the vena hepatica (a). 
Sniff test is performed to obtain the inferior caval 
respiratory index (b).

Fig. 23.14 Hepatic vein Doppler flow tracing. (a) Antegrade flow (toward the RA) has two main components: a larger systolic wave (Vs) and a slightly smaller 
diastolic wave (Vd). In a normal subject, with a prominent systolic component is present. (b) Hepatic vein Doppler flow tracing of a patient with increased right 
atrial pressure showing an increased retrograde flow after right atrial contraction (A wave).

(a)

Vs
Vd

A-wave

(b)
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eligibility. Two methods have been proposed to estimate PVR [58]. 
The first one uses a simple ratio of peak TR velocity to the RVOT 
velocity time integral. This formula is PVR = 10 (peak TR velocity)/ 
TVIRVOT. This relationship is not reliable in patients with very high 
PVR (> 8 Wood units). A normal invasively measured PVR is less 
than 1.5 Wood units and significant pulmonary hypertension is 
defined as a PVR greater than 3 Wood units. Estimation of PVR 
with echocardiography should not be used to diagnose pulmo-
nary hypertension but as a confirmatory parameter in patients 
with elevated SPAP and invasive evaluation of PVR should be per-
formed when this value is important to guide therapy.

Conclusion
Comprehensive assessment of RV geometry and function by 
echocardiography is challenging; however, new echo techniques 
such as 3D echocardiography, speckle tracking echocardiography, 
and TDI have emerged into the clinical practice. The integration 
of all these imaging techniques could lead to an easier and more 
comprehensive and reproducible assessment of RV function and 
its haemodynamics.

due to a decrease in PA compliance and an increase in main PA 
size, impedance, and transmission time of the velocity wave. The 
mid-systolic notch in pulmonary flow profile may distinguish 
proximally located obstructions in the PA vasculature from dis-
tal obstructions. This notch occurs significantly later in systole in 
patients with pulmonary hypertension than in those with proxi-
mal pulmonary embolism [56,57].

The pulmonary vascular resistance (PVR) decreases during 
exercise while stroke volume increases in normal subjects. This is 
defined as a SPAP less than 43 mmHg during exercise. However, in 
athletes and subjects aged over 55 years, SPAP can rise as high as 
55–60 mmHg at peak exercise. Measurement of SPAP and changes 
during exercise can be of clinical important in several conditions, 
including pulmonary hypertension, valvular heart disease, and 
heart failure.

Pulmonary vascular resistance
An elevation in SPAP does not always imply an increased PVR. 
The elevated pulmonary pressure can be present due to high flow 
or to pulmonary vascular disease. In patients with severe heart 
failure, PVR plays an important role with regard to transplantation 

Fig. 23.15 Right ventricular outflow tract flow 
pattern Doppler tracings in two patients with 
pulmonary hypertension. The triangular shape 
with rapid acceleration and mid-systolic cessation 
of flow (notching, arrow) are suggestive of severe 
pulmonary hypertension. AT, acceleration time.

(a) (b)
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CHAPTER 24

Right atrium
Thierry Le Tourneau, Luis Caballero,  
and Tsai Wei-Chuan

Morphology and geometry
The right atrium (RA) is located on the upper right-hand side of the heart (% Fig. 24.1). It 
is a dynamic structure dedicated to receive deoxygenated blood return and to assist right 
ventricular (RV) filling.

From an anatomical point of view the RA comprises three basic parts, the appendage, 
the vestibule of the tricuspid valve (TV), and the venous component receiving the sys-
temic venous return.
◆	 The RA appendage is a triangular structure, located at the anterior and medial part of 

the RA, which overlaps the aortic root. The appendage pumps blood to the RV during 
atrial systole. The junction of the appendage and the venous component is known as 
the terminal groove. The internal terminal crest is a C-shaped smooth muscular ridge 
which gives origin to the pectinate muscles of the appendage.

◆	 The vestibule of the TV is smooth-walled myocardium in continuity with the TV leaflets.
◆	 The venous portion of the RA extends from the terminal groove to the interatrial groove 

and receives blood from the superior vena cava (SVC), the inferior vena cava (IVC), 
and the coronary sinus (CS). The CS ostium opens between the IVC and the TV on the 
inferior aspect of the interatrial septum (IAS) and its valve is the Thebesian valve. The 
IVC ostium opens at the inferior posterior portion of the RA. Its valve is the Eustachian 
valve, that continues medially into the Eustachian ridge [1]. The medial wall of the RA 
is comprised of the IAS and the atrioventricular septum. The fossa ovalis (oval fossa) 
is an oval-shaped depression of the IAS. The lateral wall comprises the wall of the RA 
from the ostia of the SVC and IVC anteriorly to the ostium of the right appendage. 
The endocardial surface of the lateral wall includes smooth muscle between the vena 
cava and the terminal crest and pectinate muscle. The RA free wall corresponds to the 
anterior region of the lateral wall. Finally the TV comprises generally three leaflets and 
is located between the RA and the RV.

Right atrium physiology
Right ventricular filling
The main role of the RA is to assist RV filling. The three components of RA function 
are [2]:
◆	 the reservoir function: storing blood when the TV is closed and releasing blood when 

it opens
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during systole. The RA appendage may play a role in RA com-
pliance and RV filling as the left appendage does for the left 
ventricle.

Right atrial function in pathology
RA function tightly depends on pericardium integrity. The peri-
cardium has a greater effect on the thin-walled atria than on the 
thick-walled ventricles. After pericardiotomy RA contractility 
falls and RA compliance rises substantially, promoting reservoir 
function [3]. Without pericardial restraint, the atrium acts more 
as a reservoir than a conduit. Cardiac output is inversely related 
to the conduit-to-reservoir ratio, increasing as the reservoir con-
tribution increases. With a normal atrium, reservoir function and 
atrial contraction increase to maintain cardiac output despite a fall 
in ventricular ejection fraction. Again, with chronic RV pressure 
overload, the atrium becomes more distensible to maintain filling 
of the stiffened ventricle and RA contractility increases [2]. While 
mild to moderate tricuspid regurgitation enhances the three 
components of RA function, severe regurgitation reduces the con-
tribution of atrial contraction to RV filling while the reservoir and 
passive conduit function increase [4]. Of course, atrial fibrillation 
(AF) is associated with the loss of RA contraction [5].

Right atrial dimensions
Right atrial diameter and area
Quantification of RA size is most commonly performed by 
two-dimensional echocardiography (2DE) from the apical four-
chamber view by planimetry using an upper reference limit of 
20 cm2 (% Table 24.1) [6,7]. RA planimetry is measured at the end 
of ventricular systole (largest volume) from the lateral to the septal 
aspect of the tricuspid annulus following the RA endocardium, 
excluding the IVC and SVC ostia and the RA appendage. Minor 
and major axis dimensions of the RA can also be considered. The 
major (long) axis of the RA is measured from the centre of the 
tricuspid annulus to the centre of the superior RA wall, paral-
lel to the IAS. The minor axis dimension is measured in a plane 
perpendicular to the long axis from the mid level of the lateral 
wall to the IAS (% Fig. 24.2). Normal values and upper reference 

◆	 the passive conduit function: passive blood transfer directly 
from the systemic and coronary veins to the RV when the TV is 
opened

◆	 the active conduit function or booster pump function: atrial 
contraction in late diastole to complete RV filling.

Right atrial–right ventricular pressure and 
tricuspid motion
RA pressure and function influence TV mechanics. TV leaflets 
open when ventricular pressure drops below atrial pressure and 
coapt or close when ventricular pressure exceeds atrial pressure 

Fig. 24.1 Right atrium in a human heart.

Fig. 24.2 Apical four-chamber view assessment of 
the right and left atrium at end-systole. (a) Major 
(long-axis) and minor (short-axis) diameters of the 
right atrium. (b) Planimetry (14.95 cm2) and single-
plane volume (38 mL) measurements of the right 
atrium (white frame).

(a) (b)
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2D RA volume is around 20 to 21 mL/m2. In the recent NORRE 
study, RA volume averages 21.9 mL/m2, 24.1 in men and 20.2 mL/
m2 in women [8]. However, 2DE measurement of RA volume cor-
relates poorly with cardiac magnetic resonance (CMR) imaging 
or three-dimensional echocardiography (3DE). This may be due 
to foreshortening of 2D images, as well as errors introduced by the 
geometric assumptions used. By contrast an excellent correlation 
is obtained between 3DE and CMR imaging to RA volume deter-
mination [9]. Three-dimensional RA volume averages 19 mL/m2 
(% Table 24.1).

Right atrial size in physiology and pathology
RA area, volume, and volume index are significantly greater in 
elite athletes than in controls. Elite athletes have also greater RV 
and IVC diameters [10]. RA dimensions are not significantly 
influenced by age in both genders. In the pathological context, RA 
enlarges in response to pressure and/or volume overload related 
to TV disease or RV dysfunction [11]. AF is a well-known factor 
of both left and right atrial enlargement [5]. RA enlargement can 
extend to the atrioventricular junction eliciting tricuspid regurgi-
tation through annulus dilatation, especially in patients with AF 
[12]. RA enlargement is an independent predictor of poor out-
come in heart failure patients [13].

Right atrial function
Tricuspid inflow and tissue Doppler imaging
The tricuspid inflow reflects RA, RV diastolic, and TV functions. 
Tricuspid inflow is recorded at held end-expiration by placing 
the Doppler sample at the tips of the leaflets from the apical 
four-chamber view (% Fig. 24.3a). Tricuspid inflow record-
ing allows evaluation of RA passive conduit and booster pump 
functions [5]. Tissue Doppler imaging (TDI) E′ and A′ wave 
velocities at the tricuspid lateral annulus level are influenced 
by both RA and RV function (% Fig. 24.3b). Normal values for 
tricuspid inflow and TDI are shown in % Table 24.1 [6,14].

Table 24.1 Main right atrial and associated structures measurements

Parameter Normal value (range) 
or ± standard deviation

Minor RA diameter, mm 36 (24–46)

Major RA diameter, mm 46 (32–55)

RA planimetry, cm2 14 (8–20)

2D RA volume (single plane), mL/m2 22 (12–35)

3D RA volume, mL/m2 19 ±7

IVC diameter, mm < 21

IVC motion with a sniff manoeuvre, % > 50

Tricuspid E wave, cm/s 54 (33–75)

Tricuspid A wave, cm/s 40 (19–60)

Tricuspid E/A ratio 1.4 (0.7–2.2)

Deceleration time, ms 174 (105–243)

IVRT, ms 48 (16–80)

TDI lateral tricuspid annulus E’, cm/s 14 (7–21)

TDI lateral tricuspid annulus A’, cm/s 13 (7–21)

Tricuspid E’/A’ ratio 1.2 (0.4–2)

Tricuspid E/E’ ratio 4 (1–7)

Global peak longitudinal strain, % 48 ± 13

Peak contraction strain, % 16 ± 6

RA, right atrium; TDI, tissue Doppler imaging.

limits are shown in % Table 24.1. The Normal Reference Ranges 
for Echocardiography (NORRE) study, which enrolled 734 nor-
mal European individuals, confirms and reinforces the reliability 
of these measurements [8].

Right atrial volume
Assessment of RA volume would be more accurate for deter-
mination of RA size than linear dimensions. The single plane 
area–length or discs methods have been used for RA volume 
determination. Limited data on small series suggested that normal 

(a) (b)

Fig. 24.3 (a) Pulsed wave Doppler recording at 
the tip of tricuspid leaflet. E wave, A wave, and 
deceleration time measurement of the tricuspid 
inflow. (b) Tissue Doppler imaging at the lateral 
aspect of the tricuspid annulus. E′ and A′ tricuspid 
velocities.
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Right atrial volume and deformation
RA function can be assessed by different modalities of echocardiog-
raphy. Despite its potential benefit over TDI, the application of 2D 
speckle tracking to the RA remains challenging because of the thin-
ness of the RA wall (% Fig. 24.4). However, serial RA volumes and 
strain measurements during the cardiac cycle are potentially useful 
in assessing the three components of RA function. Physiological 
values were recently provided from 200 healthy volunteers [15]. 
Normal values of global peak longitudinal strain and peak atrial 
contraction strain of the RA are 48% ± 13% and 16% ± 6%, respec-
tively [10,16]. However, due to image quality and wall thinness, 
adequate tracking is achievable in only 64% of segments analysed.

Global longitudinal strain of the RA correlates positively 
with age from infants to adults. However, ageing is associated 
with a decrease in passive and an increase in active RA func-
tion as assessed by 2D strain and 3D volume measurements [15]. 
Physiological adaptation to intensive exercise training determines 
a functional remodelling of the RA. In top-level athletes, peak 
atrial longitudinal strain and peak atrial contraction strain values 
are significantly decreased in comparison with controls (to 41%  
± 10% and 13% ± 5%, respectively) [10].

Fig. 24.4 Global longitudinal strain assessment of 
the right atrium by 2D speckle tracking in the apical 
four-chamber view.

Strain longitudinal

G/D Invers

Global RA longitudinal strain decreases in hypertension, in 
metabolic syndrome, and in subclinical hypothyroidism [17]. 
In non-dipper hypertensive patients, 2D RA volumes increase 
whereas RA ejection fraction and RA longitudinal strain 
decrease compared with dippers. Peak RA longitudinal strain 
inversely correlates with systolic pulmonary artery pressure in 
heart failure. In dilated cardiomyopathy, patients who respond 
to cardiac resynchronization therapy have smaller RA size and 
higher strain values of the lateral RA wall compared with non-
responders [18].

Conclusion
Despite increased interest in RA evaluation, the fourth chamber 
of the heart remains a neglected if not an ignored chamber. RA 
area measurement by 2DE in the apical four-chamber view is a 
simple method to assess RA size but has limited reliability. Three-
dimensional imaging and 2D speckle tracking echocardiography 
can overcome the limitations of conventional echocardiography 
in assessing RA anatomy, size, and function.
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CHAPTER 25

Heart failure: left 
ventricular systolic 
dysfunction
Erwan Donal and Elena Galli

Summary
Heart failure (HF) is a growing problem worldwide. HF poses an especially large public 
health burden. It represents a new epidemic of cardiovascular disease, affecting nearly 
5.8 million people in the United States, and over 23 million worldwide. Nevertheless, 
in Europe, fears of an impending HF ‘epidemic’ could not be confirmed in this analy-
sis of trends in prevalence for the period 1990–2007 in patients hospitalized with HF in 
Sweden. An overall slight decrease in age-adjusted prevalence was observed from 2002. 
The prevalence in patients under 65 years increased markedly. In absolute numbers, there 
was a substantial increase among the very old, consistent with demographic changes.

The complexity of left ventricular (LV) function(s) assessment in HF patients is related 
to the complexity of heart anatomy, but also to the complexity of electromechanical inter-
action, and to the load dependency of all the parameters that could be apply in clinical 
practice. (See % Chapter 19 in this textbook regarding cardiac mechanics and left ven-
tricular performance.)

Echocardiographic approach for left ventricular 
systolic dysfunction
Left ventricular ejection fraction
The first parameter that has to be provided in echocardiographic reports of patients 
evaluated for HF is the LV ejection fraction (EF). This has been for many years the key 
parameter, supposed to represent LV systolic function. Many therapeutic decisions will be 
taken based the value of the LVEF. All current guidelines ask for the method of discs, that 
is, the biplane Simpson method presented in % Fig. 25.1. This method takes advantage 
of the improvement in image contrast and in the capability to clearly see the endocar-
dial borders in end-systole and end-diastole. The method remains difficult, however, and 
suffers from rather poor reproducibility and repeatability. Automatic or semi-automatic 
algorithms are now available and might help the clinician in the daily routine practice.

The three-dimensional (3D) approach is now available on many echo platforms. If the 
image quality is sufficient, this should be used. Currently, this 3D approach has to be con-
sidered in addition to the biplane two-dimensional (2D) Simpson method. Perhaps in the 
near future, it will replace the 2D measurement. The 3D semi- or totally automatic meas-
urement of LVEF is based on a real measurement not a calculation of the LV volumes. It is 
rapid and reliable in experiments. The value of LV cavity opacification for improving the 



CHAPTER 25 heart failure: left ventricular systolic dysfunction194

The background for this echocardiographic assessment of car-
diac systolic function in HF is that, during a cardiac cycle, the LV 
wall shortens, thickens, and twists along the long axis. Shortening 
and thickening can be quantified by measuring regional strain. 
Strain or myocardial deformation from developing forces is 
expressed as either the fractional or the percentage change from 
the original dimension. Positive radial strains represent wall thick-
ening (radial deformation), whereas negative strains represent 
segment shortening (e.g. circumferential shortening, longitudinal 
shortening, and fibre shortening) (% Fig. 25.3; different compo-
nent of LV deformations in systole).

measurement of LV volumes and EF in 2D (% Fig. 25.2) has been 
demonstrated, but is still questionable in 3D.

Deformation imaging
The assessment of LVEF is just the difference between LV end-
diastolic and end-systolic volumes associated with the heart rate. 
This is not a measurement of LV contractility. It is geometry and 
load dependent and has to be used but, currently, it is necessary to 
consider the echocardiographic assessment of other parameters of 
LV systolic function.

Fig. 25.1 Automatic measurement of left ventricular volumes in systole and diastole for an automatic calculation of the ejection fraction (Simpson method).

Fig. 25.2 Use of an ultrasonic contrast agent to improve the echocardiographic detection of left ventricular endocardial borders. It will help to best quantify the 
left ventricular geometry and systolic function.

without:poor
acoustic
window

With a
contrast

agent
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imaging are rapidly accumulating. The robustness and the clini-
cal applicability are nowadays only validated for the assessment 
of global longitudinal strain. Even when considering regional 
longitudinal strains, there are inaccuracies according to the soft-
ware used. Longitudinal LV mechanics, which are predominantly 
governed by the subendocardial region, are the most vulnerable 
component of LV mechanics and therefore most sensitive to the 
presence of myocardial disease. The mid-myocardial and epi-
cardial function may remain relatively unaffected initially, and 
therefore circumferential strain and twist may remain normal 
or show exaggerated compensation for preserving LV systolic 
performance. An increase in cardiac muscle stiffness, however, 
may cause progressive delay in LV untwisting. Loss of early 
diastolic longitudinal relaxation and delayed untwisting attenu-
ates LV diastolic performance, producing elevation in LV filling 
pressures and a phase of predominant diastolic dysfunction, 
although the LVEF may remain normal. On the other hand, an 
acute transmural insult or progression of disease results in con-
comitant mid-myocardial and subepicardial dysfunction, leading 
to a reduction in LV circumferential and twist mechanics and a 
reduction in LVEF. Assessment of myocardial mechanics, there-
fore, can be tailored per the clinical goals. The detection of altered 
longitudinal mechanics alone may suffice if the overall goal of 
analysis is to detect the presence of early myocardial disease. 
Further characterization of radial strains, circumferential strains, 
and torsional mechanics provides assessment of the transmural 
disease burden and provides pathophysiological insights into the 
mechanism of LV dysfunction. For example, pericardial diseases, 
such as constrictive pericarditis, cause subepicardial tether-
ing and predominantly affect LV circumferential and torsional 
mechanics. The presence of attenuated longitudinal mechanics in 
constrictive pericarditis may signify the presence of transmural 
dysfunction. As another example, a pathophysiological process 
such as radiation that affects both the pericardium and the sub-
endocardial region may produce attenuation of both longitudinal 
and circumferential LV function.

From a clinical standpoint and trying to translate the quantifi-
cation of myocardial deformation in clinical practice, the study of 
longitudinal strain has been proposed. This is a simple and robust 

Three perpendicular axes orienting the global geometry of the 
LV define the local cardiac coordinate system: radial, circumfer-
ential, and longitudinal.

Echocardiographic techniques like tissue Doppler imag-
ing have excellent temporal resolution (± 4 ms) and provide the 
instantaneous velocity of myocardial motion. The velocity data 
can be post-processed for calculating parameters such as displace-
ment, strain rate, and strain. Numerical integration of velocity 
over time results in displacement curves. Strain rate, which is the 
rate of change of deformation, is derived as a spatial derivative 
of velocity, whereas temporal integration of strain rate is used for 
calculating regional strain.

The base and apex of the LV rotate in opposite directions. Twist 
defines the base-to-apex gradient in the rotation angle along the 
longitudinal axis of the LV and is expressed in degrees per centi-
metre. Torsion and twist are equivalent terms. Torsion also can be 
expressed as the axial gradient in the rotation angle multiplied by 
the average of the outer radii in apical and basal cross-sectional 
planes, thereby representing the shear deformation angle on the 
epicardial surface (unit degrees or radians). This normalization 
can be used as a method for comparing torsion for different sizes 
of LV. When the apex-to-base difference in LV rotation is not 
normalized, the absolute difference (also in degrees or radians) is 
stated as the net LV twist angle. These torsion parameters remain 
in the domain of research and are still not robust enough to be 
applied in routine clinical practice.

Using speckle tracking echocardiography, a technique that 
analyses motion by tracking natural acoustic reflections and 
interference patterns within an ultrasonic window, assessment 
of LV deformation is starting to be largely implemented in clini-
cal practice and in the routine evaluation of patients with HF. 
The image-processing algorithm tracks user-defined regions of 
interest which are comprised of blocks of approximately 20–40 
pixels containing stable patterns that are described as ‘speck-
les’, ‘markers’, ‘patterns’, ‘features’, or ‘fingerprints’. Speckles are 
tracked consecutively frame to frame using a sum-of-absolute 
differences algorithm to resolve angle-independent 2D and 3D 
sequences of tissue motion and deformation. Data regarding the 
accuracy, validity, and clinical application of speckle tracking 

Fig. 25.3 Assessment of regional and global left ventricular longitudinal strain.
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Other approaches
Pulsed wave tissue Doppler is the most relevant approach. It is a 
way to assess LV longitudinal systolic function as well as mitral 
annular plan systolic excursion (MAPSE) (% Fig. 25.4).

In addition to these measurement (LVEF required, global 
longitudinal strain strongly encouraged or at least sʹ), one has 
to measure the LV stroke volume (Doppler and volumetric 
approaches) for estimating the cardiac output and finally the effi-
cacy of this LV contractility to eject enough blood in the arterial 
tree (% Fig. 25.5).

Conclusion
It is important to know how to measure the LVEF using the 
Simpson biplane method. It is also important to learn how to use 
3D approaches and to consider rather systematically the speckle 
tracking approach, at least to measure LV longitudinal global 
strain.

tool that can well characterize the LV systolic function (which is 
slightly different from contractility).

One can keep in mind that in systolic HF, a global longitudinal 
strain less than −7% is an independent parameter of severity of the 
cardiomyopathy. In HF with preserved EF, the prognostic cut-off 
the most frequently reported is −16%.

In more complex cardiomyopathies like the ones induced by 
anthracyclines, it seems that as soon as the global longitudinal is 
less than −19%, physicians have to monitor patients and studies 
are ongoing to investigate if dedicated treatments such as angio-
tensin-converting enzyme inhibitors and beta blockers should be 
introduced.

Using strain data, especially longitudinal strain data, is some-
thing one has to think about for routine practice, but the key 
marker of LV systolic function that will be used to decide on the 
use of an implantable cardioverter defibrillator or biventricular 
pacemaker is the LVEF. This should be measured according to 
recommendations using the apical four- and two-chamber views 
using the Simpson method. The M-mode should not be used, 
especially in hearts undergoing spherical remodelling.

LVOT LVOT VTI (cm)

X

Fig. 25.5 Representation of the technique to measure cardiac output and stroke volume. The pulsed wave Doppler velocity time integral (VTI) of the flow recorded 
in the left ventricular outflow tract (LVOT), 1 cm below the aortic valve (before the turbulent flow due to the aortic valve). Cardiac output = heart rate × LVOT VTI 
(cm) × LVOT area (calculated with the diameter measured: 3.14 × LVOT diameter2/4). The normal stroke volume > 35 mL/m2 and cardiac output > 4 L/min.

Fig. 25.4 Assessment of the longitudinal component of the left ventricular systolic function. MAPSE: mitral annular plan systolic excursion measured by 
M-mode. S′: pulse tissue Doppler recording systolic and diastolic velocities where s′ corresponds to the systolic peak velocity of the displacement of the mitral 
annulus. Longitudinal global strain: assessment of the longitudinal deformation of the whole left ventricle using the speckle tracking technique.

Longitudinal
Global StrainS’ LV (dti)MAPSE
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CHAPTER 26

Heart failure: left 
ventricular dyssynchrony
Jens-Uwe Voigt, Peter Søgaard, and Emer Joyce

Summary
Key concept
Conduction delays and the imbalance of regional contractility contribute substantially 
to the deterioration of cardiac function in heart failure. Today, cardiac resynchroniza-
tion therapy (CRT) is routinely used to resynchronize left ventricular (LV) contraction 
by regional pre-excitation. While current guidelines recommend echocardiography only 
for assessing LV geometry and global function, there is expert consensus that advanced 
concepts of dyssynchrony detection (specific motion patterns) and modern quantitative 
echo techniques (motion/deformation imaging) can assess LV function beyond LV ejec-
tion fraction (EF) measurements and have the potential to guide CRT.

The evaluation of a patient with heart failure and conduction delays should therefore 
comprise:
◆	 LV volume and global function assessment
◆	 Regional function assessment, focussing on detecting scar regions and describing 

regional contraction sequence, determining presence and severity of LV mechanical 
dyssynchrony

◆	 Evaluating atrioventricular dyssynchrony where appropriate.

Pathophysiology
Conduction delays (predominantly left bundle branch block, LBBB) and the imbalance 
of regional contractility result in regionally heterogeneous loading conditions of the indi-
vidual myocardial fibres which consequently lead to inhomogeneous contraction and 
remodelling of the ventricle. The early activated septal region contracts against a low 
afterload as it just stretches the lateral wall. Only the later contraction of the lateral wall 
leads to the ejection of blood in the systemic circulation thereby imposing a high after-
load in this region. Accordingly, septal thinning and lateral hypertrophy are frequently 
observed features in this disease. CRT normalizes the myocardial contraction sequence 
and distribution of regional load, thus leading to an improvement in LV efficiency and 
consequently, reverse remodelling.
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echocardiography a delay of more than 40 ms between onset of 
LV and right ventricular (RV) ejection in the pulsed wave Doppler 
traces is considered as a marker of dyssynchrony [2]. With tissue 
Doppler, one can measure the onset of systolic motion in the basal 
RV free wall versus the most delayed basal LV segment. It has to 
be noted, however, that interventricular dyssynchrony is not the 
primary treatment target of CRT. Further, measurements may 
be influenced by dysfunction and loading conditions of the right 
heart which limits its predictive value for a positive CRT response.

Intraventricular dyssynchrony
Echocardiography is the method of choice for evaluating intra-
ventricular dyssynchrony. Although current guideline criteria 
for CRT implantation do not mandate echocardiographic deter-
mination of LV dyssynchrony, multiple single-centre trials have 
suggested an added value for predicting response to CRT. It 
appears crucial, however, that the parameters used are able to 
identify typical, CRT treatable patterns of LV mechanical dyssyn-
chrony (% Fig. 26.2) [3–10].

The echocardiographic assessment starts with the visual inspec-
tion of regional LV morphology and function. Typical features of 
a remodelled LV with left bundle branch block include the follow-
ing (% Fig. 26.3; z Video 26.1):
◆	 Dilatation and reduced global function of the LV.
◆	 A thinned septum with reduced function and a normal or 

hypertrophied lateral/posterolateral wall, the function of which 
dominates ejection.

◆	 Septal bounce (septal beaking, septal flash). This is a fast, short, 
inward motion of the septal or anteroseptal region due to early 
contraction. It usually occurs before ejection where it termi-
nates diastolic filling [11,12]. It is short-lived, may be difficult 
to identify, and requires a careful search.

◆	 ‘Rocking‘ motion of the LV apex. As a result of the early septal 
contraction, the apical myocardium is pulled towards the septum. 
Owing to the later activation of the posterolateral myocardium, 
it is pulled to the lateral side during ejection. Any other motion 
sequence may not be regarded as apical rocking [13]. Apical 

Left ventricular function assessment in 
cardiac resynchronization therapy
Left ventricular volume and global function
Methods for the assessment of LV volume and function using two-
dimensional echocardiography are described in detail in Chapter 2  
in this textbook. LV volume and global function measurements 
are essential to confirm the presence of impaired LV systolic func-
tion in potential CRT candidates and for evaluating LV reverse 
remodelling at follow-up after device implantation. Fully- or 
semi-automated, tracking based algorithms for the measurement 
of LV volumes or EF are better reproducible than the classical 
manual-tracing approach. Likewise, global longitudinal strain 
(GLS) is highly reproducible and sensitive to subtle changes in 
LV function. GLS and EF may underestimate the true contractile 
potential of the myocardium in dyssynchronous hearts [1] and a 
detailed regional analysis may be required for the understanding 
of the underlying pathophysiology (see % Fig. 26.1).

Left ventricular regional function
In cardiomyopathy, individual LV segments may have reduced 
function of varying degree. In ischaemic disease, location and 
extent of scar (thinner wall, hypo- or a/dyskinesia, brighter) have 
an important influence on outcome after CRT and placement of 
the LV pacing lead in a scarred posterolateral region should be 
avoided. Therefore, in the echo report, a clear distinction between 
wall motion abnormality (reduced or absent thickening) and 
dyssynchrony (delayed thickening) should be attempted. While 
regional strain pattern analysis can be applied to objectify mechan-
ical dyssynchrony between the early activated septum and the LV 
free wall (see % Fig. 26.1), a complementary magnetic resonance 
image might be needed to obtain certainty about the scar extent.

Interventricular dyssynchrony
Interventricular dyssynchrony has been proposed as a selec-
tion criterion for CRT patient candidates. With conventional 

Fig. 26.1 Left panel: speckle tracking in a patient with LBBB prior to CRT. Note the early and short-lived shortening of the septum (light blue curve) with a 
paradoxical stretch during systole (arrows). In reverse, the lateral wall (read curve) is initially stretched and shortens with delay throughout systole with a peak 
deformation after aortic valve closure (AVC) (arrows). This mechanical dyssynchrony leads to dissipation of contractility into a rocking motion of the heart. Right 
panel: synchronous contraction pattern following CRT. Note also the favourable reverse remodelling of the LV.
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In contrast, tissue Doppler- or speckle tracking-based deforma-
tion imaging can display regional shortening and lengthening of 
the myocardium. It remains to be determined, however, to what 
extent deformation parameters can improve dyssynchrony assess-
ment in the clinic [18,19].

Other dyssynchrony indices, based on auto-correlation of 
regional function data or selective detection of ‘wasted’ myocardial 
work show promising results but are currently only implemented 
in dedicated research software of specialized centres [9,20].

For the moment, there is no sufficient evidence to recommend any 
three-dimensional echocardiography-based approach or parameter.

Cardiac resynchronization therapy 
patient candidate selection
Dyssynchrony assessment
Echocardiography is commonly used to provide the guideline-
required evidence for LV dilatation and reduced function only. 
Beyond that, however, it can also identify signs of mechanical 

rocking is best seen in the apical four-chamber view and might be 
enhanced by a slight foreshortening of the image plane [14].

◆	 Doppler interrogation of the LV valves will reveal a short filling 
and ejection time as well as long isovolumic time intervals.

In the past years, a plethora of quantitative parameters for the 
assessment of LV dyssynchrony have been suggested. One of the 
earliest used an M-mode analysis of the septal-posterior wall 
motion delay [15]. The majority, however, rely on tissue Doppler-
based measurements of the dispersion of the positive systolic 
longitudinal velocity peaks in different parts of the LV myocar-
dium [16].

An added predictive value of any of these parameters over cur-
rent standard indications could not be confirmed in prospective 
multicentre trials [17]. One reason may be that myocardial veloc-
ity peaks do not represent local myocardial function and may be 
influenced by remote events elsewhere in the heart. Further, while 
synchronous myocardial velocity peaks indicate a synchronous 
contraction of the LV, a dispersion of these peaks does not nec-
essarily represent a type of mechanical dyssynchrony, which is 
treatable with CRT.

Fig. 26.2 Three-year mortality of CRT patients 
in nine different studies. Coloured bars represent 
mortality among patients with a pre-implant 
assessment of mechanical dyssynchrony; the last 
grey bar summarizes the mortality of the CARE-HF, 
Companion, and MADIT-CRT trials [3–5]. Note the 
difference in mortality depending on the selection 
criterion used: time to peak strain (blue bars) [6–8] 
and different parameters measuring mechanical 
activation delay (green bars) [1,9,10].
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Fig. 26.3 Typical contraction sequence in LBBB: a 
short initial (apical) septal contraction causes the 
apex to move septally. The lateral wall is activated 
with delay, pulling the apex laterally and stretching 

the septum. (See also z Video 26.1.)
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◆	 optimizing LV filling without truncating the A wave
◆	 improving LV stroke volume.

There are no specific echocardiographic parameters to directly 
measure the AV delay or to guide its optimization. Optimizing 
transmitral filling time favours short AV delay programming [23] 
and correlates poorly with indices of systolic LV and RV perfor-
mance [24]. Optimization of stroke volume, measured through 
the LV outflow tract velocity time integral or aortic velocity time 
integral should be the preferred target [23–25]. AV delay optimi-
zation should be performed at discharge with a re-programming 
during the first year [24]. Rate adaptive AV-delay programming 
may be beneficial.

Interventricular optimization
The VV delay optimum is highly individual. Both left-first, right-
first, as well as simultaneous pacing may prove optimal. It is 
recommended to assess myocardial mechanics and cardiac output 
during simultaneous pacing and when applying either LV or RV 
lead pre-activation (% Fig. 26.4) [21].

Most patients benefit from LV pre-activation with a narrow 
interval. Note that VV delay settings may interfere differently with 
the AV delay programming since some vendors use the RV lead, 
and others the pre-excited lead as reference. These vendor-specific 
differences result in different pacing behaviour for apparently 
similar settings.

Inappropriate programming of VV timing may in fact deterio-
rate LV performance to a level poorer than simultaneous pacing 
and therefore requires a substantial expertise in CRT management 
before it can be recommended for use in daily practice.

dyssynchrony treatable with CRT, such as apical rocking or quan-
titative parameters (see previous paragraph and % Figs 26.1 and 
26.2 [1,12]). This potential of the technique is currently underused 
(% Fig. 26.2).

Low-dose dobutamine stress echocardiography may be justi-
fied to unmask dyssynchrony in difficult cases [1].

Determining the optimal site of pacing
A substantial advantage of an echo-guided definition of the site of 
lead implantation has not yet been proven.

Optimization and monitoring  
after cardiac resynchronization 
therapy
After successful device implantation, signs of LV dyssynchrony 
should be markedly reduced. Patients with persistent dyssyn-
chrony after CRT will usually remain non-responders and have 
a significantly worse prognosis. Optimization of atrioventricular 
(AV) and interventricular (VV) delays may improve the response 
rate to CRT [21,22]. Besides electrocardiographic parameters, 
echocardiographic data can be used for this purpose.

Atrioventricular optimization
In general, AV delay optimization aims at:
◆	 achieving a high pacing percentage (> 95%)

ET(a) (b) ET

Fig. 26.4 Longitudinal strain curves clearly show the asynchronous shortening of the different walls of the LV. (a) CRT off: note the early shortening in the 
septum and the late shortening in the lateral wall resembling a typical LBBB pattern. (b) CRT on: mostly synchronous shortening in both walls during ejection time 
(ET) indicating a more effective LV function under CRT.
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Heart failure: risk 
stratification and follow-up
Marie Moonen, Nico Van de Veire, and  
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Risk stratification
Conventional indices
Left ventricular ejection fraction and dimensions

Although ejection fraction (EF) and left ventricular (LV) dimensions are poorly corre-
lated with heart failure (HF) symptoms and exercise capacity, they provide important 
prognostic information [1]. Echocardiographic observations from several trials demon-
strate a close link between morbidity/mortality and LV volumes and EF in HF patients. 
In the Val-HeFT study, 5010 HF patients on background therapy and randomized to val-
sartan and placebo underwent serial recordings of LV internal diastolic diameter and 
EF [2]. Survival rates were greater in the better quartiles for baseline LV internal dias-
tolic diameter and EF. In the Beta-blocker Evaluation of Survival Trial (BEST), complete 
echocardiograms were performed in 336 patients with advanced HF due to severe LV 
systolic dysfunction [3]. On multivariable analysis adjusted for clinical covariates, only 
LV end-diastolic volume index predicted death with a cut point of 120 mL/m2. Three 
echocardiographic variables predicted the combined end point of death, HF hospitaliza-
tion, and transplant: LV end-diastolic volume index, mitral deceleration time, and the 
vena contracta width of mitral regurgitation (MR). Optimal cut points for these variables 
were 120 mL/m2, 150 ms, and 0.4 cm, respectively.

Left ventricular mass
Although LV mass is less emphasized in clinical cardiology then EF, it is an impor-
tant prognostic marker in HF. A cohort of 1172 patients enrolled in the Studies of Left 
Ventricular Dysfunction (SOLVD) Trials (n = 577) and Registry (n = 595) had base-
line echocardiographic measurements and follow-up for 1 year [4]. After adjusting for 
age, New York Heart Association functional class, trial versus registry, and ischaemic 
aetiology, a one standard deviation difference in EF was inversely associated with an 
increased risk of death and hospitalization. A one standard deviation difference in LV 
mass was associated with increased risk of death and cardiovascular hospitalization. LV 
mass of 298 g or greater was associated with increased risk of death and hospitalization  
(% Fig. 27.1). An end-systolic dimension greater than 5.0 cm was associated with 
increased mortality only.

Diastolic function
Many studies have shown the prognostic value of individual measures of diastolic dys-
function in patients with HF, post myocardial infarction, or cardiomyopathy [5–9].
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multivariate analysis, the model incorporating E-wave decelera-
tion time at 3 months was more powerful at predicting mortality 
with respect to this variable at baseline. Clinical improvement at 
1 and 2 years was significantly less frequent in persistent restric-
tive filling (P < 0.0001 at 2 years). Thohan pooled data from 2046 
subjects in 13 studies and demonstrated that the presence of non-
restrictive filling pressures of the Doppler mitral inflow imparts a 
distinctly poorer prognosis in patients with HF [16].

Pulmonary venous flow

Although pulmonary venous flow (PVF) variables may supplement 
mitral flow patterns in evaluating LV diastolic function, few stud-
ies have investigated their value in the prognostic stratification of 
patients. Dini et al. recorded pulsed wave Doppler mitral and PVF 
velocity curves in 145 patients with LV systolic dysfunction sec-
ondary to ischaemic or non-ischaemic cardiomyopathy who were 
followed for 15 ± 8 months [17]. Based on E-wave deceleration time 
of less than or equal to or greater than 130 ms and Ar-A, patients 
were grouped into restrictive, non-restrictive with Ar-A of greater 
than or equal 30 ms, and non-restrictive with Ar-A less than 30 
ms. During follow-up, 29 patients died from cardiac causes and 28 
were hospitalized for worsening HF. On a multivariate Cox model, 
Ar-A of 30 ms or greater provided important prognostic informa-
tion with regard to cardiac mortality and emerged as the single best 
predictor of cardiac events (cardiac mortality, hospitalization).

Doppler derived dP/dt

LV EF and transmitral inflow characteristics predict outcome in 
HF. One of the limitations of these markers, however, is their load 
dependence, which may limit their predictive value. By contrast, 
isovolumic phase indices of LV function are less load depend-
ent and are a more accurate reflection of LV function. Kolias et 
al. prospectively determined Doppler-derived dP/dt from the 
continuous wave Doppler spectrum of the MR jet in 56 patients 
with chronic congestive HF and poor LV function [18]. Clinical 
follow-up was performed in all patients. Twenty-four patients 
experienced a primary event of cardiac death, heart transplant, 
or urgent implantation of LV assist device. Doppler-derived dP/dt 
predicted event-free survival.

Early mitral annulus velocity

Using tissue Doppler imaging, myocardial velocities at the mitral 
annulus have been shown to be useful for quantifying global sys-
tolic and diastolic LV function. The early diastolic myocardial 
velocity (E′) reflects myocardial relaxation and is relatively load 
independent [19]. The ratio of early transmitral flow velocity (E) 
to early diastolic septal mitral annulus velocity (E/E′) correlates 
well with mean LV diastolic pressure [20]. In 182 patients with 
impaired LV systolic function, E′ emerged as an independent 
predictor of survival after a median 48 months of follow-up [21]. 
An E′ less than 3 cm/s was associated with a significantly excess 
mortality and incremental prognostic value to standard indexes 
of systolic or diastolic function, including a deceleration time 
less than 140 ms and an E/E′ greater than 15. Okura et al. studied  
50 HF patients with preserved EF [22]. Patients with E/E′ greater 

Mitral Doppler inflow patterns (E and A and deceleration time)

In the Cardiovascular Health Study (no coronary heart disease, 
HF, or atrial fibrillation) [10], at a mean follow-up of 5.2 years, 170 
participants developed HF. Although 96% of these participants 
had normal or borderline EF at baseline, only 57% had normal or 
borderline EF at the time of hospitalization. In multivariate mod-
elling, peak Doppler peak E independently predicted incident HF. 
Both high and low Doppler E/A ratios were predictive of incident 
congestive HF. In the second Strong Heart Study, participants who 
had no more than mild mitral or aortic regurgitation [11] were 
followed for a mean of 3 years after Doppler echocardiography to 
assess risks of all-cause and cardiac death. Mitral E/A greater than 
1.5 at baseline Doppler echocardiography is associated with two-
fold increased all-cause and threefold increased cardiac mortality 
independent of covariates; mitral E/A less than 0.6 was also associ-
ated with twofold increased all-cause and cardiac mortality but was 
not independent of covariates. A deceleration time of the E wave of 
mitral inflow less than 130 ms indicates elevated filling pressures. 
A short deceleration time has been associated with increased 
incidence of HF, death, and hospitalization in patients with acute 
myocardial infarction [12,13]. Similar results have been found 
in patients with ischaemic or dilated cardiomyopathy [7,8,14]. 
Pinamonti et al. assessed the prognostic implications of the evolu-
tion of restrictive LV filling pattern in 110 patients with dilated 
cardiomyopathy [15]. According to the LV filling pattern at pres-
entation and after 3 months of treatment, patients were classified 
into three groups: persistent restrictive filling; reversible restric-
tive filling, and non-restrictive filling. During follow-up (41 ± 20 
months), mortality plus heart transplantations was significantly 
higher in persistent restrictive filling than in the other groups. On 

Fig. 27.1 Kaplan–Meier unadjusted survival curves (expressed as cumulative 
1-year mortality) observed in patients with left ventricular mass at or above 
versus below the mean value of 298 g. 
Reprinted from J Am Coll Cardiol, 35/5, Miguel A. Quiñones, Barry H. Greenberg, Helen A. 
Kopelen, Chris Koilpillai, Marian C. Limacher, Daniel M. Shindler, Brent J. Shelton, Debra H. 
Weiner, Echocardiographic predictors of clinical outcome in patients with left ventricular 
dysfunction enrolled in the SOLVD registry and trials: significance of left ventricular 
hypertrophy, 1237–44, Copyright (2015) with permission from Elsevier.
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related to MR and TR grade and that patients with severe MR or 
TR represent high-risk subsets of patients with LV systolic dys-
function [31]. Also, dynamic changes during exercise matter. In 
161 patients with chronic ischaemic LV dysfunction and at least 
mild MR, an exercise-induced increase in effective regurgitant 
orifice (ERO) by 13 mm2 or more and a greater increase in tran-
stricuspid pressure gradient during exercise emerged as predictors 
of mortality and of hospital admission for HF [32]. MR severity 
under basal conditions (ERO ≥ 20 mm2) was an independent pre-
dictor of only cardiac death. Recent observations showed that the 
prognostic impact of MR and TR depends on the severity of HF. 
Among 716 patients with advanced HF, haemodynamically sig-
nificant MR was common [33]. When controlling for EF, age, sex, 
cause, and functional class, severity of MR did not provide inde-
pendent prognostic information in this group recognized to have 
uniformly high mortality. While TR was significantly related with 
excess mortality in mild to moderate HF, it provided no additive 
value in advanced disease when compared with established risk 
factors [34].

New indices
Three-dimensional transthoracic echocardiography

The geometric assumptions used for both M-mode and two-dimen-
sional transthoracic echocardiography (2D TTE) estimation of LV 
volumes and EF result in significant inaccuracy, underestimation 
of volumes, and variability in measurements. Although 2D TTE 
is still valid for LV dimensions reporting, three-dimensional (3D) 
TTE overcomes these limitations, particularly in cases of irregu-
larly shaped ventricles, providing superiority for LV volumes and 
EF reporting (% Fig. 27.2). A recent meta-analysis of all 3D TTE 
studies evaluating LV volumes and EF demonstrated that 3D 
TTE generally underestimated volumes, but not as significantly 
as 2DE and with less variability than 2D TTE, when compared to 
cardiac magnetic resonance [35]. In addition, the volume data set 
acquired for LV volumes and EF can be used to calculate LV mass 
(by the subtraction of the endocardial volume from the epicardial 
volume), more accurately using 3D TTE than 2D methods [36].

Stroke volume (SV) and cardiac output are alternative param-
eters used for risk stratification in HF. Although the 2D TTE 
method for SV calculation is very simple, the measurement of 
the left ventricular outflow tract (LVOT) area with 2D TTE lead 
to inaccuracy, secondary reported on SV and cardiac output val-
ues. Real-time three-dimensional volume colour flow Doppler 
TTE overcomes the LVOT area measurement and therefore will 
guarantee an accurate estimation of the SV by a semi-automated 
interrogation of flow through the LVOT, where the acoustic win-
dow will allow it [37].

Speckle tracking imaging
Strain and strain rate (SR), based on speckle tracking imaging, 
can be used to quantify systolic function by the evaluation of the 
different components of myocardial deformation: radial, longitu-
dinal, circumferential, and rotational. Strain and SR appear to be 
more sensitive and specific than EF in detecting early myocardial 

than 15 after medical therapy showed significantly lower cardiac 
event-free survival than patients with E/E′ less than or equal to 
15. Acil et al. studied 132 subjects with chronic HF [23]. In the 
31 patients with events during follow-up, EF was lower, mitral 
deceleration time was shorter, and the peak mitral E/E′ ratio was 
significantly elevated compared to patients free of events. In 
those patients, the Tei index was elevated and a restrictive mitral 
filling pattern was more frequent. Stepwise multivariate analysis 
identified the mitral E/E′ ratio and the Tei index as the only inde-
pendent predictors of a combined event. E/E′ ratio was the best 
predictor of hospitalization due to HF also. In patients with mitral 
E/E′ ratio greater than 12.5 or Tei index greater than 0.90, outcome 
was poor.

Myocardial performance index
The myocardial performance index or Tei index consists of the ratio 
of the isovolumic contraction + isovolumic relaxation times/the 
ejection time and correlates with invasively measured changes in 
LV dP/dt. In patients with dilated cardiomyopathy, a value greater 
than 0.77 was superior to EF in predicting cardiac death and dis-
ease severity [24]. In a cohort of elderly men without baseline LV 
dysfunction, the Tei index predicted the development of HF [25].

Pulmonary artery pressure and right ventricular function
Doppler echocardiography is used with increasing frequency to 
diagnose pulmonary hypertension in HF patients. Several studies 
have shown that echocardiographic diagnosis of elevated pulmo-
nary systolic artery pressure (PASP) in stable outpatient HF patients 
is associated with increased risk [26,27]. Combining right-sided 
pressures and information on right ventricular (RV) function 
offers additional prognostic information. Ghio et al. determined 
PASP, tricuspid annulus plane systolic excursion (TAPSE), and 
E-wave deceleration time in 658 patients with systolic HF. Patients 
with PASP greater than or equal to 40 mmHg plus TAPSE less than 
or equal to 14 mm had a poorer prognosis than those with high 
PASP but preserved TAPSE [28]. RV dysfunction associated with 
normal PASP did not carry additional risks.

Left atrial volume
Left atrial (LA) volume is a barometer of diastolic dysfunction. 
LA volume independently predicted first HF in an elderly cohort 
with well-preserved LV systolic function [29]. LA volume index 
is known to reflect duration and severity of increased LA pres-
sure caused by LV diastolic dysfunction. Tamura et al. studied the 
prognostic value of the LA volume index in 146 HF patients [30]. 
LA volume index was markedly higher in patients with than those 
without cardiac events. Kaplan–Meier analysis showed that there 
was a stepwise increase in risk of cardiac events with each incre-
ment of LA volume index category, and LA volume index greater 
than 53.3 mL/m2 correlated with the highest risk of cardiac events.

Mitral regurgitation and tricuspid regurgitation
MR and tricuspid regurgitation (TR) frequently develop in 
patients with LV systolic dysfunction. Data from 1421 consecutive 
patients with LV dysfunction showed that survival was inversely 
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Recently, the prognostic value of GLS and GLSR has been 
confirmed in a cohort of 308 outpatients affected by chronic HF 
and in stable clinical conditions [44]. Authors separately evalu-
ated all-cause mortality, end points reflecting HF progression 
(hospitalization due to acute decompensated HF, cardiovascular 
mortality, and/or heart transplantation) and for the first time, end 
points reflecting electric instability (major ventricular arrhythmic 
events). GLS was associated with all-cause mortality, cardiovascu-
lar death, and/or heart transplantation and hospitalization at both 
univariate and multivariate Cox regression analyses after correct-
ing for the clinical and echocardiographic variables associated with 
events. It was also associated with the occurrence of ventricular 
arrhythmic events at both univariate and multivariate Cox regres-
sion analysis. The best GLS cut-off value detected by ROC curves 
for the 1-year occurrence of the end points was −10%, with very 
high sensitivity but lower specificity. GLSR was also independently 
associated with the occurrence of death and end points reflecting 
HF progression but appeared slightly less reproducible than GLS 
and not independently associated with arrhythmic events.

Finally, in a recent meta-analysis from 16 published articles (5721 
patients), the independent prognostic significance of GLS in patients 
with (on average) mild LV global impairment has been shown with 
a high level of evidence. The prognostic value of this information 
seems likely to be superior to that provided by LVEF [45].

Follow-up and monitoring
This is a neglected area of HF care with little evidence available 
from the literature. To date, there is not enough evidence to advo-
cate serial monitoring echocardiograms, although it is indicated 
when suspecting clinical deterioration, to help intensify therapy 
and then, after intensification of therapy, to evaluate response.

contractility impairment, which first affects endocardial layers 
and longitudinal component [38,39]. SR seems to be less load 
dependent than other parameters of LV function [40].

Practically, the majority of available data are derived from global 
systolic longitudinal strain (GLS) and global systolic longitudinal 
SR (GLSR). For strain processing, the peak of the R wave on the 
electrocardiogram is used as the reference time point for end-
diastole. GLS is obtained by averaging the 16 regional longitudinal 
strain curves computed from high-frame-rate (> 50 fps) apical 
views (four-, two-, and three-chamber). Peak GLSR is meanwhile 
computed from the first derivative global strain curve during the 
isovolumic contraction period. Normal values for GLS depend on 
the measurement position in the myocardium, the vendor, and the 
version of the analysis software, resulting in considerable hetero-
geneity in the published literature.

Few studies have focused their interest on the incremental 
prognostic value of strain and strain rate in HF population.

The first study that demonstrated the prognostic significance of 
global strain in patients hospitalized with acute HF was published 
in 2009 [41]. Global circumferential strain appeared as an inde-
pendent prognostic indicator of events in HF regardless of age, 
LVEF, and E/e′ and, in this study, has greater prognostic power 
than GLS and EF. The study also added the information that GLS 
greater than −10.3% was associated with cardiac events only in 
patients with HF of an ischaemic origin.

In a cohort of 125 patients with HF, GLS has been shown as the 
best predictor of major adverse events. The negative predictive 
value (84%) of global strain (<−9%) appeared particularly inter-
esting in identifying patients at low risk of cardiac events [42]. 
In another study including 147 HF patients followed over 12 
months, GLS still appeared as the best predictor of cardiac events 
with this time the cut-off value of −7% discriminating patients 
at risk of cardiac events and those with a better prognosis [43].

Fig. 27.2 Multiple-beat three-dimensional (3D) 
acquisition acquires narrow volumes of information 
over several heartbeats which are then stitched 
together to obtain the volumetric data set. Volumes 
can be obtained from 3D echocardiographic data 
set using automated software. The user identifies 
three to five points at the apex and mitral annulus 
in the two- and four-chamber end-diastolic 
and end-systolic views. From these points, the 
software used automated border-detection to 
create a 3D endocardial shell of the entire ventricle 
from which volumes were calculated. The user 
eventually manually adapts endocardial borders. 
Three-dimensional echocardiographic data sets are 
viewed using surface rendering.
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as precise if not better than other proposed echocardiographic 
methods of estimating RAP and therefore is the first-line method 
to estimate RAP in patients with acute HF [47].

Left ventricular reverse remodelling
The immediate response to treatment of acute decompensated 
HF has been investigated by using the echocardiography data-
base from the Evaluation Study of Congestive Heart Failure and 
Pulmonary Artery Catheterization Effectiveness (ESCAPE) trial 
[48]. It seems that acute echocardiographic changes are limited on 
right atria (right atria area), right ventricular (systolic and dias-
tolic right ventricular area) and inferior vena cava sizes and in MR 
severity and inflow parameters (E/A ratio), without demonstrat-
ing changes in LV dimensions or EF. Furthermore, these changes 
failed to predict clinical outcome, except for the reduction of the 
LV end-diastolic volume that was associated with a reduction in 
the combined outcome of HF rehospitalization or death.

Contemporary reduction in mortality and morbidity of HF 
patients is attributable to the introduction of nitrate and hydrala-
zine, angiotensin-converting enzyme inhibitors or angiotensin 
receptor blockers and beta blockers. A common finding of these 
clinical trials is that the drugs that exert a favourable effect on 
outcome also result in an increase in EF or a reduction in LV 
dimension, attributed to regression of structural remodelling. 
Repeat echocardiographic monitoring is therefore helpful to eval-
uate and quantify response to pharmacological treatment and at 
the same time predict outcome.

Finally, several clinical and echocardiographic parameters have 
been used to assess outcomes from cardiac resynchronization ther-
apy (CRT) and to define responders. Among them, many clinical 
trials have used echocardiographic rest parameters, mainly LVEF 
and LV end-systolic volume, to assess LV reverse remodelling. LV 
end-systolic volume has been shown to be an independent predic-
tor of prognosis [49]. Response to CRT is thus also considered 
if the LV end-systolic volume decreases by more than 15% at 6 
months or if LVEF increases by more than 5% [50–52].

Estimation of left ventricular filling pressures
Patients with acute decompensated HF have increased morbidity 
and mortality, and are prone to readmission with rates of 50% or 
higher within the 6 months after discharge. Estimation of filling 
pressures using Doppler echocardiography is of primary impor-
tance in patients with decompensated HF to tailor therapy and 
prevent rehospitalizations.

The current algorithm of the American Society of 
Echocardiography/European Association of Echocardiography 
(ASE/EAE) guidelines has demonstrated its accuracy and reli-
ability for right and left ventricular haemodynamic assessment in 
patients with acute decompensated HF [12,46]. Briefly, when E/A 
ratio is less than 1 and E velocity is less than or equal to 0.5 m/s, a 
normal LA pressure is assumed. When E/A ratio is 2 or higher, or 
with DT less than 150 ms, an increased LA pressure is assumed. 
When the E/A ratio is greater than or equal to 1 or less than 2, or 
when less than 1 with an E velocity greater than 0.5 m/s, the pres-
ence of abnormally elevated values of two of the following Doppler 
measurements is needed to support the conclusion that LV filling 
pressures are elevated: average E/e′ ratio greater than 15; E/Vp 
greater than or equal to 2.5; Ar-A greater than or equal to 30 ms; 
pulmonary veins systolic to diastolic ratio less than 1; and pulmo-
nary arterial systolic pressure greater than 35 mmHg. It is important 
to note that the correlation of E/e′ ratio and mean pulmonary capil-
lary wedge pressure has been shown to be lower in patients with left 
bundle branch block or biventricular pacing, because of the abnor-
mal septal motion and longitudinal rotation in left bundle branch 
block, both affecting the annular diastolic velocities. In addition, 
LA enlargement is not a reliable parameter of increased LA pres-
sure in patients with HF as LA enlargement is frequently secondary 
to long-standing diastolic dysfunction and MR [46].

In a recent study, comparing echocardiographic and inva-
sive haemodynamic estimate of right atrial pressure (RAP), the 
authors demonstrated that the different echocardiographic RAP 
prediction methods have limited precision and the use of inferior 
vena cava diameter and its percentage change with inspiration is 
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CHAPTER 28

Heart failure: preserved left 
ventricular ejection fraction
Johan De Sutter, Piotr Lipiec, and  
Christine Henri

Summary
Nearly half of all patients with heart failure (HF) present with a preserved left ventricular 
(LV) ejection fraction (EF). As the large majority of these patients are elderly, with over 
90% aged 60 years or older at the time of diagnosis, its prevalence is expected to increase 
considerably in the upcoming years [1–3]. Originally, heart failure with preserved ejec-
tion fraction (HFPEF) was referred to as ‘diastolic heart failure’ but many studies have 
recently shown that HFPEF is a pathophysiologically heterogeneous disease caused by a 
complex interplay of multiple impairments. These impairments are not only related to LV 
diastolic function, but also to LV systolic function, heart rate reserve, atrial dysfunction, 
stiffening of the ventricles and vasculature, impaired vasodilatation, pulmonary hyperten-
sion, endothelial dysfunction, and abnormalities in the periphery, including the skeletal 
muscles [4]. Although age seems to be the main risk factor for HFPEF [4–6], comorbidities 
including obesity, diabetes, hypertension, a sedentary lifestyle, and myocardial ischaemia 
also seem to play an important role in the development of HFPEF [4,7–9]. Early in the 
disease, many patients will present only with complaints of fatigue or dyspnoea during 
exercise and functional abnormalities may only be documented during exercise testing. 
Later in the disease, chronic systemic and pulmonary venous congestion may develop, 
leading to increasing symptoms, repeated hospitalizations, muscle wasting, and loss of 
functionality. The outcome of patients after hospitalization for HFPEF is generally com-
parable to patients with heart failure with reduced ejection fraction (HFREF). In contrast 
to HFREF patients, no large clinical trials have been able to show an effective treatment 
for HFPEF thus far [2,4].

Echocardiographic diagnostic parameters
Conventional echocardiographic measurements
According to the 2012 Europeans Society of Cardiology guidelines for the diagnosis and 
treatment of acute and chronic HF [10], the diagnosis of HFPEF requires four condi-
tions to be satisfied: (1) symptoms typical of HF, (2) signs typical of HF, (3) normal 
or only slightly reduced LVEF with a LV that is not dilated, and (4) relevant structural 
heart disease (LV hypertrophy/left atrial (LA) enlargement) and/or diastolic dysfunc-
tion. A preserved LVEF is defined as a LVEF of 50% or higher, measured by the biplane 
Simpson method of discs in the apical four- and two-chamber views. The absence of 
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LV dilatation at rest implicates a LV end-diastolic diameter less 
than 60 mm (<  32 mm/m2) or LV end-diastolic volume less 
than 97 mL/m2 and a LV end-systolic diameter less than 45 mm 
(<  25 mm/m2) or LV end-systolic volume less than 43 mL/m2. 
Concentric LV hypertrophy, with a LV mass index greater than 
95 g/m2 in women and greater than 115 g/m2 in men, was con-
sidered typical for HFPEF patients in earlier studies [11]. More 
recent population-based studies have, however, shown that 
many HFPEF patients have either concentric remodelling in the 
absence of hypertrophy or even a normal LV geometry [12,13]. 
In contrast, left atrial (LA) enlargement, defined as an LA volume 
index greater than 34 mL/m2 measured by the biplane Simpson 
method, is frequently documented, especially in more advanced 
stages of HFPEF [10]. Diastolic dysfunction is typically observed 
by echocardiography in approximately two-thirds of patients at 
rest [13,14]. It implies decreased e′ values as a hallmark of delayed 
relaxation, measured by pulsed wave Doppler (PWD) with tissue 
Doppler imaging (TDI) at the septal and/or lateral mitral annu-
lus (< 8 cm/s septal, < 10 cm/s lateral or < 9 cm/s average) [10]. 
Diastolic dysfunction can then be further graded according to the 
American Society of Echocardiography/European Association 
of Cardiovascular Imaging recommendations [15] into grade I 
(delayed relaxation, transmitral E/A ratio < 0.8, deceleration time 
(DT) > 200 ms, average E/e′ < 8), grade II (pseudonormal pat-
tern, transmitral E/A ratio 0.8–1.5, DT 160–200 ms, average E/e′ 
9–12), or grade III (restrictive pattern, transmitral E/A ratio ≥ 
2, DT < 160 ms, average E/e′ ≥ 13). Recently, Kuwaki et al. [16] 
showed in a larger study of 1362 patients that those with a delayed 
relaxation pattern on transmitral flow but E/e′ of 10 or higher 
(measured at rest, at the lateral annulus) had a prognosis similar 
to that of patients with a pseudonormal patterns, but significantly 
worse compared to those with an impaired relaxation group 
(% Fig. 28.1). Although E/e′ values greater than 15 (measured 
at rest at the septal annulus) may be indicative for elevated filling 

pressures in HFPEF patients, caution is needed especially in cases 
of clear LV hypertrophy (low e′ values), left bundle branch block, 
atrial fibrillation, extensive calcifications of the mitral annulus, 
and constrictive pericarditis [15,17]. Pulmonary hypertension 
is frequent in HFPEF patients with reported prevalence values 
of 50–80% and appears to be an independent predictor of out-
come [18,19]. In one study, pulmonary systolic artery pressure 
(PSAP) greater than 48 mmHg had the best receiver operating 
characteristics for the diagnosis of HFPEF compared to other 
echocardiographic parameters [19].

New methods
The accurate quantification of LV volumes and EF is essential 
for diagnosis of HFPEF. However, measurement of these param-
eters by two-dimensional echocardiography relies on geometrical 
assumptions simplifying the shape of the analysed cavity. Three-
dimensional echocardiography is free from such limitations and 
in patients with adequate quality of images leads to improve-
ment in accuracy of quantification of LV volumes and EF [20]. 
Nevertheless, an underestimation of LV volumes by echocardio-
graphic measurements can still be observed when compared to 
cardiac magnetic resonance imaging [21].

LA volume is another echocardiographic measurement recom-
mended in patients with suspected HFPEF, and also, in this case, 
three-dimensional imaging provides more accurate quantification 
than two-dimensional analysis when compared to cardiac mag-
netic resonance [22]. Thus, use of three-dimensional technique 
results in fewer patients with undetected atrial enlargement. On 
the other hand, it has been shown that the improvement in accu-
racy is only moderate and at the cost of more elaborate offline 
analysis [23].

Numerous limitations of EF as an index of systolic perfor-
mance (dependency on preload, afterload, volumes, heart rate, 

Fig. 28.1 Use of conventional echocardiographic 
techniques in a patient with HFPEF and left 
ventricular hypertrophy (a), left atrial dilation (LA 
maximal volume 66 mL or 36 mL/m2) (b), a delayed 
relaxation pattern on transmitral Doppler (c) and a 
reduced e′ (6 cm/s) on PW TDI at the septal mitral 
annulus (d), with a resulting E/e′ value of 13.

(a) (b)

(c) (d)
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and valvular function, as well as low sensitivity to subtle abnor-
malities of myocardial function) have led to a search for other 
parameters, which could provide insight into systolic function in 
HF. Deformation imaging (strain and strain rate) provided confir-
mation that normal ejection is not necessarily the same as normal 
systolic function and that HFPEF is a heterogeneous entity in terms 
of myocardial performance. Studies based on two-dimensional 
speckle-tracking echocardiography showed that the prevalence of 
reduced longitudinal, circumferential, and radial strain, as well as 
LV rotation in this patient population is high, with the longitu-
dinal strain impairment being the most prevalent [24–26]. Such 
abnormalities in deformation parameters could be observed even 
in patients with EF over 55% (% Fig. 28.2). Importantly, longitu-
dinal strain was significantly and independently associated with 
N-terminal pro-brain-type natriuretic peptide level, which is a 
proven prognostic factor in HFPEF [26]. In another recent study, 
patients with HFPEF, but reduced longitudinal systolic strain, had 
significantly lower event-free survival than those with preserved 
longitudinal strain, whereas LVEF did not predict event-free sur-
vival [27].

Speckle tracking algorithms also allowed for more in-depth 
analysis of diastolic function and showed that longitudinal, radial, 
and circumferential early diastolic strain rate, as well as untwist 

rate are reduced in HFPEF [24,25]. Similarly to systolic abnormal-
ities, diastolic impairment was principally a result of a significant 
alteration in the longitudinal function of the left ventricle [25]. 
Left atrial strain assessed by speckle tracking echocardiography 
was also reduced in patients with HFPEF [28].

Other potential applications of deformation imaging in HFPEF 
include evaluation of exercise-induced abnormalities in myocar-
dial function and introduction of novel parameters like area strain 
obtained by three-dimensional speckle-tracking echocardiog-
raphy [24,29]. However, despite the aforementioned interesting 
results available in the literature, it should be emphasized that cur-
rently speckle tracking echocardiography suffers from unresolved 
issues of standardization and inter-manufacturer and inter-soft-
ware variability and there are still relatively few studies using this 
technique in patients with HFPEF.

In conclusion, new echocardiographic methods are promis-
ing diagnostic tools allowing for clearer classification and better 
understanding of HFPEF. However, currently the only novel tech-
nique recommended for use in routine diagnostic work-up of 
these patients is quantification of LV volumes and ejection by 
three-dimensional echocardiography [10]. The remaining modal-
ities are being actively studied, but at present they lack validation 
for everyday clinical use.

Fig. 28.2 Use of novel echocardiographic 
techniques in patient with HFPEF: three-
dimensional echocardiography allows for accurate 
measurement of left ventricular ejection fraction 
(57%), while two-dimensional speckle tracking 
algorithm reveals reduced longitudinal deformation 
(global longitudinal peak systolic strain of −14.6%).
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Diastolic stress testing
Diastolic stress testing is recommended in the evaluation of 
patients with exercise-induced dyspnoea, especially in patients 
with a delayed relaxation pattern (grade I) and normal LV filling 
pressure at rest. In those patients, one-third will present an eleva-
tion of LV filling pressure with exercise [30]. Diastolic stress testing 
can be performed using treadmill or semi-supine bicycle exercise 
testing. Semi-supine ergocycle with a tilting table allows optimal 
image acquisition during each step of exercise testing compared to 
treadmill exercise permitting only post-exercise imaging. To note, 
the E- and A-wave fusion at high heart rate (i.e. > 100–110 bpm) 
during peak exercise can limit interpretation, but Doppler indica-
tors of diastolic dysfunction usually persist for up to 5 minutes 
post exercise [30]. In contrast, the use of pharmacological stress 
using dobutamine, because of the different haemodynamic 
response compared to exercise, is not recommended. Accordingly, 
it is unusual for a diastolic filling pattern to improve with exer-
cise, but it is not uncommon with dobutamine [31]. Apparition 
of symptoms should be monitored at each step during exercise. 
Echocardiographic imaging acquisition should focus on peak 
E-wave velocities, peak A-wave velocities, and E/A ratio (PWD at 
the mitral inflow); peak e′ velocities and E/e′ ratio (PWD with TDI 
at the septal mitral annulus); transtricuspid gradient (continuous 
wave Doppler of tricuspid regurgitant jet); right ventricular (RV) 
longitudinal function, tricuspid annular plane systolic excursion 
(M-mode at the tricuspid annulus), peak S-wave velocities (PWD 
with TDI at the tricuspid annulus), and LV longitudinal defor-
mation (standard apical two-dimensional images with speckle 
tracking).

Transmitral inflow pattern and TDI at septal mitral annulus 
profile during exercise has been evaluated in healthy subjects [32]. 
In those normal subjects, there was a significant and proportional 
increase in peak E-wave (flow-dependent), A-wave, and peak 
e′-wave velocities (myocardial relaxation) resulting in unchanged 
E/A and E/e′ ratios during exercise [32]. This is characterized by 
a normal LV diastolic reserve with the ability of the LV to accom-
modate exercise-induced increase in LV filling by adequate 
myocardial relaxation maintaining normal LV filling pressure. 
However, in patients with diastolic dysfunction and elevated fill-
ing pressure during exercise, the change in peak E wave is greater 
than in peak e′-wave velocities caused by a limitation of LV dias-
tolic reserve resulting in higher E/e′ ratio [30] (% Fig. 28.3). Some 
studies have evaluated the reliability of the E/e′ ratio to identify 
patients with elevated LV end-diastolic pressure (LVEDP) during 
exercise [33,34]. In the study of Burgess et al., a cut-off value for 
exercise E/e′ of 13 identified patients with LVEDP greater than 15 
mmHg during exercise, and was highly specific (90%) for reduced 
exercise capacity [33]. Similarly, in the study of Talreja et al., an 
exercise E/e′ of 15 was associated with a LVEDP greater than 20 
mmHg [34]. Moreover, in a cohort of 522 patients referred for 
exercise echocardiography, exercise E/e′ greater than 14.5 was 
independently associated with cardiovascular hospitalization and 
incremental to exercise capacity and inducible ischaemia for pre-
diction of adverse events [35].

In patients with HFPEF and normal PSAP at rest, exercise-
induced pulmonary hypertension is frequently associated with 
elevated LV filling pressure during exercise [36] and, to a lesser 
extent, with abnormal pulmonary vascular response (inability 
to decrease pulmonary vascular resistance to accommodate the 
exercise-induced increase in cardiac output) [37]. In the study of 
Shim et al., patients with exercise-induced pulmonary hyperten-
sion, defined as PSAP greater than 50 mmHg at 50 W, in association 
with an E/e′ ratio greater than 15 presented a significantly higher 
rate of major cardiovascular events or death [38]. Also, in a cohort 
of patients with HFPEF compared to controls, repercussion on RV 
and LV longitudinal function during a sub-maximal exercise testing 
has been shown using RV peak S-wave velocities (14 ± 3 cm/s vs 18 
± 1 cm/s; P = 0.03) and LV global four-chamber longitudinal strain 
(−17 ± 5% vs −22 ± 4%; P <0.001). Thus, the assessment of RV and 
LV systolic longitudinal function during exercise testing is useful to 
unmask myocardial dysfunction related to HFPEF symptoms [39].

Integrated assessment
The diagnosis of HFPEF is complex and requires a comprehensive 
clinical and echocardiographic evaluation. Signs and symptoms of 
HF must be present and LVEF 50% or higher. Furthermore, struc-
tural abnormalities such as left atrial dilatation, LV hypertrophy, 

Exercise induced-dyspnoea

Abnormal relaxation pattern (grade 1)
Normal LV filling presure

Exercise echocardiography

Pulmonary
hypertension

Limitation of diastolic reserve
Venous return Myocardial relaxation

LV filling presure

E vel = 48cm/s

E vel = 95cm/s

e’ vel = 6 cm/s

e’ vel = 6 cm/s

E/e’ = 8

E/e’ = 15

LV / RV longitudinal
dysfunction

HF susceptibility

Fig. 28.3 Exercise echocardiography and prognostic parameters in HFPEF. HF, 
heart failure; LV, left ventricular; RV, right ventricular; Vel, velocity.
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or pulmonary hypertension are frequently present. For the evalu-
ation of LV diastolic function, it is important to realize that no 
single echocardiographic parameter is sufficiently accurate and 
reproducible to be used in isolation to make a diagnosis of LV dias-
tolic dysfunction. Also, the classification of diastolic stages is often 
not unequivocal as many patients may fall ‘between’ stages [40]. In 
early stages of HFPEF, diastolic abnormalities may be absent and 
stress testing with echocardiographic imaging can be required to 
confirm the diagnosis. In more advanced stages of HFPEF filling 
pressures will be elevated. Although E/e′ values higher then 15, 
usually indicate elevated LV filling pressures, this parameter must 
be used with caution. Also, further studies are needed to evaluate 
the ability of E/e′ to track changes in filling pressures over time in 
HFPEF patients [41,42].

Risk stratification
First of all, severity of diastolic abnormalities, assessed by Doppler 
echocardiography, has been related to development of HF symp-
toms, hospitalization, or cardiovascular death in patients with 
HFPEF. In fact, moderate and severe LV diastolic dysfunction was 
the only independent predictor of poor outcomes compared with 
normal and mild dysfunction [43]. This confirms that the more 
severe the grade of diastolic dysfunction, the worse the clinical 
outcome, and that assessment of the degree of diastolic abnor-
mality provides important information for risk stratification. 
Moreover, assessment of LV longitudinal systolic and diastolic 
function, using respectively, peak s′-wave and e′-wave velocities 
at septal mitral annulus, can also be useful for risk stratification. 
Accordingly, in a cohort of patients with HFPEF and atrial fibrilla-
tion, the presence of both s′ wave less than 5 cm/s and e′ wave less 
than 7 cm/s was associated with more frequent adverse cardio-
vascular events [44]. Also, estimation of LV filling pressure using 
the E/e′ ratio was related to the symptomatic status and useful 
to predict the evolution of HF symptoms [45]. Along with dias-
tolic dysfunction and elevated LV filling pressure, left atrial and 
LV remodelling are other important prognostic factors. In fact, 
left atrial size and LV mass were independently associated with an 
increased rate of HF hospitalization and death in patients from the 
I-Preserve trial [13]. On the right side, pulmonary hypertension at 
rest, defined by PSAP greater than 35 mmHg, was highly prevalent 
(83%) in HFPEF patients and strongly predicted mortality. Then, 
measurement of PSAP is useful to select patients at increased risk 
for adverse events [19]. Also, RV dysfunction, defined by RV frac-
tional area change less than 35%, was present in 33% of HFPEF 
patients and was associated with more severe symptoms, greater 
comorbidity burden and death [46]. Finally, in patients with 
HFPEF and absence of risk factors at rest, diastolic stress echo-
cardiography with evaluation of exercise-induced changes in LV 
filling pressure and PSAP may be useful to predict rate of major 
cardiovascular events or death [35,38].

Follow-up and monitoring
Current guidelines on the use of echocardiography in patients’ 
follow-up and monitoring do not provide separate recommen-
dations for HFPEF and HFREF [10,47,48]. Echocardiography is 
one of the key elements of HF management programmes, which 
should be made available to patients suffering from this disease. 
Repeated assessment of cardiac morphology and function is rec-
ommended in patients with HF, who present with a significant 
change in clinical status and those who have experienced or 
recovered from a clinical event [48]. Information provided by 
echocardiography can help to intensify treatment therapy in these 
patients. Another group which benefits from repeated echocardi-
ography are patients who have received optimal medical treatment 
that might have had a significant effect on cardiac function [48]. 
However, it should be emphasized that routine serial monitor-
ing of cardiac morphology and function by echocardiography in 
clinically stable patients in the absence of treatment interventions 
is not indicated [47,48].

Although there is substantial evidence that HFPEF and HFREF 
are different entities with different risk factors, pathophysiol-
ogy, and response to treatment, it has also been documented that 
progressive contractile dysfunction and decline in EF over time 
may occur in HFPEF. Dunlay et al. reported an average decrease 
of EF by almost 6% over 5 years, with greater declines in older 
patients and those with coronary disease [49]. Similar change 
was observed even after exclusion of patients who had myocar-
dial infarction after HF diagnosis. Importantly, during follow-up 
almost 40% of patients with HFPEF had a decline in EF to less 
than 50% (range of HFREF) and 25% had a decline to less than 
40% [49]. These findings raise questions about underlying patho-
physiological mechanisms and their clinical relevance, but they 
also underscore the importance of echocardiography in patients’ 
monitoring and the need for accuracy and reproducibility in the 
assessment of myocardial function.

Conclusion
HFPEF is a heterogeneous disease and requires the presence of 
signs and symptoms of HF and a preserved EF of 50% or higher. 
Furthermore, markers of structural heart disease such as LV 
hypertrophy, LA dilatation, pulmonary hypertension, or diastolic 
dysfunction should be present. No single marker of diastolic dys-
function is, however, specific enough to ensure the diagnosis and a 
comprehensive evaluation is always required. New methods such 
as longitudinal LV strain assessment are interesting but require 
further study. In case of exercise-induced dyspnoea in patients 
with only mild diastolic abnormalities, diastolic stress testing 
can further help to make the diagnosis and risk-stratification of 
HFPEF patients.
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CHAPTER 29

Ischaemic heart disease: 
acute coronary syndrome
Gonzalo Luis Alonso Salinas, Marina Pascual 
Izco, Covadonga Fernández-Golfín,  
Luigi P. Badano, and José Luis Zamorano

Summary: imaging techniques used in acute 
coronary syndrome
Acute coronary syndrome (ACS) represents nowadays a major health problem. The inci-
dence of ACS is gradually rising due to population ageing, health care development, and 
health technology advances [1]. The leading symptom that initiates the diagnostic and 
therapeutic cascade in patients with suspected ACS is chest pain, with physical exami-
nation frequently unremarkable. The resting 12-lead electrocardiogram (ECG) is the 
first-line diagnostic tool in the assessment of patients with suspected ACS, although it is 
often non-diagnostic, so relying on other techniques can be crucial for an early approach 
to the process and its complications [2].

Imaging techniques have the ability to detect wall motion abnormalities or a loss of via-
ble myocardium. Transthoracic echocardiography (TTE) can detect location and extent 
of ACS, and evaluate the presence of complications. It is commonly used for risk stratifi-
cation assessing left ventricular ejection fraction (LVEF), right ventricular (RV) function, 
and presence of any valvulopathy or pericardial effusion.

International guidelines for the management of ACS which presents with ST seg-
ment elevation myocardial infarction (STEMI) or without it (NSTEMI) focus on the 
need for TTE in emergency rooms and chest pain units. Moreover, urgent TTE is rec-
ommended in all patients with haemodynamic instability of suspected cardiovascular 
origin [3,4].

Differential diagnosis of chest pain
Correct identification of patients with ACS is critical in order to start management as 
soon as possible and to identify patients with other potentially life-threating illnesses. 
Inadequate classification may have serious consequences if an ACS is not detected or 
conversely may lead to unnecessary admissions and use of resources.

In this setting, TTE has the advantages of being readily accessible, non-invasive, and 
fast, although is often underutilized. It may detect significant findings that are not detected 
on initial clinical evaluation (see % Table 29.1).
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upper reference limit, together with the evidence of myocardial 
ischaemia. Myocardial ischaemia is recognized by its symptoms, 
ECG ischaemic changes or the development of pathological Q 
waves, imaging evidence of a new loss of viable myocardium or 
new regional wall motion abnormality, or the identification of an 
intracoronary thrombus by angiography or autopsy [6].

MI is classified into various types depending on pathological, 
clinical, and prognostic differences (see % Table 29.2).

Patients with a MI are systematically subdivided into those pre-
senting with STEMI and those with NSTEMI.

STEMI results from the sudden and complete thrombotic occlu-
sion of one of the epicardial coronary arteries. Plaque rupture and 
its platelet activation generate the thrombus that blocks the lumen 
of the artery. The ischaemic zone that results from that blockage 
not only determines the clinical presentation of these patients, but 
may also trigger fatal arrhythmias. Treatment focuses on an early 
reperfusion of the occluded artery. The prognosis of these patients 
has improved in the last decades, but it still carries a considerable 
risk in its early, arrhythmogenic, stage. Currently, 30-day mortal-
ity is less than 10% in most institutions [7].

NSTEMI typically usually results from a partial coronary arterial 
blockage. Patients presenting with NSTEMI are older than those 

Types of acute coronary syndromes 
and definitions
ACS refers to a group of conditions triggered by a decreased blood 
flow in the coronary arteries such that part of the heart muscle is 
unable to function properly or dies [5]. ACS usually occurs as a 
result of a myocardial infarction (MI) or unstable angina (UA). 
ACS should be distinguished from stable angina, which occurs 
during exertion and resolves at rest. In contrast with stable angina, 
UA occurs suddenly, at rest or with minimal exertion, or at lesser 
degrees of exertion than previous stable angina. New-onset angina 
is also considered UA.

Myocardial infarction
MI is defined pathologically as myocyte necrosis due to prolonged 
ischaemia. Complete necrosis of all myocardial cells at risk requires 
at least 2–4 hours depending on the previous condition of the patient 
and the coronary anatomy and level of effect. In the clinical setting, 
MI is diagnosed when biomarkers, preferably cardiac troponin, are 
detected with at least one value above the 99th percentile or the 

Table 29.1 Chest pain causes and TTE findings. Differential diagnosis

System Syndrome Clinical presentation Possible TTE finding

Cardiac Angina Triggered by physical exercise, cold weather 
or emotional stress. Could be at rest (unstable 
angina)
Negative specific biomarkers

Wall motion abnormalities during ischaemia

Myocardial Infarction Similar clinical presentation with positive 
biomarkers

Wall motion abnormalities

Pericarditis Pleuritic pain, exacerbated by changes in posture Pericardial effusion

Vascular Aortic dissection Intense piercing pain
Abrupt onset
Radiates back and migrant

Ascending aorta enlargement
Double lumen in ascending aorta
Significant aortic regurgitation
Pericardial effusion

Pulmonary embolism Pleuritic pain and dyspnoea
Abrupt onset

Normally contracting right ventricular apex associated to  
a severe hypokinesia of the mid-free wall (McConnell sign)
Flattening of the interventricular septum during systole
High tricuspid regurgitant
Flow (>2.7 m/s)

Pulmonary hypertension Chest tightness with exercise Right ventricle dilatation with an impaired ejection 
fraction
Tricuspid regurgitation
Flattening of the interventricular septum during systole

Pulmonary Plevritis or pneumonia Pleuritic pain No special findings

Pneumothorax Unilateral chest pain
Dyspnoea
Abrupt onset

Flattening of the interventricular
septum during systole

Digestive Oesophageal reflux or 
peptic ulcer

Burning pain
Retrosternal and epigastric
Ascendant

No special findings

Musculoskeletal Costochondritis Mechanic/fingertip pain No special findings

Infectious Herpes zoster Dermatomal distribution No special findings

Psychological Anxiety Prolonged chest oppression No special findings



CHAPTER 29 ischaemic heart disease: acute coronary syndrome218

Braunwald classified UA in 1989 according to clinical presenta-
tion, circumstances in which the symptoms occurred, and ST-T 
wave changes [8] (see % Table 29.3).

Echocardiography in acute myocardial 
infarction
Diagnosis and role of echocardiography
As previously mentioned, MI is recognized from the history, ECG, 
and levels of cardiac enzymes. Although not routinely performed, 
TTE is an accurate and non-invasive tool that can detect evidence 
of myocardial ischaemia or necrosis. Current guidelines for echo-
cardiography classify its use as appropriate in the diagnosis of 
suspected acute MI [2].

Regional wall motion abnormalities can be visualized within 
seconds of severe ischaemia, and these changes may occur before 
the development of symptoms or the onset of ECG findings. 
Moreover, these abnormalities can localize the ischaemic terri-
tory and the culprit vessel; however, the presence of regional wall 
motion abnormalities does not establish the diagnosis of ischae-
mia since there are several other causes of these abnormalities 

presenting with STEMI. Collateral coronary blood flow, ischaemic 
preconditioning, and concomitant preventive medication may 
modulate the acute disease process, its clinical presentation, and 
its prognosis. The early therapeutic intervention consists of platelet 
aggregation inhibition and anticoagulant therapy. NSTEMI guide-
lines recommend the use of risk scores to guide management, in 
particular early coronary angiography and revascularization in 
patients at high risk. Short-term prognosis typically is better than 
in STEMI, and 30-day mortality should not exceed 5%.

Unstable angina
The diagnosis of UA is considered in symptomatic patients with-
out the typical rise and fall of cardiac biomarkers, with or without 
ischaemic ECG changes. With the development of ultrasensitive 
cardiac biomarkers, the incidence of NSTEMI is gradually increas-
ing, and this re-classification will not only increase the number 
of patients from the latter category, it will also improve their 
prognosis, since this category will be enriched with patients with 
only minor biomarker release and minimal myocardial damage. 
Similarly, the prognosis of patients with UA without troponin 
release will improve since those with the highest risk have been 
eliminated from this category.

Table 29. 2 Universal definitions of myocardial infarction

Type 1
Spontaneous MI

Related to ischaemia due to a primary coronary event such as plaque erosion or rupture, fissuring or 
dissection

Type 2
Secondary to increased oxygen demands

Myocardial necrosis where a condition (not coronary artery disease) contributes to an imbalance between 
oxygen supply and/or demand, e.g. coronary endothelial dysfunction, coronary artery spasm, coronary 
embolism, arrhythmias, anaemia, respiratory failure, hypertension or hypotension

Type 3
Sudden unexpected cardiac death

Sudden unexpected cardiac death, including cardiac arrest, often with symptoms suggestive of myocardial 
ischaemia and presumed new ischaemic ECG changes or new left bundle branch block, or evidence of fresh 
coronary thrombus by angiography and/or at autopsy, but death occurring before blood samples could be 
obtained, before cardiac biomarker levels could rise or were not collected

Type 4a
Associated with percutaneous coronary 
intervention (PCI)

Post-PCI elevation of cardiac troponin values higher than 5 times the 99th percentile or the upper limit 
reference in patient with normal baseline values

Type 4b
Associated with stent thrombosis

Detected by coronary angiography or autopsy in the setting of myocardial ischaemia and with a rise and fall 
of cardiac biomarkers values, with at least one value above 99th percentile or the upper reference limit

Type 5
Associated with coronary artery bypass grafting

Defined by an elevation of cardiac biomarker values higher than 10 times the 99th percentile or the upper 
limit reference in patient with normal baseline values

Reproduced from Thygesen K, Alpert JS, White HD; Joint ESC/ACCF/AHA/WHF Task Force for the Redefinition of Myocardial Infarction. Universal definition of myocardial infarction. 
European Heart Journal 2007, by permission of Oxford University Press.

Table 29.3 Braunwald classification of unstable angina

Extra-cardiac conditions 
intensifying ischaemia

Absence of extra-cardiac 
conditions

Within 2 weeks of acute 
myocardial infarction

New onset or progressive angina. No rest angina IA IIA IIIA

Angina at rest, not within previous 48 h IB IIB IIIB

Angina at rest within 48 h IC IIC IIIC

Reproduced from Braunwald E. Unstable angina. A classification. Circulation 1989; 80(2):410–414 with permission from Wolters Kluwer.
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detect other abnormalities that are associated with a worse prog-
nosis, such as diastolic dysfunction, left atrium remodelling, or 
RV dysfunction.

TTE must be performed also at discharge for long-term prog-
nosis stratification since improvement in LVEF may occur in 
reperfused patients. It reflects recovery from myocardial stunning, 
and can take up to 2 weeks. Myocardial mechanics assessed by 
strain echocardiography may also provide additional information 
independent of LVEF, including prediction of ventricular arrhyth-
mias after an ACS in patients with a LVEF of 35% or higher [11].

MI prognostic TTE parameters are listed in % Box 29.1 [12].

Coronary artery distribution
Echocardiography is an accurate method for the localization and 
extent of the MI with the exceptions of patients with multivessel 
disease or a previous myocardial scar.

For localizing segmental wall motion abnormalities, echocardi-
ographic societies have recommended dividing the ventricle into 
17 segments (see % Fig. 29.1). The different echocardiographic 
views permit visualization of regions of the myocardium perfused 
by the different coronary arteries.

It is recommended that each segment is analysed individually 
and overlapping information from different views. A wall motion 
score index (WMSI) can be derived by scoring each segment on 
the basis of its motion and thickening (1 = normal or hyperki-
netic motion; 2 = hypokinesis; 3 = akinesis, no thickening; 4 = 
dyskinesis, paradoxical motion; 5 = aneurysmal, systolic and dias-
tolic deformation) (see % Fig. 29.2). The WMSI is calculated by 
dividing the sum of these numbers by the number of segments 
visualized. The total score is related to the extent of necrosis or 
ischaemia and allows a semi-quantitative assessment of systolic 
function. The WMSI has shown a prognostic implication in 
patients with coronary artery disease and its interpretation by 
expert readers is highly reproducible [13].

Corresponding coronary artery territories (see % Fig. 29.3):
◆	 Left anterior descending (LAD): septum, apex, and anterosep-

tal regions of the left ventricle are typically involved in LAD 
circulation occlusion.

such as prior infarction, myocarditis, prior surgery, or left bundle 
branch block.

TTE for an ACS has a high sensitivity (approximately 93%) 
and a relatively low specificity (approximately 31%) [9]. It may 
be impossible to distinguish wall motion abnormalities due to an 
ACS from a previous MI, although some factors could help, such 
as the preservation of normal wall thickness and normal reflec-
tivity suggesting an acute event. On the other hand, thin akinetic 
reflective segments suggest chronicity. The use of microbubble 
echocardiographic contrast may help in a better delineation when 
there is a suboptimal acoustic view.

The presence of reversible regional wall motion abnormalities, 
as well as reversible ECG findings, strongly suggests the presence 
of myocardial ischaemia. The time course recovery after cessa-
tion of chest pain is variable and reflects myocardial necrosis and 
stunning.

Prognosis
Acute MI TTE is also used for prognostic stratification. LVEF 
and the presence of significant mitral regurgitation (MR) are 
major predictors of long-term prognosis after both NSTEMI and 
STEMI, even in the acute phase of the ACS [10]. TTE is usually 
the preferred tool for LVEF and MR assessment since it can also 

Box 29.1 Prognostic echocardiographic parameters in myocardial 
infarction

Echocardiographic parameters:
◆	 Left ventricular volumes
◆	 Left ventricular ejection fraction
◆	 Mitral regurgitation
◆	 Wall motion score index
◆	 Diastolic function
◆	 Left atrial volume
◆	 Right ventricular function
◆	 Strain
◆	 Strain rate
◆	 Left ventricular dyssynchrony

Use of echocardiographic contrast:
◆	 Endocardial border detection
◆	 Thrombus detection
◆	 Assessment of perfusion/viability

Stress echocardiography:
◆	 Ischaemia
◆	 Contractile reserve

Three-dimensional echocardiography:
◆	 Left ventricular volumes, left ventricular ejection fraction, and 

sphericity indices.
Source data from Mollema SA, Nucifora G, Bax JJ. Prognostic value of echo-
cardiography after acute myocardial infarction. Heart 2009; 95(21):1732–45.
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Fig. 29.1 Bull’s-eye graph in regional left ventricle evaluation. Segments: 1, 
basal anterior; 2, basal anteroseptal; 3, basal inferoseptal; 4, basal inferior; 5, 
basal inferolateral; 6, basal anterolateral; 7, mid anterior; 8, mid anteroseptal; 9, 
mid inferoseptal; 10, mid inferior; 11, mid inferolateral; 12, mid anterolateral; 13, 
apical anterior; 14, apical septal; 15, apical inferior; 16, apical lateral; 17, apex.
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◆	 Left main coronary artery (LMCA): LMCA affection may cause 
anterior, lateral, and apical wall motion abnormalities.

Takotsubo cardiomyopathy (also known as transient apical bal-
looning syndrome, stress-induced cardiomyopathy, and broken 
heart syndrome) presents clinically as a usual MI triggered by a 
stressful situation, with ischaemic ECG changes and elevated 
cardiac markers and normal coronary arteries. TTE can identify 
significant regional wall motion abnormalities, commonly affect-
ing the apical and mid portions of the ventricle, with increased 
contraction in basal segments. Wall motion usually returns to nor-
mal after a recovery period ranging from days to months.

Echocardiography in acute coronary 
syndrome complications
Several mechanical complications may occur in the few days 
following an acute MI. These kinds of problems are usually life-
threatening and an early diagnosis is needed [4]. TTE assessment 
is then essential, in order to promptly confirm or rule out a par-
ticular mechanical complication.

Acute ischaemic mitral regurgitation
After MI and in heart failure (HF) patients, MR should be routinely 
sought by echocardiography. If MR is present, it is mandatory to 
assess its mechanism and severity by TTE or transoesophageal 
echocardiography (TOE).

Regarding the cause of MR, it may occur during the subacute 
MI phase due to LV dilatation, papillary muscle dysfunction, or 
rupture of the tip of the papillary muscle or chordae tendineae 
[14]. The most common cause is the secondary (functional) 

◆	 Right coronary artery (RCA): most regional wall motion abnor-
malities arising from RCA occlusion are found at the inferior 
wall (right dominant coronary circulation). In contrast to LAD 
infarctions, the apex is often unaffected.

●	 Moreover, obstruction of the proximal RCA, proximal to the 
RV branches, may infarct the inferior wall of the LV and the 
RV. There is a crucial clinical difference between mild non-
clinical depression of RV contractile function, associated 
with up to 40% of inferior infarctions, and severe impairment 
of RV function, which can lead to hypotension and cardio-
genic shock due to reduced LV preload.

●	 The most common TTE signs of significant RV infarction are 
enlargement of the RV, decreased movement of the basal seg-
ments, and plethora of the inferior vena cava.

◆	 Circumflex coronary artery (Cx): occasionally, inferior infarc-
tion arises from the Cx in a left dominant system, meaning an 
occlusion of a posterior descending branch. The LV free wall 
is uncommonly affected in isolated MI. The lateral wall may 
become akinetic in Cx occlusion, although is more frequently 
involved as a component of multisegmental affection [14].

Fig. 29.2 Wall motion score index. Multiview end-
systolic frames that identify inferior akinesia.

Fig. 29.3 Corresponding coronary artery myocardial segments.
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and its severity can be reduced in many situations, such as in the 
presence of positive pressure ventilation [15].

Finally, MR is associated with a poor outcome in patients with 
an ACS and it independently predicts 1-year cardiovascular mor-
tality and HF [14].

Free wall rupture
Free ventricular wall rupture is one of the most serious complica-
tions in the subacute phase following transmural infarction.

Its presentation may range from sudden cardiac death to an 
insidious pericardial effusion with or without accompanying 
hypotension [15]; cardiovascular collapse with electromechanical 
dissociation is the most common clinical presentation [4].

The diagnosis is confirmed by TTE. Pericardial effusion is 
the most frequent echocardiographic finding in a patient with a 
LV wall rupture. However, this finding does not always indicate 
a LV wall rupture. The causes of pericardial effusion after acute 
MI include pericarditis, haemorrhage from post-infarcted myo-
cardium, coronary perforation, and myocardial rupture [17]. 
Other findings that support the diagnosis of LV wall rupture are 
echogenic layering in the pericardium that suggests pericardial 
thrombus, regional myocardial dilation, an abnormally thin and 
akinetic myocardium, and a colour flow jet through a wall defect, 
which is diagnostic of LV wall rupture [18].

The development of haemopericardium and cardiac tamponade 
is usually rapidly fatal. Subacute free wall rupture, due to sealing 
of the site by thrombus formation, if recognized by echocardi-
ography, may permit time for pericardiocentesis and immediate 
surgery [4].

Ventricular septal rupture
Ventricular septal rupture is an increasingly rare mechanical com-
plication after an acute MI, but with a high rate of mortality. A 
rapid-onset clinical deterioration with acute HF and a systolic 
murmur is the most common clinical presentation [4].

Usually, the diagnosis is made by echocardiography. Two-
dimensional (2D) TTE alone can visualize the septal defect only 
in a small number of patients (see % Fig. 29.5). Thus, the addi-
tion of Doppler colour flow mapping is mandatory to demonstrate 
both an area of turbulent transseptal flow and a diagnostic systolic 
flow disturbance within the RV [19]. Evidence of RV dilation and 
pulmonary hypertension are also important clues to the diagnosis. 
When the patient has poor acoustic windows due to mechanical 
ventilation or body habitus, TOE should be considered [18].

Aneurysm/pseudoaneurysm
LV aneurysms and pseudoaneurysms are both mechanical com-
plications of an acute MI and are important causes of morbidity 
or even death.

A true LV aneurysm is defined as a well-delineated, thin, 
scarred or fibrotic wall devoid of muscle, or containing necrotic 
muscle, that is a result of a healed transmural MI. The involved 

one, due to LV dysfunction without structural valvular abnor-
malities, resulting from increased leaflet tethering and decreased 
mitral closing forces [15]. Two main patterns of leaflet tethering 
involved in functional ischaemic MR are described [14]: sym-
metric tethering with a central MR jet that results from global 
LV remodelling; and asymmetric tethering with an eccentric MR 
jet, characterized by a regional LV remodelling causing posterior 
leaflet restriction. Thus, MR jet direction may be used to identify 
the mechanism of valvular lesion. More rarely, MR can result 
from acute papillary muscle dysfunction or rupture. If so, the 
most commonly mechanism is the rupture of the posterior pap-
illary muscle, which is supplied by a single coronary artery, the 
RCA (the anterior papillary muscle has a double blood supply 
from LAD and Cx) [15]. In these situations, TTE demonstrates a 
partial or complete flail of the mitral valve. When the TTE shows 
a triangular mobile structure, which represents the head of the 
papillary muscle attached to the tip of the flail leaflet, prolapsing 
into the left atrium during systole, the diagnosis is confirmed 
[15]. However, this is not frequent and sometimes TOE is 
required [16]. Recognition of the exact cause of ischaemic MR 
is mandatory in this clinical setting because different therapeu-
tic strategies have to be performed: papillary muscle rupture 
requires urgent mitral valve replacement or repair, whereas 
ischaemic MR due to papillary muscle dysfunction or annulus 
dilation may improve with afterload reduction and coronary 
revascularization [14].

Regarding MR severity, it may be assessed by qualitative (colour 
and continuous Doppler) and quantitative (PISA) methods. The 
detection of a large eccentric jet adhering, swirling, and reaching 
the posterior wall of the left atrium is in support of significant MR 
[14] (see % Fig. 29.4). But it doesn’t always occur: the colour jet 
may underestimate the severity of MR, as pressures between the 
two chambers rapidly equilibrate in extremely severe and acute 
regurgitation [15]. It is also important to know that MR is dynamic 

Fig. 29.4 Colour flow mitral regurgitation jet as a qualitative parameter: a 
large jet adhering, swirling, and reaching the posterior wall of the left atrium is 
in favour of significant mitral regurgitation.
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Right ventricular infarction
RV infarction may occur in isolation or, more frequently, in 
connection with inferior wall STEMI. Hypotension, absence 
of pulmonary congestion, and increased jugular venous pres-
sure are typical symptoms and signs of RV infarction [4]. Many 
echocardiographic markers exist to identify RV MI (e.g. TAPSE 
< 10 mm, S′< 12 cm/s, S′< 8 cm/s, myocardial performance index 
(MPI) >0.7, S′/MPI < 17, or a RV ejection fraction < 51%) [22]. 
Furthermore, 2D TTE has the advantage of providing information 
on RV dimensions and functions in multiple views [23]. RV dila-
tation, RV wall motion abnormalities, including hypokinesia and 
akinesia, and paradoxical interventricular wall motion are com-
mon findings of RV MI [23] (see % Fig. 29.7). Additionally, colour 

wall segment is either akinetic or dyskinetic during systole. TTE 
permits assessment of the extent and degree of wall motion 
abnormalities [4] and, in this way, the accurate diagnosis of an LV 
aneurysm after a MI (see % Fig. 29.6). Three dimensional (3D) 
TTE, magnetic resonance imaging, and cardiac computed tomog-
raphy are other modalities that are more and more frequently used 
for diagnosis, measurement, and postoperative follow-up of the 
LV [20].

As previously mentioned, LV wall rupture after MI is usually 
fatal. Uncommonly, the rupture is contained by adherent pericar-
dium resulting in the formation of a false aneurysm. In contrast 
to a true aneurysm, a pseudoaneurysm contains no endocardium 
or myocardium. A prompt diagnosis is needed, since these aneu-
rysms are prone to rupture [21]. Echocardiography is not the 
diagnostic method of choice, even though it can usually distin-
guish a pseudoaneurysm from a true aneurysm by the appearance 
of the connection between the aneurysm and ventricular cavity: 
pseudoaneurysms have a narrow neck that causes an abrupt inter-
ruption in the ventricular wall contour, while true aneurysms are 
nearly as wide at the neck as they are at the apex [22]. When TTE 
is not decisive a TOE should be considered, since it provides bet-
ter accuracy. In any case, angiography is the best choice, although 
echocardiography is often a more accessible option.

RV

RV

LV

LV

(a)

(b)

Fig. 29.5 Apical ventricular septal rupture within an apical MI.

Fig. 29.6 Aneurysm and thinning of anterior septum.

Fig. 29.7 Right ventricle dilatation secondary to an inferior and a right 
ventricle myocardial infarction.
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increases intrapericardial pressure, so chamber filling is reduced 
and cardiac output can decrease. There are various echocardio-
graphic signs that suggest haemodynamic compromise. The most 
sensitive sign is right atrium collapse or cyclic compression [15]. 
In the case of severely increased intrapericardial pressure, cham-
ber collapse in late diastole persisting into early ventricular systole 
can be observed, but the specificity of this sign is only moderate 
[15]. Diastolic RV collapse is a more specific sign that appears later 
[15]. Dilatation of the inferior vena cava without change during 
deep inspiration is another sign of cardiac tamponade; however, 
it can be reduced in the positive pressure ventilation setting [15].

Pulsed wave Doppler allows observation of changes in transval-
vular velocities during respiration; for example, RV inflow velocity 
increases by 35–40% during inspiration in cardiac tamponade, 
whereas LV increases by more than 25% in the same situation [15].

If pericardiocentesis is needed, echocardiography is useful 
to determine the deepest part of the collection and the distance 
between the skin and pericardial effusion. The pericardial nee-
dle can be visualized also by echocardiography and, in the case 
of doubt, agitated saline contrast can be injected to confirm the 
intrapericardial position [15].

Infarct expansion, extension, and 
follow-up
The percentage of LV affected by a wall motion abnormality after 
an acute MI depends on the following factors: infarct expansion, 
global ventricular dilatation, and infarct extension [27].

Infarct expansion, defined as enlargement of the endocardial 
surface area of the scar, can be identified by TTE within the first 
24 hours after the onset of the ischaemia [27]. Moreover, specific 
patterns of change in LV morphology and extent of dysfunction 

Doppler can identify mechanical complications of RV MI such as 
ventricular rupture, right-to-left shunting through a patent fora-
men ovale, and functional tricuspid regurgitation due to tricuspid 
annular dilatation and/or ischaemic papillary muscle dysfunction 
[23].

Left ventricular thrombi
LV thrombi can be found in extensive anterior infarcts with api-
cal involvement [4]. The diagnosis is made by echocardiography. 
2D TTE can be adequate to find a LV thrombus, but it may be 
particularly difficult in the case of suboptimal acoustic windows  
(see % Fig. 29.8). An option for solving this problem is the use 
of contrast to distinguish a thrombus from trabeculations and 
strings; however, systematic use of contrast agents after an ante-
rior MI should not be recommended except in selected patients 
(anterior MI, suboptimal acoustic windows, and time to revascu-
larization > 3 hours) [24].

Pericardial effusion
Pericardial effusion is a common finding after STEMI. Although 
its incidence has decreased, it is observed in 4–43% of acute MI 
cases depending on the series [25,26]. It usually appears within the 
first week after an acute MI and its presence has been associated 
with poor prognosis [25]. The diagnosis is made by echocardi-
ography, which will detect and quantify the size of effusion, if 
present, and rule out haemorrhagic effusion with tamponade [4].

The causes of pericardial effusion after an acute MI include peri-
carditis, haemorrhage from post-infarcted myocardium, coronary 
perforation, and myocardial rupture [17]. In the case of pericar-
ditis, pericardial effusion is detectable in only 60% of cases [16].

Cardiac tamponade results from excessive and rapid accumu-
lation of fluid in the pericardial space. This rapid accumulation 

Fig. 29.8 Thrombus in an apical aneurysm during 
the acute phase of a MI.
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prediction of clinical outcomes after revascularization. Nuclear 
imaging techniques have a high sensitivity, whereas techniques 
evaluating contractile reserve have a lower sensitivity but higher 
specificity [32].

Rest echocardiography
Rest TTE is the single and most useful test in the assessment of 
structural abnormality, systolic dysfunction, diastolic dysfunc-
tion, or a combination of these abnormalities. It provides valuable 
information that may guide the choice of the imaging technique 
to use. If there is an adequate acoustic window, which allows visu-
alization of all endocardial borders and its thickening if present, 
stress TTE may be the test of choice. If the quality of the image is 
insufficient, another imaging approach should be used.

LV end-diastolic wall thickness can be used to obtain the 
first evaluation of myocardial viability: thinner than 6 mm and 
echodense myocardial segments characterize scar tissue and 
have a low probability of recovery after blood flow restoration. 
Moreover, the involvement of more than four ventricular seg-
ments by scarring is associated with a low probability of LV 
functional recovery after revascularization [14]. Another addi-
tional measurement that can be obtained with this technique is 
the LV end-diastolic volume. If LV end-diastolic volume is greater 
than 220 mL, significant functional recovery is infrequent, as the 
likelihood of significant scar tissue is high in the severely remod-
elled LV [33].

Rest echocardiography can also unmask viable myocardium 
by the strain and strain-rate imaging. Strain imaging calculates 
regional thickening independent of passive whole-heart motion, 
so it allows assessment of myocardial function throughout the car-
diac cycle [34]. Longitudinal, radial, and circumferential strain and 
strain rate are reduced in segments with subendocardial scarring; 
however, this association is non-linear and its angle dependency 
significantly impairs its accuracy [35]. Moreover, peak systolic 
radial strain identifies reversible myocardial dysfunction and 
predicts regional and global functional recovery at 9 months of 
follow-up. Furthermore, a positive correlation was found between 
the number of segments with a systolic strain peak greater than 
17.2% and LVEF recovery after revascularization. Its predictive 
value was similar to that achieved by contrast-enhanced cardiac 
magnetic resonance [36].

Another parameter that may be useful is the positive pre-ejec-
tion velocity occurring during isovolumic contraction assessed 
by tissue Doppler. Its presence predicts improvement of regional 
function after revascularization, and the presence of positive pre-
ejection velocity in five or more dysfunctional segments had a 
high accuracy to predict marked recovery of global function [37].

Finally, studies have demonstrated that scar characterization 
could be more accurately localized and sized using 3D TTE. These 
findings suggest that 3D TTE could become an alternative to 
assess the amount of myocardial scar and may offer the oppor-
tunity to measure the amount and distribution of scar tissue; 
however, larger and longer studies are needed to confirm these 
promising data [38].

can be detected by TTE within 3 months an after acute MI [27]. 
It occurs predominantly at the LV apex in patients with anterior 
infarctions [27].

Infarct extension is defined as the remodelling of unscarred 
tissue adjacent to the infarction scar and is more commonly 
observed in patients with inferior infarctions [27]. This increase 
in endocardial surface area may represent a remodelling of the LV 
end-diastolic volume in an attempt to compensate for the decrease 
in stroke volume due to significant loss of regional myocardial sys-
tolic function [27].

After a transient coronary occlusion, dysfunction might persist 
from hours to weeks [13]. The main improvement in LVEF after 
an acute MI occurs within 1 month [28]. This is because contrac-
tion may be disturbed for a while after blood flow is restored. This 
post-ischaemic metabolic and contractile compromise is known 
as myocardial stunning.

The role of TTE is essential here, since LVEF improvement 
is important to predict clinical outcomes in the chronic phase 
and to take a decision about using an implantable cardioverter 
defibrillator.

Echocardiography for viability and 
recovery of function assessment
Myocardial stunning and hibernation
Similar degrees of LV dysfunction may be associated with large 
differences in the amount of viable myocardium. The explanation 
is due to stunning and hibernation.

Acute myocardial ischaemia leads to contractile dysfunction. 
This dysfunction can persist after transient ischaemia but even-
tually it can recover. This phenomenon is known as myocardial 
stunning [29]. Stunning may also be a cumulative state, and can 
be triggered by repeated episodes of demand ischaemia that could 
develop into chronic post-ischaemic LV dysfunction.

Hibernating myocardium recovers its function after coronary 
revascularization and its recovery is parallel. In pathophysiologi-
cal terms, a severe reduction in coronary flow reserve is common 
in both stunning and hibernation, but this parallel recovery after 
restoration of coronary flow marks the difference between both 
terms [30].

Viability
The concept of myocardial viability assessment lies in detecting 
myocardium that would improve its function after blood supply 
restoration. Several studies demonstrated that patients with LV 
dysfunction with extensive areas of viable myocardium have lower 
perioperative mortality, greater regional and global LVEF, fewer 
HF symptoms, and improved survival after revascularization [31].

Non-invasive assessment of myocardial viability has been used 
to guide the management of patients with chronic ischaemic 
systolic LV dysfunction. Multiple imaging techniques, includ-
ing TTE, have been evaluated for assessment of viability and 
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viable segments have an exhausted blood flow reserve and do not 
improve functionally during stimulation; however, those viable 
segments usually do not fully recover contractile function after 
revascularization.

Dobutamine stress echocardiography demonstrates a mean 
sensitivity of 85% and specificity of 79% in experienced imag-
ing laboratories for a functional recovery prediction. Moreover, 
its predicted value increases with the use of strain and strain rate 
[14]. Strain and strain rate have a lower image quality dependency 
and are less subjective than the visual assessment of endocardial 
border motion. The optimal cut-off of recovery prediction is a 
strain rate increment of 0.25/s during stress echo.

Finally, there are some advantages to combining 2D and 3D 
stress TTE. It allows the display of standard 2D images with the 
usual advantages of 3D TTE in chamber assessment and LVEF 
estimation, it may maximize image quality of dobutamine stress 
TTE, and may improve patient assessment [43].

Conclusion
TTE is an essential tool in suspected or known acute ACS and 
should be performed when suspected if possible. TTE provides 
enough information to formulate an accurate differential diagno-
sis of chest pain aetiologies.

When ACS is highly suspected or is confirmed, TTE gives us 
additional information. Regional wall motion abnormalities can 
be visualized within seconds of severe ischaemia and can localize 
the infarction and lead us to suspect the culprit coronary artery. 
Moreover, it gives us prognostic information identifying impaired 
LVEF or significant MR.

Several mechanical complications may occur in the few days fol-
lowing a MI. TTE assessment is then essential, in order to confirm 
or rule out a particular mechanical complication. Furthermore, 
TTE is also crucial when a cardiogenic shock is suspected due to 
its ability to provide important data that can improve therapeutic 
management. TTE can also identify infarct expansion within the 
first 24 hours after the onset of the ischaemia. In the chronic phase 
of the MI, TTE provides valuable information about myocardial 
scar and myocardial viability.

To conclude, TTE assessment is essential in both the acute and 
the chronic phase of ACS. It gives us diagnostic and prognos-
tic information that may improve clinical care of our ischaemic 
patients.

Myocardial contrast echocardiography
The basic assumption behind the use of myocardial contrast 
echocardiography (MCE) to assess myocardial viability is that 
myocardial viability needs a preserved microvasculature. MCE 
has an adequate spatial resolution and can represent the presence 
of microvascular integrity. The absence of myocardial contrast 
enhancement defines regions that lack myocardial viability; fur-
thermore, it has been suggested that signal intensity was inversely 
related to the extent of fibrosis [39].

In the immediate post-acute MI setting or in chronic LV 
dysfunction, MCE predicts recovery of LV function after revascu-
larization (sensitivity 75–90%, specificity 50–60%). Physiological 
factors such as hyperaemia, dynamic changes in the microcir-
culation after a coronary event, and technical factors such as the 
inability to distinguish microbubbles from the underlying tissue 
can contribute to the low specificity of this technique. The accu-
racy of MCE improves if this test is performed at least 24 hours 
after reperfusion [40].

Stress echocardiography
The contractile reserve can be studied with TTE using provoca-
tive stimuli, such as nitroglycerine, dipyridamole, levosimendan, 
catecholamines (e.g. epinephrine, dopamine, isoprenaline, or 
dobutamine), and exercise. Dobutamine stress TTE is the most 
accepted and widely available of these techniques. Infusions of 
low-dose dobutamine increase contractility in dysfunctional but 
viable myocardium without significant tachycardia [41].

In the presence of significant coronary artery stenosis, an initial 
improvement in systolic wall thickening may occur at low doses 
of dobutamine. This fact represents the contractile reserve of that 
region. However, as oxygen consumption increases, the stenotic 
vessel is unable to satisfy the oxygen demand, and the acquired 
ischaemia leads to hypokinesis of the affected segment. This 
biphasic response demonstrates the two components of the myo-
cardial viability. It has a good predictive value for dobutamine in 
determining improvement in LV function following revasculari-
zation [42].

A uniphasic response with sustained improvement has limited 
specificity to predict functional recovery after revascularization, 
since improvement in systolic wall thickening may occur not 
only in hibernating myocardium, but also in areas of no trans-
mural infarction without hibernating myocardium. About 25% of 
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CHAPTER 30

Ischaemic heart disease: 
coronary artery anomalies
Eugenio Picano, Fausto Pinto,  
and Blazej Michalski

Summary
Coronary anomalies occur in less than 1% of the general population and their clinical 
presentation can range anywhere from a benign incidental finding to the cause of sud-
den cardiac death [1]. Since congenital coronary arteries anomalies are often considered 
as the first cause of cardiac death in young athletes in Europe, careful attention has to be 
paid in this specific subpopulation in case of suggestive symptoms. Advances in technol-
ogy and the development of high-frequency transducers have allowed high-resolution 
two-dimensional imaging of the coronary arterial system, while the use of colour Doppler 
mapping is indispensable in identifying coronary origin and direction of flow. Although 
focused expert echocardiography (transthoracic, and if needed transoesophageal) is the 
first-line imaging tool, coronary computed tomography or radiation-free magnetic reso-
nance imaging are recommended for more definitive definition of the coronary course in 
persons suspected of having coronary artery anomalies [1]. In some cases, only coronary 
angiography will give a definitive diagnosis. The features of the main types of coronary 
artery anomalies are summarized in % Table 30.1.

Anomalous origin
Most coronary anomalies belong to this group (see % Figs 30.1–30.3). The three main cate-
gories include (1) absent left main (usually a benign and incidental finding); (2) anomalous 
ostium outside of the aortic sinuses, anomalous origin of the left main coronary artery 
(the left anterior descending artery, circumflex branch) from pulmonary artery (ALCAPA) 
or anomalous origin of right coronary artery from pulmonary artery (ARCAPA); and 
(3) anomalous ostium at an improper sinus (Table 30.1). For adult survivors of ALCAPA 
repair, clinical evaluation with echocardiography and non-invasive stress testing 
is indicated every 3–5 years (class 1 recommendation, level of evidence: C) [1]. If both 
coronary ostia cannot be identified by transthoracic echocardiography, transoesophageal 
echocardiography is recommended. The assessment of a wrong epicardial course of the 
coronary arteries (i.e. between the aorta and pulmonary trunk) is also of importance and 
provides additional prognostic value.
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Table 30.1 Imaging of coronary anomalies by echocardiography

Main echo sign Causes Possible clinical relevance Preferred site

Anomalous origin Ectopic take-off coronary 
arteries

Congenital Sudden death during sport 
(exertional syncope/exertional 
chest pain)

Split origin of LCx (absent left main)
ALCAPA
ARCAPA
Coronary ostium at improper sinusa

Coronary aneurysm Coronary vessel diameter 
> 1.5 adjacent normal 
coronaries

Congenital,
acquired (Kawasaki, 
atherosclerotic, iatrogenic 
post-catheterization)

Myocardial
ischaemia/
infarction (chest pain)

Proximal part of LAD/LCx/RCA

Coronary fistula Dilated proximal CA + 
continuous (systo-diastolic) 
high flow in coronaries

Congenital,
Acquired (iatrogenic, 
post-catheterization)

Myocardial ischaemia/volume 
overload of cardiac chambers 
(dyspnoea/chest pain)

RCA > LAD > LCx

ALCAPA, anomalous origin of left main coronary artery from pulmonary artery; ARCAPA, anomalous origin of right coronary artery from pulmonary artery; CA, coronary artery; LAD, 
left anterior descending; LCx, left circumflex artery; RCA, right coronary artery.
a More malignant when the LCx originates from the right coronary sinus

LMCA

Cx

Fig. 30.1 Apical five-chamber view in a patient with anomalous origin of 
the circumflex coronary artery from the right sinus of Valsalva. The circumflex 
artery runs posterior to the aorta and may be located between the annuli 
of the aorta and pulmonary trunk. Arrow indicates the unique feature of 
anomalous course—retroaortic, posterocranial segment of the circumflex 
coronary artery visualized by transthoracic echocardiography. Cx, coronary 
artery. 
Image kindly provided by Prof. Kasprzak.

Coronary aneurysm
Aneurysms are defined as dilations of a coronary vessel 1.5 times 
the normal adjacent coronary artery segment. Aneurysms can be 
congenital or acquired, and in the latter group Kawasaki disease 
is the most frequent in the paediatric age group (see % Fig. 30.1). 
Stress echo (with exercise, dobutamine, or dipyridamole) has a 
class I indication in patients with coronary aneurysm (coronary 
artery lesions class 4 or 5), to detect functional consequences of 
coronary artery lesions and risk stratification [2,3].

RCA

Fig. 30.2 Transoesophageal echocardiogram, mid-oesophageal, aortic short-
axis view. Right coronary artery (RCA) origin from the left sinus of Valsalva. 
Arrow indicates the aberrant proximal course of the right coronary artery 
between the aortic root and right ventricular outflow tract. 
Image kindly provided by Prof. Kasprzak.

Fig. 30.3 Transthoracic echocardiogram in modified parasternal short-axis 
view. Anomalous proximal segment of the left main coronary artery (LMCA) is 
shown (arrow) coursing from the right sinus of Valsalva. 
Image kindly provided by Prof. Kasprzak.
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Coronary fistula
Coronary artery fistulas are communications between one or more 
coronary arteries and a cardiac chamber (coronary–cameral), the 

RCA
FISTULA

RA

Ao

Fig. 30.4 Transthoracic echocardiogram, modified parasternal short-axis 
view. Dilated right coronary artery (RCA) due to large congenital fistula to the 
right atrium (RA). Arrow indicates short-axis cross-section across the giant, 
tortuous RCA. Ao, Aorta. 
Image kindly provided by Prof. Kasprzak.

pulmonary artery or a venous structure (such as the sinus or supe-
rior vena cava). The main echo features include a dilated proximal 
coronary artery (see % Fig. 30.4) and a continuous high-veloc-
ity Doppler flow rather than the normal velocity diastolic flow. 
Depending on the magnitude of left-to-right shunt through the 
fistula, a volume overload or myocardial ischaemia (via a haemo-
dynamic steal phenomenon) can appear.
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CHAPTER 31

Heart valve disease (aortic 
valve disease): anatomy and 
pathology of the aortic valve
Cristina Basso, Gaetano Thiene, and  
Siew Yen Ho

Anatomy of the aortic valve
The aortic valve apparatus consists of three semilunar leaflets, three interleaflet tri-
angles, three commissures, and the aortic wall. The leaflets are caged in the portion 
of the aorta that bulges to form three sinuses. Three different annuli or rings can be 
considered: the basal ring, which is the lowest attachments of the leaflets and corre-
sponds to the ‘surgical’ ring, where the valve prosthesis is sutured; the crown-shape ring 
delineated by leaflet attachments to the sinusal aortic wall; and the circular commissural  
ring, corresponding to the sinutubular junction where the commissures are inserted 
(% Fig. 31.1). The spaces in between the attachment of adjacent leaflets are called inter-
leaflet fibrous triangles. The leaflets and sinuses are topographically distinguished into 
two anterior (right and left) and one posterior or non-coronary. The latter is in fibrous 
continuity with the anterior (‘aortic’) leaflet of the mitral valve. Each semilunar leaf-
let consists of three layers, that is, ventricularis, consisting of a thin fibroelastic layer; 
fibrosa, mostly consisting of collagen fibres; and spongiosa, in the middle, with non-
fibrillar extracellular matrix rich in proteoglycans. Interstitial cells are particularly 
abundant in the spongiosa.

Pathology of the aortic valve
Stenosis
In contrast to the paediatric population, when aortic stenosis is usually due to dyspla-
sia of congenital unicuspid or bicuspid aortic valves, dystrophic calcification of either 
the bicuspid or tricuspid aortic valve is the leading cause of aortic stenosis in the adult 
population.



CHAPTER 31 heart valve disease (aortic valve disease): anatomy and pathology of the aortic valve232

Rheumatic valve disease
Rheumatic valve disease is still the leading cause of aortic 
incompetence in developing countries. In contrast to rheumatic 
aortic stenosis or steno-incompetence, the commissures are 
almost intact and leaflet fibrous thickening and retraction prevail 
in rheumatic aortic valve incompetence (% Fig. 31.2d). Histology 
reveals disruption of the three-layered leaflet structure, fibrosis, 
and neovascularization. Rheumatoid aortic valvulitis with pali-
sade granulomas is also a cause of aortic regurgitation.

Infective endocarditis
In the acute phase, remarkable granulocyte inflammatory infil-
trates and tissue valve necrosis lead to loss of substance with 
fraying, tears, and perforation of the leaflets; septic vegetations  
are often detectable. In the chronic phase, holes within the belly of 
the leaflets or fraying of the free margin are typical healing seque-
lae (% Fig. 31.2e).

Aortic root pathology
Dilatation of the sinusal or both sinusal and tubular aorta, due to 
degenerative or inflammatory diseases, can account for aortic valve 

Dystrophic calcification
Progressive fibrous thickening and dystrophic calcification of 
either a tricuspid or bicuspid aortic valve (% Fig. 31.2a,c) leads to 
increased stiffness and restricted mobility of the leaflets. The cal-
cific deposits typically involve the body of the leaflet on the aortic 
side and spare the commissures, and they are quite variable in size 
and distribution. Surgical pathology series show that up to 60% 
of stenotic aortic valves in patients younger than 70 years of age 
occur upon a bicuspid valve.

Rheumatic valve disease
Leaflet remodelling with fibrous thickening and neovasculariza-
tion are typical features; however, extensive commissural fusion 
leads also to orifice size reduction (% Fig. 31.2b).

Incompetence
Pathology of either leaflets or aortic wall may account for lack 
of competence of the aortic valve during diastole. The diseases 
may be either inflammatory (non-infectious or infectious) or 
degenerative.

Interleaf let fibrous triangle

Sinutubular junction

Anatomic ventriculo-
arterial junction

Basal ring

Mitral
valve

RCA

LCA

Yen Ho

©Yen Ho, 1995

Fig. 31.1 Normal aortic root. (a) Diagram of the normal aortic root which contains three circular ‘rings’, but with the leaflets suspended within the root in 
crown-like fashion (green line). Note the inter-leaflet fibrous triangles (yellow) between the aortic cusps. LCA, left coronary artery; RCA, right coronary artery. 
(b) The three rings are schematically represented: the basal ring, dotted red line; the anatomical ventriculo-arterial junction, dotted dark blue line; and the sino-
tubular junction, dotted blue line.
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incompetence. The leaflets are usually intact, except for thickening 
of the free margin (‘drum stick’ appearance) (% Fig. 31.2f).

Further reading
Ho SY. Structure and anatomy of the aortic root. Eur J Echocardiogr 2009; 

10:i 3–10.
Stone JR, Basso C, Baandrup UT, et al. Recommendations for pro-

cessing cardiovascular surgical pathology specimens: a consensus 
statement from the Standards and Definitions Committee of the 
Society for Cardiovascular Pathology and the Association for European 
Cardiovascular Pathology. Cardiovasc Pathol 2012; 21:2–16.

Fig. 31.2 Aortic valve disease: gross distinctive features. (a) Aortic stenosis 
due to dystrophic calcification, three cusps: note the multiple calcific nodules 
and fibrous thickening of the cusps, with preserved ‘free’ commissures. (b) 
Aortic stenosis due to chronic calcific rheumatic valve disease: severe fibrous 
thickening and commissural fusion with superimposed calcification are visible. 
(c) Aortic stenosis due to dystrophic calcification of a bicuspid valve: note 
the anteroposterior disposition of the bicuspid aortic valve, with a raphe in 
the anterior cusp and coarse calcific deposits, in the absence of commissural 
fusion. (d) Aortic valve incompetence due to chronic rheumatic valve disease: 
the cusps are thickened and retracted due to fibrous shrinkage and the aortic 
valve orifice is unable to close. (e) Aortic valve incompetence due to infective 
endocarditis: tears and perforation of the cusps visible with loss of valve tissue. 
(f) Aortic valve incompetence due to aortic wall pathology: severe anulo-aortic 
ectasia leading to aortic incompetence in the setting of normal aortic cusps.

(a) (d)

(b) (e)

(c)

(f)
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CHAPTER 32

Heart valve disease (aortic 
valve disease): aortic stenosis
Helmut Baumgartner, Stefan Orwat,  
Elif Sade, and Javier Bermejo

Summary
Aortic stenosis (AS) is the most prevalent valvular disease and is increasingly diagnosed 
in developed countries due to an ageing population but also to more widely available diag-
nostic tools [1]. The prevalence of AS is estimated at approximately 2% among individuals 
aged 70–80 years, increasing up to 3–9% after the age of 80 years [2]. The presentation 
includes the spectrum from asymptomatic patients in different disease stages to sympto-
matic patients who may present with preserved or already depressed ventricular function 
and/or reduced transvalvular flow. Echocardiography is the method of choice providing a 
comprehensive non-invasive diagnostic work-up of these patients.

Assessment of aortic stenosis morphology
Differential diagnosis of left ventricular outflow  
tract obstruction
Although valvular AS is the most common form of left ventricular (LV) outflow obstruc-
tion, other forms need to be considered. Subvalvular AS consists of a fixed obstruction 
below the aortic valve (AoV) level in the LV outflow tract (LVOT) and may be due to a 
thin fibrous membrane or a fibromuscular narrowing (% Fig. 32.1).

Hypertrophic obstructive cardiomyopathy results in a dynamic obstruction that is most 
accentuated in end-systole. Supravalvular AS is a rare congenital lesion (e.g. in Williams–
Beuren syndrome) in which the ascending aorta is narrowed. The differential diagnosis is 
based on the morphological localization as well as the site and pattern of flow acceleration.

Aetiology of aortic valve stenosis
The morphological assessment of the AoV is best performed in a parasternal short-axis 
(PSAX) view. Additional information on AoV morphology and mobility can be obtained 
from the parasternal long-axis (PLAX), apical three-chamber (A3C), and five-chamber 
(A5C) views [3]. Transoesophageal echocardiography (TOE) is superior to transthoracic 
echo in assessing AoV morphology.
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reduced motion. Echocardiographically, echo-dense zones may 
correspond to zones of calcification. However, ultrasound is rather 
limited in differentiating between severe fibrosis and calcification 
and is in this regard inferior to other techniques such as computed 
tomography (CT). This entity was formerly called degenerative 
AS as it was thought to be a degenerative process. However, it has 
been demonstrated that the underlying disease process is active 
with similarities to atherosclerosis and ultimately leads to valve 
calcification: calcific AS is therefore the more appropriate term. 
BAVs tend to calcify earlier than tricuspid valves. The distinction 
between a bi- and tricuspid valve may be difficult when extensive 
calcification is present.

Degree of aortic valve calcification
Echocardiography can be used to semiquantitatively assess AoV 
calcification by description of echo-dense zones. For this purpose, 
the AoV is best viewed in a PSAX view, although the PLAX and 
the A3C and A5C views are also helpful. The following classifica-
tion has been proposed [6]:

◆	mild calcification: isolated, small echo-dense spots
◆	moderate calcification: multiple bigger spots
◆	severe calcification: extensive thickening and calcification of all 

cusps (% Fig. 32.3a).

Although this classification has been shown to be of prognostic 
value, CT is superior in quantifying the extent of calcification 
(e.g. defined as four adjacent pixels with density > 130 Hounsfield 
units) and has been shown to indicate in this way the severity of 
calcific stenosis [7].

Quantification of aortic stenosis severity
The normal AoV area is in the range of 3–4 cm2. Under normal 
conditions, the transvalvular flow is laminar with a peak transaor-
tic flow velocity typically less than 2 m/s. With narrowing of the 

Congenital aortic stenosis
Congenital AS is typically encountered in the form of a bicuspid 
AoV (% Fig. 32.2), although unicuspid, tricuspid, and quadricus-
pid forms are encountered. Bicuspid aortic valve (BAV) is the most 
common congenital cardiac defect, affecting 0.5–2% of the popu-
lation and can be associated with other congenital lesions such as 
coarctation of the aorta [4]. The most common variant is the fusion 
between the right and left coronary cusps (~ 80%), which is also 
referred to as anterior–posterior leaflet type, followed by a fusion of 
the right and the non-coronary cusps (~ 19%), the right–left leaflet 
type. Fusion between the left and non-coronary cusps is rare (~ 1%). 
To establish the diagnosis, the valve must be visualized in the short-
axis view in systole where the orifice has a characteristic ‘fish mouth’ 
appearance. Frequently BAV features cusps of different size. During 
diastole, the raphe, which corresponds to an area of thickening at 
the site of the fused leaflets, can make the valve appear trileaflet. 
The distinction between a tricuspid aortic valve and a BAV with a 
raphe is not always easy and TOE may help to differentiate between 
both entities. Suggestive signs of a BAV are doming of the cusps in 
the PLAX view or an eccentric diastolic closure line in the M-mode.

The most frequent associated finding is a dilatation of the proxi-
mal ascending aorta secondary to probably both abnormalities of 
the aortic media as well as proximal aortic flow and consequent 
wall stress. The ascending aorta can be considered as dilated if 
larger than 2.1 cm/m2 [5].

Rheumatic aortic stenosis
Rheumatic AS is a major health issue in developing countries. The 
valve is characterized by thickening at the edges of the cusps and com-
missural fusion. Frequently, concomitant aortic regurgitation (AR) is 
present and in most cases the mitral valve (MV) is also affected.

Calcific aortic stenosis
Calcific AS is the most common form of AS observed in adult 
patients and is characterized by thickened and calcified cusps with 

Fig. 32.1 Example of subaortic stenosis. (a) Five-chamber view of a patient with subaortic stenosis. The subaortic membrane can be seen in the outflow tract. 
(b) TOE image at 135° of a different patient.

(a) (b)

quantification of aortic stenosis severity
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Fig. 32.2 Short-axis views of a 
trileaflet valve and the two most 
common types of bicuspid aortic 
valves assessed with parasternal 
transthoracic echocardiography 
(TTE) and transoesophageal 
echocardiography (TOE).

TTE TOE

Trileaf let valve

Right–left fusion pattern (ant–post type)

Right–non-coronary fusion pattern (right–left type)

AoV, the transaortic jet velocities increase [8–10]. As long as nor-
mal flow rates are maintained, transaortic velocity continuously 
increases with reduction of the valve area and therefore provides a 
relatively robust although highly flow-dependent measure of ste-
nosis severity.

Transaortic jet velocities and pressure 
gradients
Transaortic jet velocities are measured by recording the maximal 
transaortic flow signal using continuous wave (CW) Doppler [11]. 
Transaortic gradients can be derived from transaortic velocities 
using the simplified Bernoulli equation (see % Chapter 3 in this 
textbook). With increasing AS severity, the peak of the transaortic 
velocity is reached later during systole (% Fig. 32.4).Fig. 32.3 PSAX view of a stenotic aortic valve with severe calcification of all cusps.
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invasive technique, the most easily provided measurement of 
the peak-to-peak gradient represents the pressure difference 
between peak systolic LV pressure and peak systolic aortic pres-
sure. Since the two pressure peaks generally do not occur at the 
same time, this pressure differences does actually not exist at any 
time and can therefore not be calculated from Doppler velocities. 
In contrast, the most easily provided measurement by Doppler 
is the maximal instantaneous gradient. Obtained from the peak 
velocity, this value represents the highest instantaneously occur-
ring pressure difference between the LV and the aorta in systole. 
This measurement is generally not provided by invasive evalua-
tion. The mean gradients provided by echo and by catheterization 
are the preferred measurements and should be comparable 
(% Fig. 32.5).

Pitfalls of transaortic velocity and gradient measurement
Technical errors

For an accurate measurement of the transaortic jet velocity, the 
Doppler beam needs to be aligned with the stenotic aortic jet. 
Alignment errors lead to an underestimation of the true veloc-
ity, and consequently of the calculated gradients resulting in 
underestimation of AS severity. Therefore, a meticulous search 
of the highest transvalvular velocity is mandatory. This requires 
a comprehensive Doppler study that is not only limited to the 
apical window but also includes right parasternal, suprasternal, 
and sometimes subcostal approaches using a small, dedicated 
CW Doppler transducer (pencil probe or Pedoff transducer). It is 
not unusual that significantly higher aortic jet velocities can be 
recorded from these acoustic windows (% Fig. 32.6). As all derived 
indices of AS rely on adequate measurements of aortic jet velocity, 
it is crucial to ensure that the transvalvular Doppler spectrogram 
is not underestimated.

Fig. 32.4 Continuous wave Doppler spectrums showing the velocity peaks. 
(a) Mild AS with immediate peak. (b) Moderate AS with early peak. (c) Severe 
AS with mid-systolic peak.

(a)

(b)

(c)

The mean gradient can be determined by averaging the instan-
taneous gradients over the entire systole (see % Chapter 3 in this 
textbook): this feature is included in all commercially available 
echo machines.

When comparing Doppler-derived gradients with invasively 
measured catheter gradients, it has to be kept in mind that dif-
ferent values may be provided by these two techniques. By the 

Fig. 32.5 Aortic pressure gradients. Simultaneous left ventricular (LV) 
and central aortic (Ao) pressures in a patient with aortic stenosis and the 
relationship between the peak gradient that can be measured by Doppler 
(blue arrow) and the peak-to-peak gradient that can be measured by cardiac 
catheterization (green arrow).

120 mmHg

80 mmHg

0 mmHg

LV

Ao

quantification of aortic stenosis severity
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to increased outflow tract velocities may be difficult: the typical 
shape of the signal in hypertrophic obstructive cardiomyopathy 
(late-peaking dagger-shaped appearance) and the two-dimen-
sional (2D) colour Doppler view may be of help to distinguish the 
signals.

Arrhythmia

In the presence of arrhythmia, the gradients vary from beat to 
beat. In particular, atrial fibrillation is not uncommonly encoun-
tered in patients with AS. In this setting, gradient and velocity 
measurements of 5–10 consecutive beats should be averaged. In 
case of premature beats, the following beat will provide high non-
representative velocities and gradients and these must be avoided.

Pressure recovery

Pressure recovery may explain some discordance between echo-
cardiographically and invasively determined transaortic gradients. 

Another reason for miscalculation of gradients is disregard-
ing proximal velocity when these are elevated or not significantly 
lower than the distal one. The most simplified and generally used 
version of the Bernoulli equation neglects the velocity proximal to 
the stenosis. This is appropriate in many cases since this velocity 
commonly does not exceed 1 m/s and then does not significantly 
affect the calculation. However, in settings with significantly 
higher proximal velocity such as patients with narrow LVOT or 
patients with high flow rates due to additional AR or other reasons, 
neglecting this velocity may result in significant overestimation of 
the transvalvular gradient.

Confusion with other signals

Another possible pitfall is to confound the AS CW Doppler signal 
with an eccentric MR (% Fig. 32.7) or even a tricuspid regurgi-
tation (TR) signal. When hypertrophic cardiomyopathy coexists, 
the differentiation of the two components of obstruction leading 

Fig. 32.6 Severe aortic stenosis. Continuous wave Doppler recordings in the same patient from the (a) apical window (Vmax 3.6m/s) corresponding to moderate AS;  
(b) and from the right parasternal window (Vmax 4.8m/s) corresponding with severe AS.

(a) (b)

(a) (b)

Fig. 32.7 (a) Eccentric mitral regurgitation due to a flail of the posterior leaflet. (b) Corresponding continuous wave (CW) spectrum, which can be mixed up 
with an AS CW Doppler signal.
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From a haemodynamic perspective, flow accelerates across the 
stenotic AoV to a maximum at the level of maximal flow contrac-
tion, which is called the vena contracta. This represents the zone 
of lowest pressure (potential energy) and highest velocity (kinetic 
energy). After this point, flow decelerates and part of the kinetic 
energy is reconverted into pressure downstream from the stenotic 
orifice in the ascending aorta. Since echocardiography measures 
the peak velocity (occurring at the level of the vena contracta), 
the Doppler gradient may be higher than the actual net pressure 
drop across the stenosis. While the phenomenon is of negligible 
magnitude in many cases encountered in clinical practice since 
turbulences followed by dissipation of kinetic energy into heat 
avoid significant recovery of pressure, it may become relevant in 
the presence of a small ascending aorta that reduces the occur-
rence of turbulences [12]. In this latter setting, significantly higher 
transaortic gradients may be recorded echocardiographically than 
invasively.

Flow dependence
Transaortic jet velocities and gradients are highly flow dependent. 
In the presence of associated AR, high cardiac output states, such 
as anaemia, hyperthyroidism, or arteriovenous shunts, transaortic 
flow velocities may be increased. On the other hand, a low cardiac 
output may result in relatively low velocities (see % ‘Discordant 
measurements of velocity/gradient and valve area’).

Assessment of valve area by continuity 
equation
Aortic valve area (AVA) is a relatively—although not entirely—
flow-independent variable that is calculated using the continuity 
equation (see % Chapter 3 in this textbook). It is based on the 
principle of the conservation of mass: flows through the LVOT 
and through the stenotic AoV are equal. Flow is given by flow 
cross-sectional area multiplied by velocity. By calculating the flow 
in the LVOT and dividing it by the velocity across the stenosis the 
effective orifice area (EOA) can be estimated (% Fig. 32.8) [13]. It 
has to be kept in mind that the EOA is smaller than the anatomical 
valve area due to flow contraction.

The stroke volume (SV) at the level of the LVOT is calculated by 
multiplying the cross-sectional area (CSALVOT) by the velocity time 
integral VTILVOT. Usually SV is indexed to BSA as SVi. Cardiac out-
put (CO) is calculated by multiplying heart rate (beats per minute) 
by SV. Similarly, the stroke volume at the level of the stenotic valve 
is defined as the product of AVA and VTIAS:

CSALVOT × VTILVOT = AVA × VTIAS

Thus, absolute effective aortic valve area is calculated as follows:

AVA = (CSALVOT × VTILVOT)/VTIAS

CSALVOT is determined after measurement of the LVOT diam-
eter (LVOTDiam), under the assumption of a circular shape of the  
latter:

CSALVOT = π(LVOTDiam/2)2

(a)

(b)

(c)

Fig. 32.8 Measurements for the continuity equation. (a) Measurement of 
the LVOT diameter in a PLAX view in early-mid systole. (b) Measurement of 
the LVOT velocity by pulsed wave Doppler from an A5C view and tracing of 
the velocity curve. (c) Measurement of the peak aortic jet velocity and tracing 
of the velocity curve to calculate mean pressure gradient by continuous wave 
Doppler.

quantification of aortic stenosis severity

LVOTDiam is measured in early to mid-systole and is best visual-
ized in a PLAX view. VTILVOT is measured with pulsed wave (PW) 
Doppler proximally to the AoV in an A5C view, and VTIAS is 
determined from the CW peak transaortic velocity signal, both 
aligning it parallel with blood flow. Especially in patients with 
arrhythmias several cardiac cycles have to be averaged.
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represents a complex 3D structure that cannot be reliably assessed 
with a planar 2D image. The presence of valvular calcification 
further limits an accurate delineation of the aortic valve orifice. 
Thus, this method has not been accepted as a routine measure-
ment. Nevertheless, it might be useful in selected patients when 
additional information is needed [17].

Experimental methods of aortic stenosis quantification
Several additional parameters such as valve resistance, stroke 
work loss, or the energy loss coefficient have been proposed to 
quantify AS severity. Since their complexity adds sources of error 
and since they lack solid prognostic validation, they are still con-
sidered experimental and not recommended for routine clinical 
use [17].

Definition of aortic stenosis severity
AS severity encompasses a continuous spectrum of disease, 
ranging from aortic sclerosis without haemodynamic obstruc-
tion to very severe AS. The measures of disease severity therefore 
need to be viewed in a continuous way. Definition of grades of 
severity of AS is consequently to some extent arbitrary. In clini-
cal practice, peak transaortic jet velocities, mean gradients, and 
valve areas (calculated by the continuity equation) should be 
estimated and the findings are ideally concordant (% Table 32.1) 
[18,19]. The prognostic importance of peak aortic jet velocity 
across the whole spectrum of AS and even beyond the threshold 
of severe stenosis has been demonstrated. It should be recog-
nized that in clinical practice a relatively large variability in AoV 
area measurements for a given peak aortic jet velocity has been 
reported [20].

◆	Aortic sclerosis is defined as the presence of focal calcific 
changes at the AoV level without haemodynamic obstruction 
to blood flow.

◆	Mild AS is characterized by beginning outflow tract obstruc-
tion with peak transaortic jet velocity above 2.5 m/s and an AVA 
that is larger than 1.5 cm2

Pitfalls of the continuity equation

It has to be emphasized that the simplified assumptions of a circular 
outflow tract and of a laminar flow profile as well as measurement 
errors of the different components in the equation will result in 
some degree of imprecision of AVA calculations. Velocity and area 
must be measured at the same level, preferably 0.5–1.0 cm proxi-
mal to the stenotic orifice to avoid the zone of flow contraction.

Even if carefully performed one major limitation of the method 
remains the LVOT area calculation from its diameter. Since the 
LVOT shape is rather more oval than circular this will result in 
flow underestimation and therefore valve area underestimation 
[14,15]. Any discrepancy in the measurement of the LVOTDiam 
will be squared, leading to errors in the calculation of the AVA. 
Transoesophageal and three-dimensional (3D) echocardiography 
may prove to be useful in measuring the definite LVOT-cross-
sectional area to obtain more accurate values [16]. In the rare cases 
when estimating SV cannot be ensured using Doppler, an alterna-
tive method (e.g. thermodilution or cardiac magnetic resonance 
(CMR) imaging) may be required.

Velocity ratio
Since the determination of LVOT is prone to sources of error, 
another flow-independent and dimensionless variable, the veloc-
ity ratio, which is defined as the ratio of velocities in the LVOT and 
across the AoV, was proposed:

Velocity ratio = VelLVOT/VelAS or

Velocity ratio = VTILVOT/VTIAS

Severe stenosis is defined by a velocity ratio less than 0.25. However, 
this measurement ignores variability in LVOT size beyond varia-
tion in body size and has gained little acceptance.

Other measures of severity
Aortic valve area planimetry

Planimetry of the valve area, primarily by 2D TOE has also been 
proposed. However, the orifice of a stenotic aortic valve frequently 

Table 32.1 Quantification of aortic stenosis severity

Aortic sclerosis Mild aortic stenosis Moderate aortic stenosis Severe aortic stenosis

Peak aortic jet velocity (m/s) ≤ 2.5 2.5–2.9a 3.0–3.9a ≥ 4.0a

Mean gradient (mmHg) < 20a 20–39a ≥ 40a

Aortic valve area (cm2) > 1.5 1.0–1.5 ≤ 1.0

Indexed valve area (cm2/m2 BSA) ≤ 0.6 cm2/m2

a In the presence of normal transvalvular flow according to current ESC Guidelines and AHA/ACC Guidelines [18,19]. Importantly, theses cut-offs are based on prognostic information 
from clinical studies and not on given physical or haemodynamic criteria.
Joint Task Force on the Management of Valvular Heart Disease of the European Society of Cardiology (ESC), European Association for Cardio-Thoracic Surgery (EACTS), Vahanian 
A, et al., Guidelines on the management of valvular heart disease (version 2012). Eur Heart J (2012), 33, 19, 2451–96 by permission of Oxford University Press. Nishimura RA, Otto 
CM, Bonow RO, et al., 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: Executive Summary: A Report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines, J Am Coll Cardiol, 129, 23, 2440–92.
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LV dysfunction (LV ejection fraction (EF) < 50%). As a definition 
of low flow, a SVi of 35 mL/m2 or less has been commonly used 
and was included in the current European Society of Cardiology 
(ESC) guidelines [18]. In this situation, ‘classical’ low-flow–low 
gradient AS with reduced EF must be assumed and dobutamine 
echocardiography can help to distinguish between pseudo-severe 
and true severe AS. To distinguish between both entities, a low-
dose dobutamine echocardiography protocol is used starting 
with a dose of 2.5–5.0 mcg/kg/min and gradually increasing the 
dose at steps of 5 mcg/kg/min every 3–5 minutes to a maximum 
of 20 mcg/kg/min. During dobutamine stress echocardiography 
(DSE), the 12-lead electrocardiogram (ECG) has to be continu-
ously monitored and blood pressure is measured every 2 minutes. 
Echocardiographic and Doppler data are assessed at each dose for 
measurement of peak velocity, mean pressure gradient, AVA, and 
LVEF.

Relevant complications are unusual but may include arrhyth-
mias due to ischaemia or adrenergic stimulation and hypotension. 
DSE should be performed by experienced echocardiographers. It 
should be terminated if one of the following conditions occurs:

◆	heart rate exceeds 100 beats/min
◆	systolic blood pressure drops or exceeds 220 mmHg
◆	ischaemia is detected by ECG
◆	symptoms or arrhythmias.

In the setting of a low-flow–low-gradient AS, DSE may allow iden-
tification of the presence or absence of contractile reserve (flow 
reserve), which is defined as an increase in stroke volume by 20% 
or more on dobutamine. In the absence of contractile reserve, no 
solid conclusions can be drawn with regard to severity of AS. In 
contrast, in the presence of a contractile reserve, differential diag-
nosis between true severe and pseudo-severe AS (reduced valve 
opening due to limited driving forces) may be possible [24]. In 
patients with true severe AS, a significant increase in transaortic 
gradients with increasing flow is observed whereas the calculated 
valve area remains small (e.g. mean gradient > 40 mmHg and AVA 
< 1.0–1.2 cm2 at peak stress). In the case of pseudo-severe steno-
sis (primary myocardial disease), gradients typically remain low, 
while the calculated valve area increases (e.g. mean gradient < 
30–40 mmHg and AVA > 1.0–1.2 cm2).

Measurements may still remain discordant on DSE (e.g. peak 
stress gradient of < 40 mmHg and AVA of < 1.0 cm2)—mainly 
because flow does not significantly change during the test. In these 
cases no clear distinction between true severe AS and pseudo-
severe AS can be provided.

As mentioned above, all conventional stenotic indices are natu-
rally flow dependent. Therefore, the changes in gradient and AVA 
during DSE largely depend on the magnitude of the flow augmen-
tation, which may vary considerably from one patient to another. 
Consequently, it would be ideal to compare AVA in different 
patients at a standardized normal flow rate. With this purpose, 
a new parameter, the projected AVA at a normal flow rate of 
250 mL/s, was proposed [25,26].

◆	Moderate AS is defined by a peak aortic jet velocity comprised 
between 3.0–4.0 m/s and an AVA of 1.5–1.0 cm2

◆	Severe AS is defined by a peak aortic jet velocity greater than  
4.0 m/s and an AVA below 1.0 cm2.

Since velocities and gradients are flow dependent, thresholds for 
these variables refer to patients with normal flow rates only (e.g. 
SVi > 35 mL/m2). It has been suggested to index AVA to body 
surface area (cut-off 0.6 cm2/m2 for severe AS) in particular in 
patients with either unusually small or large body surface area 
(BSA). However there is no linear relation between BSA and 
valve area and there is particular distortion at the extremes of the 
spectrum.

Discordant measurements of velocity/gradient 
and valve area
Classification of AS severity is easy when measurements of veloc-
ity/gradient and valve area are concordant (% Table 32.1) but 
becomes challenging when discordant values of these indices are 
found.

Valve area may be greater than 1.0 cm2 despite a peak velocity 
higher than 4 m/s and mean gradient above 40 mmHg in the pres-
ence of a high transvalvular flow. This may be due to concomitant 
AR or shunt lesions. Although valve area may not indicate severe 
AS, haemodynamics remain consistent with severe LV pressure 
overload and therefore severe aortic valve disease. For clinical 
decision-making, reversible causes of increased flow in case of 
high cardiac output (fever, anaemia, hyperthyroidism, etc.) must 
be excluded.

More challenging is the discordant finding of an AVA of 1.0 cm2 
or smaller in the presence of a peak velocity lower than 4 m/s and 
mean gradient below 40 mmHg. In this situation, measurement 
errors need to be carefully excluded, in particular the underes-
timation of LVOT size and thus underestimation of flow rate  
(see % ‘Pitfalls of the continuity equation’).

It also has to be emphasized that current cut-offs for AVA and 
velocity/gradient are not really consistent to begin with. To gener-
ate a mean gradient of 40 mmHg with a normal stroke volume, the 
valve area must be closer to 0.8 than to 1.0 cm2 [21,22].

This discrepancy seems to especially affect patients with a small 
LVOT diameter [23]. In this case of discordant criteria, whether 
the clinical severity of AS is best determined by the values of pres-
sure/gradients or of AVA is controversial, and beyond the aims of 
the present review.

Finally, a small stature of the patient may be another reason for 
a small valve and low gradient.

After exclusion of these reasons for discordant valve area/gradi-
ent measurements the following entities must be considered.

Low-flow–low-gradient AS with reduced LV function
One reason for the confirmed combination of an AVA less than 
1 cm2 in the presence of a peak velocity lower than 4 m/s and mean 
gradient less than 40 mmHg is a reduced flow in the presence of 

definition of aortic stenosis severity
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Clavel et al. [26] have shown that projected AVA is an impor-
tant predictor of outcome in low-gradient AS with depressed LV 
function.

Low-flow–low-gradient AS with preserved LV function
The most challenging finding in clinical practice is a valve area 
smaller than 1 cm2 with a peak velocity less than 4 m/s and 
mean gradient less than 40 mmHg despite normal LVEF. The 
new entity of ‘paradoxical’ low-flow–low-gradient severe AS 
with preserved EF has been introduced in this setting and refers 
to patients with hypertrophied, small ventricles resulting in 
reduced transvalvular flow (stroke volume index < 35 mL/m2)  
despite normal EF [27,28]. However, this entity has to be diag-
nosed with particular care since other more frequent reasons 
for the finding of a small valve area and low gradient in the 
presence of normal EF may be more likely and have to be 
excluded (see % ‘Discordant measurements of velocity/gradi-
ent and valve area’). Severe AS must in particular be questioned 
when peak velocity is less than 3.0 m/s and mean pressure 
gradient lower than 20 mmHg. Severe ‘paradoxical’ low-
flow–low-gradient AS with preserved EF has in general been 
described in elderly patients with hypertrophied ventricles of 
small volume. Reduced longitudinal LV function and fibrosis 
were commonly found. However, the vast majority of these 
patients had a history of hypertension that may have caused 
the LV pathology [27,28]. In addition, it remains so far unclear 
how to distinguish between pseudo-severe and true severe AS 
in this setting. DSE may be less helpful in these ventricles with 
small volumes and normal EF. So far, only one small recent 
study has suggested that dobutamine echo may be helpful in 
this setting [29]. Further research is required to define its defi-
nite role in paradoxical low-flow–low-gradient AS. The degree 
of valve calcification assessed by non-contrast CT may in this 
situation be a final important hint to identify true severe AS 
[30,31]. However, only a very high calcium score can ascer-
tain severe AS while a very low score makes severe AS highly 
unlikely (% Table 32.2) [31]. Thus, in a relatively wide inter-
mediate grey zone, a calcium score can also not give the final 
answer by itself and can only be one important piece of infor-
mation within an integrated approach (% Fig. 32.10). Calcium 

Table 32.2 Identification of severe aortic stenosis by quantification 
aortic valve calcification using computed tomography (Agatston score)

Threshold Women Men

Specific thresholda 1,681 3,381

Best threshold 1,274 2,065

Sensitive thresholdb 791 1,661

Values are given in arbitrary units using the Agatston method for quantification of aortic 
valve calcification
a 95% specificity.
b 95% sensitivity.
Based on data from Clavel M-A., Messika-Zeitoun D, Pibarot P, et al. The complex nature 
of discordant severe calcified aortic valve disease grading: new insights from combined 
Doppler echocardiographic and computed tomographic study. J Am Coll Cardiol 2013; 
62:2329–38.

load must be differently interpreted in men and women mainly 
because of differences in body size. It has therefore been pro-
posed to index calcium scores to BSA or relate it to the LVOT 
area [31,32].

 Normal flow–low-gradient AS
A calculated valve area below 1 cm2 and a mean gradient below 
40 mmHg (Vmax below 4 m/s) may be encountered even in the 
presence of normal flow in clinical practice. Although the entity 
of ‘severe normal flow–low-gradient AS’ has been suggested [33] 
this does not make sense by fluid dynamics theory. It is more 
likely that this composition of measurements is a result of the 
inconsistent cut-off values for valve area and velocity/gradient  
(see % ‘Discordant measurements of velocity/gradient and valve 
area’) and of measurement errors—in particular underestima-
tion of valve area by the above-mentioned reasons—and indicates 
moderate AS. This hypothesis is supported by studies that demon-
strated that patients with ‘normal flow–low-gradient AS’ have the 
same outcome as those with moderate AS [34,35].

Practical approach to define severe aortic 
stenosis in clinical practice
Considering all these newly defined entities of AS, the definition 
of severe AS has become more and more challenging over recent 
years and current guidelines emphasize that diagnosis in clinical 
practice must be based on an integrated approach including trans-
valvular velocity/gradient, valve area, valve morphology, flow 
rate, LV morphology and function, blood pressure, and symp-
toms [17]. The following step-by-step approach is a proposal to 
deal with the current challenge of defining severe AS in clinical 
practice. Classification of aortic stenosis should include the fol-
lowing categories by taking into consideration flow, gradient, and 
LV function:

◆	Flow: normal flow or low flow or high flow (stroke volume 
index ≥ 35 mL/m2/< 35 mL/m2/> 58 mL/m2 [22])

◆	Mean gradient: high gradient or low gradient (≥ 40 mmHg/< 40 
mmHg)

◆	LVEF: normal or reduced (LVEF ≥ 0.50/< 0.50).

For example, normal flow, high-gradient AS with reduced LVEF; 
or low-flow, low-gradient with normal LVEF.

The flow chart in % Fig. 32.9 demonstrates a step-by-step 
approach for assessment of AS severity using the above-described 
definitions in clinical practice.

Step 1
2D echocardiography provides the morphology of the aor-
tic valve. Thickening and calcification of aortic cusps with 
reduced motion (calcific AS) or doming of a pliable aortic valve 
 (congenital AS or rheumatic AS) indicate the presence of stenotic 
aortic valve disease and require further assessment of its sever-
ity. Carefully performed CW Doppler interrogation provides then 
transvalvular peak velocity and mean gradient. Several major  
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Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Assess morphology of aortic stenosis, velocity/gradient

LOW GRADIENT AS
Vmax < 4m/s ΔPm < 40 mmHg

HIGH GRADIENT AS
Vmax ≥ 4m/s ΔPm ≥ 40 mmHg

severe high gradient AS
Normal flow / low flow

Normal EF /low EF

Assess AVA

- Exclude measurement errors that may cause
gradient / flow / AVA underestimation
- Define flow status (SVi)

Assess AVA
and define reason high transaortic flow

AVA >1.0 cm2

-> moderate AS
AVA ≤ 1.0 cm2

-> severe AS
Low flow

(SVi ≤35 mL/m2)

Normal flow
(SVi >35 mL/m2)

-> severe AS unlikely

Assess LVEF

LVEF < .50 LVEF ≥ .50

Dobutamine echo Integrated approach (figure 32.10)

Flow reserve No f low reserve

pseudosevere AS true severe AS

Calcium Score by CT (table 32.2)

AVA ≤ 1.0 cm2 AVA >1.0 cm2

-> moderate AS

no yes

High f low status excluded

Fig. 32.9 Flow chart of a step-by-step approach for assessment of AS severity. Modified from Baumgartner H, Hung J, Bermejo J, et al. Focus update on the 
echocardiographic assessment of aortic valve stenosis: EACVI/ASE recommendations for clinical practice. Eur Heart J Cardiovasc Imaging 2016 (in press).

Low gradient AS with preserved LVEF
(AVA <1cm2 - mean gradient <40mmHg)

 Severe AS 
•   Older age

•   Typical symptoms (w/o other

    explanation)

•   LVH (hypertension?!)

•   Reduced longitudinal LV-function

•   Mean gradient 30-40mmHg

•   AVA ≤ 0.8 cm2

•   High calcium score by CT

•   Elevated BNP

•   ECG with repolarization abnormalities

•   Younger age

•   No symptoms

•   No LVH

•   Normal longitudinale LV-function

•   Mean gradient <25mmHg

•   AVA ≥ 0.9 cm2

•   Low calcium score by CT

•   Normal BNP

•   ECG without repolarization

    abnormalities

Nonsevere AS

Arguments for:

Fig. 32.10 Identification of severe AS by an integrated approach in the setting of low-gradient aortic stenosis with preserved ejection fraction.

definition of aortic stenosis severity
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The inconsistency of the cut-offs for AVA and velocity/gradient 
may be another explanation for this constellation of measure-
ments (see % ‘Pitfalls of the continuity equation’ and ‘Discordant 
measurements of velocity/gradient and valve area’). If low flow is 
present, further evaluation depends on LV function.

Errors in flow calculation, in particular underestimation of flow 
must be carefully excluded (see % ‘Discordant measurements of 
velocity/gradient and valve area’).

Step 4: assessment of LVEF

In low-flow–low-gradient AS with reduced LVEF, dobutamine echo 
should be performed to assess contractile/flow reserve (increase in 
SV on DSE by 20% or more) and to distinguish between true severe 
and pseudo-severe AS. In patients without contractile reserve this 
distinction is not possible and the degree of valve calcification (best 
determined by CT) may be the only clue whether AS is severe or 
moderate (see % Table 32.2). Low-flow–low-gradient AS with pre-
served LVEF represents the most challenging subgroup and clear 
distinction between severe and non-severe AS remains difficult. 
% Fig. 32.10 summarizes features that rather indicate one than the 
other. Extent of valve calcification again is important information 
but an integrated approach that includes in addition a number of 
clinical, morphological, and haemodynamic variables is essential.

Echocardiographic evaluation of aortic 
stenosis: considerations beyond valve 
morphology and stenosis severity
Assessment of aortic stenosis progression
AS progression should be routinely assessed in clinical practice. 
Changes in peak aortic jet velocity, mean gradient, and AVA can 
be determined between two exams. Haemodynamic progression 
can be expressed as an annualized progression rate. It is advis-
able to use examinations that are separated by 6–12 months. AS 
progression is most sensitively recorded by changes in peak aor-
tic jet velocity, while AVA is less sensitive to detect small changes 
in AS severity due to imprecision involved in its calculation. The 
assessment of changes in aortic jet velocity is only reliable when 
the velocity measurements are performed from the same echo-
cardiographic window, which should therefore be mentioned in 
the echocardiographic report (see % Box 32.1). Furthermore, a 
change in ventricular function needs to be excluded when using 
flow-dependent measures to assess haemodynamic progression.

Left ventricular response
Diastolic filling abnormalities are already present early in the disease 
course. Chronic pressure overload in AS leads to concentric LV hyper-
trophy, which is an adaptive mechanism to the increased LV pressure. 
It is a compensatory mechanism permitting the maintenance of a 
normal wall stress. Phenotypically, the extent of LV hypertrophy 
is variable between individuals. While some patients with severe 
AS may present with extensive hypertrophy, others may only have 

sources of error need to be avoided (see % ‘Pitfalls of transaor-
tic velocity and gradient measurement’). A velocity of 4 m/s 
or higher and a mean gradient of 40 mmHg or higher indicate 
high-gradientAS while measurements below these cut-offs define 
low-gradientAS. This distinction determines the following steps of 
evaluation. It has to be emphasized that velocity/gradient meas-
urements—as long as properly performed—represent in clinical 
practice the most robust variables for severity assessment.

High-gradient AS track
This track may be considered the ‘easy track’.

A high gradient in most cases already indicates severe AS. The 
only exception is the patient with abnormally high flow across the 
valve which can be suspected if the SVi exceeds 58 mL/m2 [23]. 
In this situation, even a non-severe AS as defined by AVA greater 
than 1.0 cm2, may present with a high gradient. The high gradi-
ent will nevertheless indicate severe pressure overload of the left 
ventricle. In some settings, high flow and therefore severity of 
pressure overload may be reversible (see % ‘Flow dependence’). 
These conditions need to be identified and correctly addressed. 
In other settings such as additional AR, the high flow cannot be 
changed but then the high gradient again indicates severe com-
bined aortic valve disease and high gradients remain an essential 
prognostic factor [36].

Step 2: high-gradient AS track

The next step in the high-gradient AS track will therefore be to 
exclude a high-flow state and if present to determine the reason 
for the high flow. High flow can—in most instances—be easily rec-
ognized from high LVOT velocity that can be appreciated already 
by colour Doppler. In any case an AVA less than or equal to 1 cm2 
confirms severe AS. Whether severe high-gradient AS is associ-
ated with normal flow or low flow and normal LVEF or reduced 
LVEF has prognostic implications but does not require further 
evaluation to confirm AS severity. A high gradient in the presence 
of low EF or low flow is associated with better outcome compared 
to low-gradient AS.

Low-gradient AS track
This must be considered the difficult track. In low-gradient AS, the 
next step must always be to assess AVA.

Step 2: low-gradient AS track

AVA calculation indicates moderate AS when greater than 1.0 
cm2. In patients with a large LVOT, overestimation of flow and 
therefore AVA has to be excluded.

A calculated AVA of 1.0 cm2 or less only suspects but does 
not eventually confirm severe AS. This setting requires the most 
extensive further evaluation.

Step 3: low-gradient AS track

Flow assessment (normal flow = SVi ≥ 35 mL/m2; low flow = SVi 
< 35 mL/m2). If normal flow is present, severe AS is very unlikely 
even if AVA is calculated as 1 cm2 or less. These patients will in 
general have moderate AS and AVA is likely to be miscalculated. 
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important to assess the mechanism. When an organic lesion is pre-
sent, correction of significant MR at the moment of AoV surgery 
is warranted. At the same time, controversy exists with regard to 
concomitant MV surgery in the setting of secondary MR. Without 
MV surgery an improvement of MR has been reported in half to 
two-thirds of the patients after AoV surgery [37].

Pulmonary artery pressure and tricuspid regurgitation
Assessment of pulmonary artery pressure and tricuspid regurgita-
tion provides information on the stage of disease and may have 
prognostic implications [38,39].

Risk stratification by echocardiography 
and clinical implications: timing 
of aortic valve replacement and 
scheduling follow-up intervals
The strongest indication for aortic valve replacement (AVR) by 
either the surgical or transcatheter approach, is the onset of symp-
toms since the outcome is very poor after this moment with a very 
high mortality. Earlier elective AVR may be useful in selected 
patients who are still asymptomatic. In this decision-making 
process, pros (e.g. lower operative risk for less symptomatic 
patients) and cons (immediate surgical risk, prosthesis-associated 
morbidity and mortality) have to be individually weighed and 
echocardiography allows the identification of high-risk patients 
having a high likelihood of becoming symptomatic in the short 
term. In addition, risk-stratification permits the optimization of 
the scheduling of follow-up intervals in these patients.

Prognostic implications of echo findings
Severity of aortic sclerosis and peak aortic jet velocity

In the presence of a preserved LV function, peak aortic jet velocity is 
directly related to AS severity and even the presence of aortic valve 
stenosis without haemodynamic obstruction is associated with an 
increased morbidity and mortality. In fact, in the average patient, 
non-flow-corrected indices of severity such as flow velocity or pres-
sure gradients show higher prognostic information than AVA [16,40].

Based on peak aortic jet velocity, increasing event-rates for patients 
with mild, moderate, and severe AS have been defined (% Fig. 32.11) 
[16]. Among patients with severe AS, aortic jet velocity again allows 
a further risk stratification and patients having very severe stenosis 
with velocities of 5.5 m/s or greater, or mean gradient of 60 mmHg 
or above have incrementally higher event rates, mostly valve replace-
ment required because of symptom development (%  Fig. 32.12) [41].

Aortic valve calcification
The presence of moderate-to-severe AoV calcification is an impor-
tant predictor of outcome in patients with mild-to-moderate AS 
(% Fig. 32.13a) [14]. In patients with severe AS, the presence of a 
moderately-to-severely calcified AoV identifies a patient group in 
whom an 80% event-rate can be expected within 4 years, whereas 

Box 32.1 Requirement of a standard echocardiographic report of a 
patient with aortic stenosis

◆	 Aetiology of aortic stenosis 
◆	 Morphology of the aortic valve and degree of valve calcification
◆	 Quantification of stenosis severity including the following 

measurements: 
	 ● Peak jet velocity across the aortic valve 
	 ● Mean gradient across the aortic valve 
	 ● Aortic valve area by continuity equation 
	 ●  Specification of the echocardiographic window used to 

measure the velocity 
◆	 Stroke volume index
◆	 Left ventricular size and function
◆	 Left ventricular hypertrophy (wall thickness)
◆	 Associated valve lesions
◆	 Pulmonary artery pressure.

mild hypertrophy or even a normal wall thickness. The concomi-
tant presence of a hypertrophic cardiomyopathy, of a hypertensive 
cardiomyopathy, or of an infiltrative myocardial disease should be 
considered when hypertrophy is excessive. While LV hypertrophy 
can be assessed by the measurement of LV wall thickness in routine 
clinical practice, the calculation of LV mass is more exact.

Assessment of the ascending aorta
The ascending aorta should be routinely assessed in patients with 
AS since a dilation of the ascending aorta is frequently observed. 
In particular, patients with bicuspid valves tend to have associated 
aortic aneurysms. The assessment is performed in a PLAX view 
and includes measurements at the levels of the aortic annulus, the 
sinuses of Valsalva, the sinotubular junction, and the ascending 
aorta. While the aortic annulus is measured as an inner diameter, 
the other measures of the ascending aorta are measured from 
leading edge to leading edge.

When an aortic aneurysm is detected by echocardiography or 
when the echocardiographic visualization is insufficient, addi-
tional imaging modalities, such as CMR or CT may be required.

Concomitant valve lesions
Aortic regurgitation

Coexisting AR leads to higher forward flow across the AoV and 
consequently to an increase in transaortic gradients. This should be 
considered when defining AS severity (see % ‘Flow dependence’). 
At the same time, the calculation of AVA, which is a flow-inde-
pendent measure, should not be affected by the presence of AR.

Mitral regurgitation
When MR is significant (≥ moderate) it may lead to a reduction 
in transaortic flow and as a consequence also of transaortic jet 
velocities and mean pressure gradient. When MR is present, it is 

risk stratification by echocardiography and clinical implications
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Fig. 32.12 Event-free survival for patients with different peak aortic jet 
velocity. Kaplan–Meier event-free survival rate for patients with a peak aortic 
jet velocity (AV–Vel) between 4.0–5.0 m/s (light grey line; n = 82) vs between 
5.0–5.5 m/s (dark grey line; n = 72) vs ≥ 5.5 m/s (black line; n = 44). 
Rosenhek R, Zilberszac R, Schemper M, Czerny M, Mundigler G, Graf S, Bergler-Klein J, 
Grimm M, Gabriel H, Maurer G. Natural history of very severe aortic stenosis. Circulation 
2010; 121:151–6.
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no or mild AoV calcification is associated with a significantly bet-
ter prognosis (% Fig. 32.13b) [6]. AoV calcification also identifies 
patients who are likely to have a haemodynamic progression to 
significant stenosis in the near future and who thus need more 
frequent control exams. However, calcification by echocardiogra-
phy can be diagnosed on the basis of qualitative assessment, only.

Haemodynamic progression
Rapid haemodynamic progression is associated with a high event-
rate. Among patients with severe AS, a rapid haemodynamic 
progression (defined as an increase in peak aortic jet velocity of 
> 0.3 m/s within 12 months) in the presence of a moderately-to-
severely calcified AoV identifies particular high-risk patients with 
a very high event-rate (% Fig. 32.13c) [6].

Exercise haemodynamics

Two exercise-echocardiographic studies could show that asymp-
tomatic AS patients who have an increase of mean transaortic 
gradient of more than 18–20 mmHg during exercise have a sig-
nificantly higher event-rate (% Fig. 32.14) [42,43]. Exercise stress 
test can be recommended in patients with at least moderate AS 
in whom symptom status is unclear. Semi-supine bicycle exercise 
echocardiography is the preferred technique that enables imaging 
throughout the test. However, future prospective studies should 
clarify whether exercise echo is superior to conventional exercise 
testing to define prognosis.

Excessive left ventricular hypertrophy
The impact of LV hypertrophy on outcome has been studied for a 
long time with inconclusive results. A recent study reported exces-
sive LV hypertrophy to be associated with a significantly higher 
event rate in asymptomatic patients [44] (% Fig. 32.15).

The above-mentioned variables permit the identification of 
high-risk patients. This information may be included in the man-
agement decisions concerning the timing of AVR. Presently, the 

presence of a calcified AoV in combination with a rapid haemody-
namic progression as well as a peak velocity of at least 5.5 m/s are 
recognized as class IIa indication for elective valve replacement 
in asymptomatic patients according to ESC guidelines [18]. An 
increase in mean gradient greater than 20 mmHg with exercise as 
well as excessive LV hypertrophy are considered IIb indications 
in surgical low-risk patients. In addition to being helpful in the 
optimization of the timing of AVR, these factors also permit an 
individualized scheduling of control intervals.

Ventricular function and myocardial fibrosis
Patients with reduced ventricular function, measured by EF, who 
still have ‘high’ transaortic gradients corresponding to severe AS 
generally benefit from AoV surgery and an improvement in ven-
tricular function and symptoms can be expected. Nevertheless, 
poor LV function is known to be associated with a worse out-
come. However, reduced LVEF is extremely rare in asymptomatic 
patients (< 1% of severe AS). A recent study reported a poor out-
come of such patients, even after valve replacement, leading to the 
suspicion that impaired LV function may have been due to other 
associated yet not identified disease [45].

Parameters of LV longitudinal systolic function, including 
mitral annulus displacement or global longitudinal strain, are sur-
rogate markers of the severity of myocardial fibrosis. They seem 
to be superior to LVEF in quantifying the extent of myocardial 
impairment and to predict survival in patients with all major types 
of AS, normal flow–high-gradient, classical or paradoxical low-
flow–low-gradient [46–49]. For example, in a study of Lancellotti 

Fig. 32.11 Event-free survival in asymptomatic patients. Cox regression 
analysis showing event-free survival in 123 initially asymptomatic adults with 
aortic stenosis, defined by aortic jet velocity at entry (P <0.0001 by log rank test). 
Otto CM, Burwash IG, Legget ME, Munt BI, Fujioka M, Healy NL, Kraft CD, Miyake-Hull 
CY, Schwaegler RG. Prospective study of asymptomatic valvular aortic stenosis. Clinical, 
echocardiographic, and exercise predictors of outcome. Circulation 1997; 95:2262–70.
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Fig. 32.13 Prognosis of mild to moderate AS. (a) Kaplan–Meier analysis of event-free survival for patients with mild or moderate AS having no or mild 
calcification compared with patients having moderate or severe aortic valve calcification (P = 0.0001). (b) Kaplan–Meier analysis of event-free survival for patients 
with severe AS jet velocity (of at least 4 m/s at study entry) having no or mild aortic valve calcification compared with patients having moderate or severe 
calcification (P <0.001). The vertical bars indicate standard errors. (c) Kaplan–Meier analysis of event-free survival patients with moderate or severe calcification of 
their aortic valve and a rapid increase in aortic jet velocity (at least 0.3m/s within 1 year). In this analysis, follow-up started with the visit at which the rapid increase 
was identified. The vertical bars indicate standard errors. 
(a) Modified from Rosenhek R, Klaar U, Schemper M, Scholten C, Heger M, Gabriel H, et al. Mild and moderate aortic stenosis; natural history and risk stratification by 
echocardiography. Eur Heart J 2004; 25:199–205.  
(b) and (c) reproduced with permission from Rosenhek R, Binder T, Porenta G, Lang I, Christ G, Schemper M, Maurer G, Baumgartner H. Predictors of outcome in severe, asymptomatic 
aortic stenosis. N Engl J Med 2000; 343:611–617. Copyright 2000 Massachusetts Medical Society. All rights reserved.

Pulmonary hypertension

Pulmonary hypertension (PH) is known to be associated with an 
increased operative mortality and has therefore been included 
in current surgical risk scores. PH at rest (> 50 mmHg) and with 
exercise (> 60 mmHg) has recently been shown to predict events, 
mostly symptom development in asymptomatic patients with 
severe AS [38,39].

et al., those patients with longitudinal strain greater than 15.9% 
had a significantly better outcome than AS patients with values 
below 15.9% [50].

Quantification of fibrosis by CMR imaging, especially with 
T1-mapping appears to be a very promising approach to improve 
the risk stratification in AS patients and may be superior to echo-
cardiography with this respect [51].

Fig. 32.14 Event-free survival according to exercise haemodynamics. Event-
free survival curves according to exercise-induced changes in mean transaortic 
pressure gradient (MPG) in patients with severe aortic stenosis (P = 0.0003). 
Maréchaux S, Hachicha Z, Bellouin A, et al., Usefulness of exercise-stress 
echocardiography for risk stratification of true asymptomatic patients with aortic valve 
stenosis, Eur Heart J, (2010), 31, 1390–7 by permission of Oxford University Press.
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Fig. 32.15 Event-free survival curves in patients with appropriate (dotted 
line) or inappropriately high (continuous line) left ventricular (LV) mass. 
Reproduced from Heart, Cioffi G, Faggiano P, Vizzardi E, et al., 97, 301–7, 2015 with 
permission from BMJ Publishing Group Ltd.
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the previous rate of haemodynamic progression and the degree of 
valve calcification (important calcification is associated with more 
rapid disease progression) help to optimize the timing of follow-
up visits.
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CHAPTER 33

Heart valve disease (aortic 
valve disease): aortic 
regurgitation
Christophe Tribouilloy, Patrizio Lancellotti, 
Ferande Peters, José Juan Gómez de Diego, 
and Luc A. Pierard

Summary
Aortic regurgitation (AR) is a common valvular disease. In clinical practice, echocardi-
ography plays a major role in the diagnosis, assessment, follow-up, and management of 
patients with AR, as echocardiography provides essential information on the mechanism 
and aetiology, the aortic root, the severity of AR, and its repercussions on left ventricular 
(LV) function [1,2].

Diagnosis
Two-dimensional and M-mode echocardiography
Although the diagnosis of AR is based on Doppler techniques, two-dimensional (2D) and 
M-mode echocardiography can also often provide useful information. Two-dimensional 
echocardiography can show obvious structural abnormalities such as flail leaflet or dias-
tolic coaptation defect (z Videos 33.1 and 33.2). When the regurgitant jet is eccentric, 
a high-frequency M-mode diastolic flutter of the anterior mitral leaflet is observed in 
about 80% of cases. This fluttering may also be observed on the mitral valve chordae or 
interventricular septum (% Fig. 33.1). The absence of fluttering (e.g. in the case of mitral 
valve stenosis) cannot rule out the diagnosis of AR, and pseudofluttering can be observed 
in the presence of atrial fibrillation and cardiac hyperkinesia in patients without AR [1]. 
Other mitral valve abnormalities include reverse diastolic doming of the anterior mitral 
valve leaflet induced by the AR on parasternal long-axis or apical four-chamber views.

Doppler
Echocardiographic evaluation of AR requires colour flow imaging, pulsed wave Doppler, 
and continuous wave (CW) Doppler recordings. Colour Doppler is very sensitive and 
specific for the qualitative diagnosis of AR. It allows real-time and non-invasive visualiza-
tion of regurgitant flow. Colour flow imaging of the AR is best performed by transthoracic 
echocardiography (TTE) on parasternal long-axis and short-axis views and three- or 
five-chamber apical views (% Fig. 33.2; z Videos 33.3–33.5), and on the left ventricu-
lar outflow tract (LVOT) view obtained by transoesophageal echocardiography (TOE) 
(z Video 33.6). AR is detected by the presence of abnormal, holodiastolic, high-velocity, 
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in protodiastole. AR must not be confused with mitral stenosis, 
associated with a different duration of flow: AR flow begins just 
after aortic valve closure and before mitral valve opening, is pre-
sent during the isovolumic relaxation phase, and usually ends 
after mitral valve closure. AR flow has a decrescendo morphology 
throughout diastole. In patients with mitral stenosis, the shape of 
the flow is different, the duration of mitral flow is shorter (from 
opening to closure of the mitral valve) and the velocities are lower.

Aetiology
AR may be the consequence of many diseases (% Table 33.1). 
Echocardiography is the key examination to identify the aetiology 
and mechanism of AR [1]. Identification of the mechanism of AR 
is very important for patient management (see ‘Assessment of suit-
ability for repair’). Trivial or mild AR may sometimes be observed 
after the age of 50 years, related to aortic valve leaflet thickening 
and calcification and/or aortic root dilatation.

and turbulent flow originating from the aortic valve and extend-
ing into the LV. An eccentric jet is suggestive of aortic valve 
prolapse (z Video 33.6) or perforation. M-mode colour Doppler 
is useful for the evaluation of jet chronology: a regurgitant aortic 
jet is usually holodiastolic and rectangular. Pulsed wave Doppler 
and CW Doppler are also sensitive and specific techniques for the 
diagnosis of AR. AR produces holodiastolic turbulent flow with 
aliasing on pulsed wave Doppler imaging when the sample vol-
ume is positioned under the aortic leaflets in the LVOT on the 
apical long-axis view (% Fig. 33.3). CW Doppler echocardiog-
raphy, classically using apical views, allows measurement of the 
high-velocity AR flow. However, the right parasternal view (using 
the pencil probe) and particularly the left parasternal view are 
often the best views in the presence of an eccentric AR jet. The 
characteristic hallmark of AR is the detection of a positive (api-
cal views) or negative (parasternal views) high-velocity (% Fig. 
33.4), box-like, unidirectional flow, extending into the LVOT in 
diastole. The velocity is higher in early diastole (generally > 4 m/s) 
due to the high pressure gradient between the aorta and the LV 

Fig. 33.1 M-mode echocardiogram of the left ventricle (a). Fluttering motion 
of the anterior mitral leaflet (b).

(a)

(b)

(a)

(b)

Fig. 33.2 Examples of aortic regurgitation using colour Doppler: Eccentric jet 
in apical five-chamber view (a). Central jet in parasternal long axis view (b).
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Fig. 33.3 Holodiastolic AR flow with aliasing using pulsed wave Doppler: 
the sample volume is positioned under the aortic leaflets in the LVOT 
on the apical five-chamber view (a). AR jet recorded using CW Doppler 
echocardiography from the apical view: positive high-velocity, box-like, 
unidirectional flow (b).

(a)

(b)

Fig. 33.4 Eccentric jet in parasternal long axis view using colour Doppler. 
Quantitative assessment of AR severity using the PISA method: downward shift 
of zero baseline to obtain an hemispheric PISA, measure of the PISA radius using 
the first aliasing (a). Continuous wave Doppler of AR jet allowing calculation 
the effective regurgitant orifice area (EROA) and regurgitant volume (b)

(a)

(b)

Calcific aortic regurgitation
Calcification of a tricuspid aortic valve is usually most prominent 
in the central part of each cusp, with no commissural fusion [1]. 
A stellate-shaped systolic orifice is observed on the parasternal 
short-axis view.

Degenerative aortic regurgitation
Degenerative AR is the most common aetiology in developed 
countries, accounting for approximately one-half of all cases of 
AR in the Euro Heart Survey on valvular heart disease [3]. It is 
a heterogeneous entity that involves lesions of the leaflets (which 
are thin and subject to prolapse) (z Video 33.7) and/or of aorta 
known as annuloaortic ectasia (aneurysmal dilatation of the 
ascending aorta, predominantly involving the sinuses of Valsalva) 

(% Fig. 33.5; z Videos 33.8 and 33.9). AR secondary to aortic 
root dilatation is often observed in Marfan syndrome and in rare 
degenerative diseases such as Ehlers–Danlos disease or osteogen-
esis imperfecta, and in patients without generalized tissue disease 
(annuloaortic ectasia). Indeed, aortic aneurysm alone may cause AR,  
even when the leaflets are normal, because changes in the geom-
etry of the aortic root modify the geometry of the aortic valve and 
create abnormal stress on leaflet implantation (z Video 33.8).

Rheumatic aortic regurgitation
Rheumatic heart disease is the most common cause of AR in the 
developing world (Fig. 33.5). Rheumatic fever is responsible for 
commissural fusion, thickening, and retraction of aortic leaflets, 
usually inducing central AR (z Video 33.10).



CHAPTER 33 heart valve disease (aortic valve disease): aortic regurgitation254

Table 33.1 Main causes of aortic regurgitation (AR)

Leaflet abnormalities
Aortic root or ascending 
aorta dilatation

Degenerative AR + +
Annuloaortic ectasia

Rheumatic AR + –

Congenital AR +
Bicuspid aortic valve
Quadricuspid aortic valve
Ventricular septal defect
Subvalvular aortic stenosis

+
Aortic aneurysm 
predominantly above the 
sinus of Valsalva

Diseases of the 
aorta

– +
Marfan syndrome
Ehlers–Danlos disease
Osteogenesis imperfecta

Inflammatory 
diseases

+ +
Aortitis: systemic 
lupus erythematosus, 
rheumatoid arthritis, 
ankylosing spondylitis, 
Reiter’s syndrome, relapsing 
polychondritis, syphilis, 
Takayasu arteritis or giant 
cell arteritis

Drugs +
Fenfluramine, 
dexfenfluramine and 
benfluorex
Ergot alkaloids and 
methysergide
Ergot-derived dopamine 
agonists: pergolide and 
cabergoline

–

Carcinoid 
syndrome

+ –

Endocarditis + ±

Aortic 
dissection

± +

Traumatic 
injuries

+ ±

Radiation-
induced cardiac 
disease

+ –

Prosthetic valve 
dysfunction

+ –

Adapted from Lancellotti P, Tribouilloy C, Hagendorff A, Moura L, Popescu BA, 
Agricola E, et al. European Association of Echocardiography. European Association of 
Echocardiography recommendations for the assessment of valvular regurgitation. Part 1: 
aortic and pulmonary regurgitation (native valve disease), Eur J Echocardiogr (2010), 11, 3, 
223–44 by permission of Oxford University Press.

Bicuspid aortic valve and other congenital 
abnormalities
Bicuspid aortic valve is a frequent aetiology of AR, which should 
be strongly suspected whenever markedly eccentric leaflet coapta-
tion is seen on parasternal views. The aortic valve can be purely 
bicuspid, unicuspid, or rarely quadricuspid (see % Chapter 31 

in this textbook). In bicuspid AR, the long-axis view may reveal 
an asymmetric closure line, systolic doming, or diastolic prolapse 
of the leaflets [1] (z Video 33.11). The short-axis view is more 
specific (% Fig. 33.6; z Videos 33.12 and 33.13). The diagnosis 
is confirmed when only two leaflets are seen in systole with two 
commissures framing an elliptical systolic orifice. Diastolic images 
may mimic a tricuspid aortic valve when a raphe is present. Fusion 
of right and left coronary cusps (large anterior and small posterior 
cusps with both coronary arteries arising from the anterior cusp) 
is the most frequent pattern. Three-dimensional (3D) echocardi-
ography, in the absence of severe calcification, may improve the 
morphological details of a bicuspid aortic valve (z Video 33.14). 
An aneurysm predominantly situated above the sinus of Valsalva, 
at the level of the tubular aorta (z Video 33.15), is often associ-
ated with a bicuspid aortic valve, and intrinsic disease of the media 
also appears to be responsible for aortic enlargement beyond that 
predicted by haemodynamic factors. Ventricular septal defect or 

Fig. 33.5 Aneurysmal dilatation of the ascending aorta (annuloaortic 
ectasia), predominantly involving the sinuses of Valsalva leading to AR (a). 
Rheumatic AR: thickening, and retraction of aortic leaflets (b).

(a)

(b)
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drugs used in the treatment of migraine (ergot alkaloid agents such 
as ergotamine and methysergide) [4]. Aortic valvular thickening is 
typically observed on echocardiography (% Fig. 33.7). However, 
aortic valve lesions are often mild and valve thickening may be 
absent. The aortic valve classically presents a slightly dome-shaped 
appearance during systole associated with restriction of valve 
movement during diastole (z Video 33.16, but these signs are 
not always present. A central triangular defect of coaptation is fre-
quently observed in diastole, but may sometimes only be visible on 
TOE. Aortic regurgitation is usually central (% Fig. 33.7) and may 
be associated with valvular stenosis.

Other aetiologies
Aetiologies of acute AR include infective endocarditis, aortic dis-
section, and traumatic rupture of the valve leaflets. Endocarditis 
accounts for approximately 10% of all cases of AR. Regurgitation 
is related to vegetations, leaflet tearing or perforation, or a 
perivalvular abscess communicating with the aorta and LV 
(z Videos 33.17–33.19). Dissection of the ascending aorta can 
result in AR due to dilatation of the sinuses with incomplete coap-
tation of the leaflets, extension of the dissection into the base of 
the leaflets, or prolapse of the intimal flap into the aortic valve 
(z Videos 33.20 and 33.21). The remaining causes of AR include 
radiation-induced valve damage, prosthetic valve dysfunction, 
carcinoid heart disease (in patients with right heart valve involve-
ment and associated patent foramen ovale), and acromegaly.

Left ventricular remodelling and left 
ventricular function
Chronic AR results in volume and pressure overload. The left 
ventricle adapts by progressive dilatation and hypertrophy. In com-
pensated chronic AR, this adaptation is effective to maintain normal 
peripheral haemodynamics. However, asymptomatic patients may 
develop irreversible LV dysfunction. In the long term, these mecha-
nisms of adaptation are no longer able to cope, resulting in the stage 
of decompensated AR characterized by systolic LV dysfunction. 
End-diastolic and end-systolic dimensions are measured according 
to the leading edge to leading edge method. End-diastolic and end-
systolic volumes are obtained according to Simpson’s biplane rule or 
by 3D echocardiography [1]. LV function is assessed by LV ejection 
fraction. Emerging data have evaluated the role of tissue Doppler 
imaging [5] and of the speckle tracking method (% Figs 33.8 and 
33.9), which are promising approaches to detect early changes in LV 
systolic deformation [6,7]. Indeed, there is a need for early markers 
of LV dysfunction, especially in patients with asymptomatic severe 
AR. It has been recently suggested that preoperative LV global 
longitudinal strain using speckle tracking might be a predictor of 
postoperative LV function [6,7]. However, as few data are currently 
available, LV global longitudinal strain is not yet included in the 
current guidelines on indications for surgery.

Fig. 33.6 Classification according the number of raphe and examples of 
bicuspid aortic valve. 
Courtesy of Emmanual Lansac, Paris, France.

Bicuspid valveTricuspid
aortic valve

Unicuspid aortic valve

LC RC NC LC NC-LC NC-RC LC RC NC LC LC RC NC LC

Type 0
0 raphé

Commissures at 1200 Commissures at 1800 Commissures at 1600

Type 1
1 raphé

Type 2
2 raphé

subvalvular aortic stenosis may also induce AR. In these settings, 
regurgitation is caused by jet lesions.

Inflammatory disease
Inflammatory processes and aortitis, and inflammatory diseases, 
such as systemic lupus erythematosus, rheumatoid arthritis, anky-
losing spondylitis, Reiter syndrome, relapsing polychondritis, 
syphilis, Takayasu arteritis, or giant cell arteritis, constitute a heter-
ogeneous group representing less than 5% of all aetiologies of AR. 
In a minority of cases, these diseases may be responsible for thick-
ening and retraction of aortic leaflets, usually inducing central AR.

Drug-induced aortic regurgitation
Valvular abnormalities have been described in association with cer-
tain drugs such as anorectic drugs (fenfluramine, dexfenfluramine, 
and benfluorex), drugs used in the treatment of Parkinson’s disease 
(ergot-derived dopamine agonists, pergolide, and cabergoline), or 

Fig. 33.7 Example of drug-induced AR. Aortic valvular thickening in 
parasternal long-axis view with restriction of valve movement during diastole. 
Clear coaptation defect in favour of severe AR (top). Central aortic regurgitant 
jet using colour Doppler (bottom).

(a) (b)



CHAPTER 33 heart valve disease (aortic valve disease): aortic regurgitation256

techniques, whenever possible. However, adjunctive parameters 
are commonly used, as they help to consolidate data on the sever-
ity of AR. The cut-off values recommended by the European 
Association of Cardiovascular Imaging to classify AR as mild, 
moderate, and severe on the basis of echocardiographic parame-
ters and their recording guidelines are reported in % Table 33.2 [1]. 
The recording recommendations of these parameters are depicted 
in % Table 33.3. As shown in % Table 33.4, all of these parameters 
have their respective advantages and limitations, which must be 
taken into account to avoid quantification errors [1,2,8].

Colour flow imaging
Visual assessment

The regurgitant jet into the LV during diastole can be visualized on 
multiple views using colour flow Doppler. The colour jet area and 

Quantification of aortic regurgitation 
severity
Echocardiography has gradually replaced angiography for quan-
titative assessment of AR and has therefore become the most 
commonly used and validated non-invasive method for AR quan-
tification. Cardiac magnetic resonance imaging and computed 
tomography have recently provided new insight into the evalua-
tion of the severity of AR. Echocardiographic assessment is based 
on a multiparametric approach integrating a combination of 
quantitative and qualitative parameters. Flail valve or clear coap-
tation defect using 2D (% Fig. 33.7; z Videos 33.1 and 33.2) or 3D 
echocardiography is specific for moderate to severe or severe AR. 
The vena contracta width (VCW) and the proximal isovelocity 
surface area (PISA) method are both recommended as first-line 

Fig. 33.8 Patient with severe aortic regurgitation: 
example of depressed left ventricular deformation 
imaging with speckle tracking echocardiography 
using the apical three-chamber view (global 
longitudinal strain = −17.2%).

Fig. 33.9 Patient with severe aortic regurgitation. Segmental longitudinal strain by speckle tracking depicted using either time-dependent curves (four-chamber 
(CH), two-CH and apical long-axis view) and 17-segment bull eye parametric display. Global longitudinal strain (GLS) is depressed at −16.8% despite a preserved 
LV ejection fraction of 60%. 
Courtesy of Sylvestre Marechaux, Lille, France.

Apical 4-CH view Apical 2-CH view

Apical long axis view
17-segment bull eye

GLS : -16.8%
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Table 33.2 Grading of the severity of AR according to the European Association of Cardiovascular Imaging recommendations: AR is  
classified as mild, moderate, or severe. Moderate AR is subclassified into ‘mild to moderate’ (defined by an ERO area between 10 and 19 mm2 
and an R Vol between 20 and 44 mL) and ‘moderate to severe’ (defined by an ERO area between 20 and 29 mm2 and an R Vol between  
45 and 59 mL)

Parameters Mild Moderate Severe

Qualitative
Aortic valve morphology
Colour flow AR jet widtha

CW signal of AR jet
Diastolic flow reversal in descending 
aorta

Normal/abnormal
Small in central jets
Incomplete/faint
Brief, protodiastolic flow reversal

Normal/abnormal
Intermediate
Dense
Intermediate

Abnormal/flail leaflet/large coaptation 
defect
Large in central jet, variable in eccentric jet
Dense
Holodiastolic flow reversal (end-diastolic 
velocity > 20 cm/s)

Semiquantitative
VC width (mm)
Pressure half-time (ms)b

< 3 mm
> 500 ms

Intermediate
intermediate

≥ 6 mm
< 200 ms

Quantitative
EROA
R Vol

< 10 mm2

< 30 mL
Mild to moderate: 10–19 mm2

Moderate to severe: 20–29 mm2c

Mild to moderate: 30–44 mL
Moderate to severe: 45–59 mLc

≥ 30 mm2

≥ 60 mL

+ LV size and function (LV diameter, 
LV volumes, LVEF)

AR: aortic regurgitation; CW: continuous wave; LA: left atrium, EROA: effective regurgitant orifice area; LV: left ventricle; R Vol: regurgitant volume; VC: vena contracta.
a At a Nyquist limit of 50–60 cm/s.
b PHT is shortened with increasing LV diastolic pressure, vasodilator therapy, and in patients with a dilated compliant aorta and lengthened in patients with chronic AR.
c LV size is usually normal in patients with mild AR in the absence of another cause. In acute severe AR, LV size is often normal. Accepted cut-off values for non-significant LV 
enlargement: LV end-diastolic diameter < 56 mm, LV end-diastolic volume < 82 mL/m2, LV end-systolic diameter < 40 mm, LV end-systolic volume < 30 mL/m2.
Adapted from Lancellotti P, Tribouilloy C, Hagendorff A, Moura L, Popescu BA, Agricola E, et al. European Association of Echocardiography. European Association of Echocardiography 
recommendations for the assessment of valvular regurgitation. Part 1: aortic and pulmonary regurgitation (native valve disease), Eur J Echocardiogr (2010), 11, 3, 223–44 by permission 
of Oxford University Press.

jet length are poorly correlated with the severity of AR because 
they depend not only on the size of the regurgitant orifice, but also 
on LV compliance, the pressure gradient across the defect, and 
the duration of this gradient. These parameters are therefore not 
currently recommended for quantitative assessment of AR sever-
ity. In practice, colour flow Doppler is used for the detection and 
initial visual assessment of AR. Eccentric jets are often associated 
with aortic valve prolapse or perforation.

Colour jet width/LVOT diameter
The diameter of the jet at its origin is a semiquantitative colour 
Doppler index of AR severity [9]. The maximum colour jet diam-
eter (width) is measured in diastole immediately below the aortic 
valve (at the junction of the LV outflow tract and aortic annulus) 
on the parasternal long-axis view. Jet width is proportional to the 
size of the aortic valve defect. However, as jet width is based on  
the assumption of a circular regurgitant orifice, when the orifice 
shape is irregular, as in the case of bicuspid valve, the colour jet 
width is less closely related to the degree of regurgitation. Moreover, 
colour Doppler imaging is significantly machine dependent and a 
slight change in probe angulation can induce significant changes 
in colour jet width. Although these measurements are subject to 
relatively high inter-observer variability, a jet width ratio greater 
than 65% [9] or a simple colour jet width greater than 12 mm [10] 
is a strong argument in favour of severe AR. The cross-sectional 
jet area and its ratio to the LV outflow tract area obtained from the 
parasternal short-axis view are also semiquantitative parameters 

of AR severity [9], but lack reproducibility. Measurement of the 
width of the vena contracta, more reliable and more reproducible, 
is currently tending to replace these parameters [11].

Vena contracta width
The vena contracta is the smallest neck of the regurgitant jet at the 
level of the aortic valve, immediately below the flow convergence 
region, and is preferably measured on the parasternal long-axis 
view [1,8] (% Figs 33.7 and 33.10; z Video 33.4).

VCW is therefore smaller than the colour jet width in the 
LVOT. Using a Nyquist limit of 50–65 cm/s, a VCW greater than 
6 mm is specific for severe AR, whereas mild AR is identified by 
VCW less than 3 mm [11]. Intermediate vena contracta diameter 
values (3–6 mm) are inconclusive regarding the severity of AR. 
VCW measurements are affected by several limitations. The con-
cept of vena contracta diameter is based on the assumption that 
the regurgitant orifice is almost circular. However, the orifice is 
often elliptic or irregular, which changes the width of the vena 
contracta on different views. Three-dimensional colour Doppler 
echocardiography has been shown to be a useful tool for visualiza-
tion of the actual shape of the regurgitant orifice. VCW is easier to 
measure in a central jet than in an eccentric jet. In the case of mul-
tiple jets, the respective values of VCW are not additive and this 
parameter must not be used in such cases [1]. Three-dimensional 
echocardiographic assessment of vena contracta area (VCA) is 
promising, but is currently reserved for research purposes [12] 
(% Fig. 33.11).
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regurgitant orifice, (6) measure the PISA radius using the first 
aliasing, and (7) measure the regurgitant velocity. The regurgitant 
flow rate across the aortic valve is obtained from the flow rate of a 
proximal surface area with a known flow velocity corresponding 
to the aliasing velocity: flow rate = 2 π r2 × aliasing velocity, where 
r is the PISA radius. ERO and RV are obtained by means of the 
following standard formula: ERO = flow rate/peak AR velocity = 
(6.28 × r2 × aliasing velocity)/peak AR velocity and RV per beat = 
ERO × AR TVI, where peak AR velocity = aortic regurgitant flow 
peak velocity in CW Doppler and AR TVI = time-velocity integral 
of aortic regurgitant flow in CW Doppler.

The PISA method has an acceptable reproducibility in AR, but 
has several limitations [1,8,13]. Firstly, it is not feasible in a sig-
nificant percentage of patients with AR due to interposition of 
valve tissue and calcifications, and the difficulty of correctly iden-
tifying the flow convergence zone. Non-planar or confined flow 

Table 33.3 Recording recommendations according to the European Association of Cardiovascular Imaging

Parameters Recordings

Aortic valve morphology Visual assessment
Multiple views

Colour flow AR jet width 
and area

Optimize colour gain/scale
Parasternal long- and short-axis views

VC width PT-LAX preferred (AP-4-chamber view if not available)
Optimize colour gain/scale
Identify the three components of the regurgitant jet (VC, PISA, jet into LV)
Reduce the colour sector size and imaging depth to maximize frame rate
Expand the selected zone (zoom)
Use the cine-loop to find the best frame for measurement
Measure the smallest VC (immediately distal to the regurgitant orifice, perpendicular to the direction of the jet)

PISA method Apical five-chamber for central jets (PT-LAX for eccentric jets)
Optimize colour flow imaging of AR
Zoom the image of the regurgitant aortic valve
Increase the Nyquist limit in apical views / decrease or increase in PT-LAX
With the cine mode select the best PISA
Display the colour off and on to visualize the AR orifice
Measure the PISA radius at diastole using the first aliasing and along the direction of the ultrasound beam
Measure AR peak velocity and TVI (CW)
Calculate flow rate, EROA, R Vol

Doppler volumetric method 
(PW)

Flow across the mitral valve:
Measure the mitral inflow by placing the PW sample volume at the mitral annulus (AP-4CV)
Measure the mitral annulus diameter (AP-4CV) at the maximal opening of the mitral valve (2–3 frames after end-systole).
Flow across the aortic valve:
Measure the LV outflow tract flow by placing the PW sample volume 5 mm below the aortic cusps (AP-5CV)
Measure the LV outflow tract diameter (parasternal long-axis view)

CW AR jet profile Apical five-chamber

Pressure half-time Apical five-chamber
CW AR jet

Diastolic flow reversal in 
descending aorta

PW Doppler
Proximal descending aorta/abdominal aorta

LV size Preferably use Simpson’s biplane method

AR: aortic regurgitation; CW: continuous-wave; EROA: effective regurgitant orifice area; LV: left ventricle; PW: pulse wave; R Vol: regurgitant volume; VC: vena contracta.
Adapted from Lancellotti P, Tribouilloy C, Hagendorff A, Moura L, Popescu BA, Agricola E, et al. European Association of Echocardiography. European Association of Echocardiography 
recommendations for the assessment of valvular regurgitation. Part 1: aortic and pulmonary regurgitation (native valve disease), Eur J Echocardiogr (2010), 11, 3, 223–44 by permission 
of Oxford University Press.

The flow convergence method

The effective regurgitant orifice area (ERO) and the regurgitant 
volume (RV) can be estimated by the flow convergence method, 
also called the PISA [13] method. A clearly visible, hemispheric 
PISA is required for calculation. We recommend using the 
left parasternal long-axis view in the case of an eccentric jet to 
evaluate the flow convergence zone (% Fig. 33.4) and the apical 
three- or five-chamber view (% Fig. 33.12) in the case of a cen-
tral jet [14] (z Videos 33.22 and 33.23). In practice, the PISA 
method comprises the following steps [1,13]: (1) optimize the col-
our flow imaging with a small angle from an apical or parasternal 
window, (2) expand the image using zoom (or regional exten-
sion selection), (3) shift the colour-flow zero baseline towards the 
regurgitant jet direction to obtain a hemispheric PISA, (4) use the 
cine mode to select the most satisfactory hemispheric PISA, (5) 
display the colour Doppler off when necessary to visualize the 
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Pulsed wave Doppler
Diastolic aortic flow reversal
Pulsed wave Doppler recording of flow in the descending aorta 
obtained on the suprasternal view is useful for assessment of AR 
severity [1,8]. The sample volume is placed just distal to the ori-
gin of the left subclavian artery in the upper descending aorta, 
aligning it as closely as possible along the long axis of the aorta. 
The Doppler filter must be decreased to allow detection of low 
velocities [15]. Moderate or severe AR is associated with holodi-
astolic reversal of flow in the aorta as well as increased systolic 
flow in the descending aorta [16] (% Fig. 33.13). Milder degrees 
of regurgitation induce only a brief reversal of flow limited to early 
diastole. The duration and end-diastolic velocity of flow reversal 
increase with increasing severity of regurgitation. Simple Doppler 

Table 33.4 Advantages and limitations of echocardiographic parameters used to quantify AR severity

Parameters Usefulness/advantages Limitations

Aortic valve morphology Flail valve or clear coaptation defect: specific for moderate to 
severe or severe AR

Other abnormalities: not specific for significant AR

Colour flow AR jet width and 
area

Easy to use
Evaluates the spatial orientation of the AR jet
Rapid screening for AR

Influenced by technical and haemodynamic factors
Inaccurate for eccentric jet
Expands unpredictably below the orifice
Less reliable than vena contracta width

VC width Relatively quick and easy
Relatively independent of haemodynamic and 
instrumentation factors
Not affected by other valve leaks
Good for extreme AR: mild vs severe
Can be used in eccentric jet

Not valid for multiple jets
Low values; small measurement errors lead to large % error
Intermediate values need confirmation
Feasibility limited in case of poor echogenicity

PISA method Can be used in eccentric jet (parasternal view)
Quantitative: estimate lesion severity (EROA) and volume 
overload (RV)

PISA shape affected:
by the aliasing velocity
in case of non-circular orifice
by systolic changes in regurgitant flow
by adjacent structures (flow constraint)

PISA radius more closely resembles a hemi-ellipse
Errors in PISA radius measurement are squared
Inter-observer variability
Not valid for multiple jets
Feasibility limited by aortic valve calcifications

Doppler volumetric method 
(PW)

Quantitative: estimate lesion severity (ERO) and volume 
overload (RV)
Valid in multiple jets

Time-consuming, need experience
Requires multiple measurements: source of errors
Not applicable in the case of significant MR (use the 
pulmonary flow)

CW AR jet profile Simple, easily available Qualitative, complementary finding
Complete signal difficult to obtain in eccentric jet

Pressure half-time Simple Affected by LV compliance, blood pressure, severity of AR

Diastolic flow reversal in the 
upper part of descending aorta

Simple Affected by sample volume location
Validated in chronic AR
Affected by aortic compliance.
Brief velocity reversal is normal

LV size Dilatation is sensitive for significant chronic AR
Normal size almost excludes significant chronic AR

Dilatation observed in other conditions (non-specific)
May be normal in acute severe AR

AR, aortic regurgitation; CW, continuous wave; EROA, effective regurgitant orifice area; LV, left ventricle; PW, pulsed wave; RV, regurgitant volume; VC, vena contracta.
Adapted from Lancellotti P, Tribouilloy C, Hagendorff A, Moura L, Popescu BA, Agricola E, et al. European Association of Echocardiography. European Association of Echocardiography 
recommendations for the assessment of valvular regurgitation. Part 1: aortic and pulmonary regurgitation (native valve disease), Eur J Echocardiogr (2010), 11, 3, 223–44 by permission 
of Oxford University Press.

convergence zones that invalidate the hemispheric assumption are 
potential causes of either under- or overestimation of AR sever-
ity by the PISA method. Accordingly, caution should be exercised 
when using the PISA method in patients with obtuse flow conver-
gence angles, such as patients with aneurysmal dilatation of the 
ascending aorta or those with confined flow convergence zone, 
as may be observed in patients with cusp perforation or commis-
sural leaks. When feasible, the PISA method is recommended to 
quantify the severity of AR and can be used in both central and 
eccentric jets. Grading of the severity of AR [1,6,13] classifies AR 
as mild, moderate, or severe, and subclassifies moderate AR as 
‘mild-to-moderate’ (EROA of 10–19 mm2 or an R Vol of 20 to 44 
mL) and ‘moderate-to-severe’ (EROA of 20–29 mm2 or an R Vol of 
45–59 mL). An EROA of 30 mm2 or greater, or an R Vol of 60 mL 
or more indicates severe AR.
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(b)

(a)

Fig. 33.10 Assessment of AR severity using the vena contracta width. 
The three components of the regurgitant jet (flow convergence zone, vena 
contracta, jet turbulence) are obtained in parasternal long-axis view. Example 
of central jet (a) and of eccentric jet (b)

Fig. 33.11 Full volume three-dimensional transthoracic colour Doppler 
echocardiographic view of a rheumatic aortic regurgitation. Multiplane 
reconstruction demonstrates the vena contracta measured along the red 
line on a long-axis view (green panel). The red panel demonstrates the 
corresponding cross section of the left ventricular outflow tract where the 
eccentric shape of the vena contracta can be appreciated.

measurement of end-diastolic velocity at the peak of the R wave in 
the aorta has been shown to be the descending aortic parameter 
most closely correlated with the severity of regurgitation [15]. An 
end-diastolic velocity greater than 20 cm/s is a strong and reliable 
argument in favour of severe AR.

Underestimation and overestimation may occur when heart 
rate is low (< 50 bpm) or high (> 90 bpm), respectively. Moreover, 
abnormal diastolic flow patterns in the descending aorta can also 
be observed in patients with patent ductus arteriosus or aortic dis-
section. In severe acute AR, diastolic velocity decreases rapidly 
with no end-diastolic velocity due to early equalisation of aortic 
and LV diastolic pressures [1,15].

Estimation of regurgitant volume and  
regurgitant fraction
Aortic RV can be estimated by calculating using pulsed Doppler 
the difference between aortic inflow [total stroke volume (SV)] 

(a)

(b)

Fig. 33.12 Quantitative assessment of AR severity using the PISA method 
from the apical five-chamber view: zoom of the selected zone, upward shift 
of zero baseline to obtain a hemispheric PISA, measure of the PISA radius 
(r = 0.9 cm) using the first aliasing (a). Continuous wave Doppler of AR jet (peak 
velocity = 4.5 m/S, VTI = 210 cm) allowing calculation the effective regurgitant 
orifice area (ERO) and regurgitant volume (RV) (b). ERO = flow/peak velocity = 
178/450 = 0.39 cm2; RV = ERO × ITV = 0.39 cm2 × 210 cm = 82 mL.
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(a)

(b)

Fig. 33.13 Patient with severe aortic regurgitation (AR). Descending aorta 
obtained on the suprasternal view (a). Pulsed Doppler recording within the 
descending aorta: flow reversal throughout diastole with end diastolic flow 
velocity of 20–22 cm/ in favour of severe AR (b).

and mitral inflow (systemic stroke volume): AR RV = aortic inflow 
− mitral inflow (% Fig. 33.14). Aortic inflow is classically calcu-
lated by multiplying the LVOT area (πd2/4 = 0.785 d2, where d is 
the diameter of the LVOT measured just below the aortic valve 
on a parasternal long-axis view) by LVOT TVI [17,18]. Mitral 
inflow is the product of mitral annulus area (πd2/4) and mitral 
inflow TVI. Mitral annulus diameter (d) is generally measured in  
diastole on an apical four-chamber view (assuming a circular 
orifice) at maximal opening of the mitral valve (2–3 frames after 
end-systole). The inner edge to inner edge measurement is rec-
ommended. Mitral inflow TVI is obtained by placing the sample 
volume at the level of the mitral annulus plane (not at the tips of 
the mitral leaflets). This calculation is inaccurate in the presence 
of significant mitral regurgitation, which increases mitral flow. In 
this situation, systemic flow can be calculated at the pulmonary 
annulus [19]. The ERO area may be calculated as RV divided by 
the TVI of the AR jet velocity recorded by CW Doppler (ERO = 
RV/AR TVI). Regurgitant fraction is expressed as RV divided by 
aortic flow [total SV]. This approach is technically demanding 
(multiple measurements) and the source of many errors (mul-
tistage calculations) and should be considered to be optional or 
reserved for experienced laboratories. The main limitation con-
cerns measurement of the mitral annulus (a potential error is 
squared in the formula). Regarding this limitation, the simple 
measurement of aortic cardiac output has been shown to be cor-
related with the severity of AR. A cardiac output greater than 10 L/
mm is a strong argument in favour of severe AR [20].

Continuous wave Doppler
The CW Doppler density of the AR jet provides little informa-
tion about the severity of AR. Although a faint spectral display 
is compatible with trace or mild AR, there is a significant overlap 
between CW Doppler density of moderate and severe AR.

Fig. 33.14 Quantitative assessment of a severe 
aortic regurgitation severity by the Doppler 
volumetric method requires the measurement 
of the left ventricular outflow tract diameter 
(2.5 cm), the mitral annulus diameter (3.4 cm) and 
of two pulse wave velocity profiles (outflow tract 
and mitral inflow velocities). Reg = regurgitant; VTI, 
time velocity integral.

Mitral Flow

VTI = 10 cm

Diameter = 3.4 cm

Stroke volume = 91 mL

Reg. Volume = 91 mL   ;  Reg. Fraction = 50%
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LV
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Ao
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Pressure half-time
The rate of decline of the Doppler AR velocity is a complemen-
tary parameter to assess AR severity [21]. This decline in velocity 
is quantified as the pressure half-time (PHT). PHT is the time 
required for the peak diastolic pressure gradient to decay by 50% 
(% Fig. 33.3). In severe AR, systemic diastolic pressure decreases 
rapidly and the AR signal (representing the pressure difference 
between the aorta and the LV) has a shortened deceleration time, 
and therefore a steep deceleration slope. A PHT shorter than 
200 ms is a strong argument in favour of severe AR, whereas a 
value longer than 500 ms suggests mild AR [1]. Because this 
parameter is influenced by systemic vascular resistance, aortic 
and LV compliance, and LV end-diastolic pressure [22], interme-
diate PHT values between 200 and 500 ms are not informative. 
In severe acute AR with high end-diastolic pressure, the PHT is 
almost always short. The slope of the decay can also be used. A 
slope > 3 m/s2 slope is in favour of severe AR.

Transoesophageal echocardiography
TOE is helpful in patients who are non-echogenic on TTE, as TOE 
allows accurate assessment of the anatomy of the aortic leaflets 
and aortic root. TOE can be useful to identify the aetiology of AR 
(e.g. aortic dissection, bicuspid aortic valve, and aortic aneurysm) 
and for AR quantification. TOE vena contracta and PISA imag-
ing on long-axis views (100–140°) provide accurate markers of AR 
severity (z Videos 33.24–33.26). In the absence of severe aortic 
annulus calcification, multiplane colour Doppler TOE allows the 
measurement of VCW (with an angle between 100 and 140°) and 
area (with an angle between 20 and 70°): a value greater than 6 
mm and greater than 7.5 mm2, respectively, are in favour of severe 
AR [23]. TOE can also be performed to more precisely define the 
anatomy of the valve and the ascending aorta when a valve-spar-
ing intervention is considered [24].

Three-dimensional transthoracic 
echocardiography
Accurate quantification of the severity of AR using various 2D 
and echocardiographic techniques may remain challenging, 
primarily because 2D techniques are used to describe and quan-
tify a 3D structure. Recent studies demonstrate the feasibility 
and accuracy of 3D TTE to quantify AR [12,25,26]. After com-
pletion of standard 2D TTE, live and real-time 3D images can 
be obtained from parasternal and apical views (% Fig. 33.15). 
Three-dimensional TTE VCA has been validated and compared 
with AR assessment by aortography and surgery with a bet-
ter correlation than 2D TTE measurements, as 3D TTE avoids 
the assumption of a circular or elliptical vena contracta, in con-
trast with conventional TTE (% Fig. 33.11; z Video 33.27). 
Systematic cropping of the acquired 3D TTE data set is used to 

Fig. 33.15 Rheumatic aortic regurgitation. Full volume three-dimensional 
transthoracic colour Doppler with the colour suppressed to reveal the poor 
coaption of the leaflets in diastole as seen on the long axis (green panel). By 
aligning the red line cursor through this point using multiplane reconstruction, 
the central anatomical regurgitant orifice of a rheumatic valve on short 
axis is displaced in the red panel. This anatomical regurgitant orifice can be 
planimetred to provide the area (bottom).

(a)

(b)

measure VCA. The first step consists of obtaining the best AR jet 
on a parasternal long-axis view or an apical view (in the case of 
a poor parasternal window) by posterior-to-anterior cropping of 
the 3D TTE data set. The 3D TTE colour Doppler data set is then 
cropped from the aortic side to the level of the vena contracta, at 
or just below the aortic valve leaflets, in a plane that is exactly per-
pendicular to the AR jet viewed in long-axis. 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 short-axis 
[12] (z Video 33.27). When patients present multiple AR jets, all 
individual VCAs are summed. The VCA can then be multiplied 
by the AR TVI to estimate the RV.

Role of stress echocardiography
Exercise echocardiography is able to identify the development of 
symptoms during exercise in patients with moderate or severe 
AR who are apparently asymptomatic (false asymptomatic). 
Exercise echocardiography is proposed to evaluate the LV con-
tractile reserve (CR) during exercise defined by the difference 
between exercise and resting LVEF. The absence of CR (i.e. 
absence of LV EF augmentation by 5% or more at exercise) seems 
to be predictive of postoperative LVEF and LV dysfunction in 
medically and surgically treated patients with asymptomatic 
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E wave, short deceleration time < 150 ms, and E/A ratio > 2) is 
usually observed in severe acute AR [8] (% Fig. 33.17). Good qual-
ity vena contracta and PISA imaging are often difficult to obtain 
because of a frequently irregular and asymmetric ERO area. TOE 
can be more accurate than TTE to determine the cause of acute AR.

Assessment of suitability for repair
In recent years, increasing attention has been paid to diseased aor-
tic valve repair techniques. A good knowledge of the mechanism 
responsible for AR is essential to discuss the suitability for repair, 
based on the aetiology and mechanism of AR. The echocardiogra-
phy report should include the aetiology, the lesion process and the 
type of dysfunction. Carpentier’s classification is the functional 
classification most commonly used [1,14]: type 1, aortic root dila-
tation 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 calcifications (% Fig. 33.18).

However, 2D TTE does not always visualize the lesion respon-
sible for leaflet malcoaptation. In this situation, TOE provides 
useful information regarding cusp pathology (redundancy, 
restriction, cusp height to indicate likely adequacy of coaptation, 
mobility/pliability, thickness, integrity), commissure variations 
(fusion, splaying, attachment site, and alignment), and root 
morphology (septal hypertrophy, annular size, sinus and sino-
tubular junction dimensions, and ascending aorta dimensions). 
The  diagnostic value of TOE to define the mechanisms of AR  

severe AR [27,28]. The absence of CR may therefore suggest 
latent LV dysfunction. However, the observed magnitude of 
change in ejection fraction from rest to exercise is related not 
only to myocardial contractile function, but also to the sever-
ity of volume overload and exercise-induced changes in preload 
and peripheral resistance [29]. As only limited data are available 
concerning the incremental value of stress echocardiography to 
predict the outcome of patients with asymptomatic AR, further 
studies are needed before recommending more widespread use 
of this technique.

Acute aortic regurgitation
Severe acute AR corresponds to the acute onset of massive LV 
filling, usually in the presence of a normal LV, resulting in an 
acute and marked increase in LV diastolic pressure and a fall in 
forward cardiac output. The most common causes of acute AR 
are endocarditis (z Video 33.19), aortic dissection, and trauma. 
Echocardiography is diagnostic in acute AR [8]. When AR is 
severe, LV diastolic pressure often exceeds LA diastolic pres-
sure, producing premature mitral valve closure, best assessed by 
M-mode (% Fig. 33.16). Rarely, premature diastolic opening of 
the aortic valve may be observed when LV pressure exceeds aortic 
pressure. Diastolic mitral regurgitation can also be demonstrated 
by colour Doppler, pulsed Doppler (% Fig. 33.16), or CW Doppler 
techniques. A dense AR CW Doppler signal with a very short PHT 
less than 200 ms and a restrictive mitral flow pattern (increased 

Fig. 33.16 Severe acute aortic 
regurgitation. Example of premature 
mitral valve closure (left ventricular 
diastolic pressure exceeds left atrial 
diastolic pressure) assessed by 
M-mode (a). Example of diastolic 
mitral regurgitation using pulsed 
Doppler technique (b).

(a) (b)

Fig. 33.17 Severe acute aortic 
regurgitation resulting in an acute and 
marked increase in left ventricular 
diastolic pressure. Continuous Doppler 
signal with a short PHT < 200 ms 
(170–180 ms (a)). Restrictive mitral 
flow pattern with a short deceleration 
time < 150 ms (b).

(a) (b)
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Mechanism

Type 2

Cusp
prolapse

Type 1 Type 3

Cusp
restriction

Normal cusp motion with aortic root dilatation or cusp perforation

la lb lc ld

Fig. 33.18 Mechanisms of AR according to the Capentier’s functional classification. Type 1: aortic root dilatation or leaflet perforation. Type 2: prolapse of one or 
more cusps. Type 3: restricted motion as the consequence of rheumatic disease or secondary significant calcifications.

Table 33.5 Functional classification of AR lesions into three types

Dysfunction Echo findings

Type I: enlargement of the aortic root with normal cusps 
with central AR jet

Dilatation of the aortic root (aortic annulus, sinuses of Valsalva and/or sinotubular junction)

Type IIa: cusp prolapse with eccentric AR jet
Cusp flail Complete eversion of a cusp into the LVOT on long-axis views

Partial cusp prolapse Prolapse of the distal part of a cusp into the LVOT with bending of the cusp body on long-axis 
views and presence of a small circular structure near the cusp free edge on short-axis views

Whole cusp prolapse Free edge of a cusp overriding the plane of the aortic annulus with billowing of the entire cusp 
body into the LVOT and the presence of a large circular or oval structure immediately beneath 
the valve on short-axis views

Type IIb: free edge fenestration Presence of an eccentric AR jet with no definite evidence of cusp prolapse

Type III: poor cusp quality or quantity Thickened and rigid valves with reduced motion
Tissue destruction (endocarditis)
Large calcification spots/extensive calcifications of all cusps interfering with cusp motion

Adapted from Lancellotti P, Tribouilloy C, Hagendorff A, Moura L, Popescu BA, Agricola E, et al. European Association of Echocardiography. European Association of Echocardiography 
recommendations for the assessment of valvular regurgitation. Part 1: aortic and pulmonary regurgitation (native valve disease), Eur J Echocardiogr (2010), 11, 3, 223–44 by permission 
of Oxford University Press.

has been recently highlighted (% Table 33.5). Three functional 
mechanisms have been described [24]: type 1, enlargement of 
the aortic root (aortic annulus, sinuses of Valsalva, and/or sino-
tubular junction) with normal cusps; type 2, cusps prolapse or 
free edge fenestration with an eccentric regurgitant jet: type 3, 
poor cusps tissue quality (cusp retraction, extensive cusp calci-
fications, endocarditis). Cusp prolapse is further categorized in 
three groups: cusps flail (eversion of the cusps into the LV outflow 
tract), partial cusp prolapse, and whole cusp prolapse (free edge 
of aortic cusp overriding the plane of aortic annulus). In addition, 
the degree of calcification of the aortic valve is scored as follows: 
grade 1, no calcification; grade 2, isolated small calcification spots; 
grade 3, bigger calcification spots interfering with cusp motion; 
grade 4, extensive calcifications of all cusps with restricted cusp 
motion. The incidence of valve sparing or repair with a good 
result depends on the expertise of the surgeon and decreases with 

the severity of dysfunction. It is less than 50% in type 3 dysfunc-
tion [24,30]. Three-dimensional echocardiographic observation 
of the aortic valve may provide additional information in the 
diagnosis of various types of aortic valve disease [26] (z Videos 
3.28 and 33.29).

Follow-up and timing of surgery
Echocardiography is the key examination to follow patients with 
AR and guide the indications and timing of surgery [1,2,31,32]. 
In the absence of a surgical indication on the initial assessment 
of severe AR, evaluation should be repeated 2–3 months later to 
assess the rate of progression [31]. In asymptomatic patients with 
mild AR, little or no LV dilatation, and normal LV ejection frac-
tion at rest, echocardiography can be performed every 2–3 years. 
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the end-diastolic diameter is greater than 70 mm (class IIa, level of 
evidence C). An end-systolic volume index of 45 mL/m2 or higher 
determined by echocardiography has also been reported to be pre-
dictive of outcome [33].

Conclusion
Echocardiography plays a major role in the diagnosis of AR and 
provides essential information on the mechanism and aetiology, the 
aortic root, the severity of AR, and its repercussions on LV function. 
Therefore, echocardiography is the cornerstone examination for the 
assessment and follow-up of AR, and at the centre of the strategic 
discussion concerning the indications and timing of surgery.

In asymptomatic patients with severe AR, LV end-diastolic diam-
eter of 60–65 mm and normal ejection fraction, echocardiography 
should be performed every 12 months. For asymptomatic patients 
with LV end-diastolic diameter close to 70 mm, or end-systolic 
diameter close to 50 mm or 25 mm/m2, echocardiography should 
be performed every 6 months. Serial echocardiograms are also 
required in patients with aortic root dilatation [31].

According to the current European Society of Cardiology 
guidelines [31], surgery is indicated in patients with severe AR 
and significant symptoms attributable to AR (class I, level of evi-
dence B), and in asymptomatic patients with LV ejection fraction 
of 50% or less (class I, level of evidence B). Surgery should also be 
considered when the end-systolic diameter is greater than 50 mm 
or greater than 25 mm/m2 (class IIa, level of evidence C) or when 
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CHAPTER 34

Heart valve disease (mitral 
valve disease): anatomy  
and morphology of the 
mitral valve
Giovanni La Canna

Anatomy of the mitral valve
The mitral valve is a complex anatomical apparatus that includes the valve tissue (leaf-
lets), the left atrioventricular junction (annulus), and the valve suspension system (chordae 
tendineae, papillary muscles, and left ventricle). Mitral valve tissue can be considered a veil 
unit that hangs from the atrioventricular junction. Two commissures (posteromedial and 
anterolateral) are used as a referral point for identification of anterior (or aortic) and poste-
rior (or mural) leaflets. The commissures include a small, triangular valve segment, which 
provides the anatomical continuity and coaptation surface with the adjacent anterior and 
posterior leaflets. The atrioventricular junction, or annulus, is a saddle-shaped structure 
that includes the anterior and posterior regions, which receive the insertion of the cor-
responding leaflets. Anterior leaflet insertion is continuous with the aortomitral curtain, 
which is fibrotic tissue placed between two reinforced points (the right and left trigones), 
and the left and non-coronary aortic cusps. In contrast, the posterior leaflet attaches to 
the fibro-adipose portion of the atrioventricular junction, which is located 2 mm deeper, 
outside the leaflet hinge-line. Owing to this anatomical connection, the anterior leaflet is 
related to the outflow tract, while the posterior leaflet interplays with the muscular wall of 
the left ventricle. Mitral leaflets have a spongy atrial surface and fibrotic ventricular layer. 
The anterior leaflet has a trapezoidal shape, which is attached to approximately one-third 
of the annular circumference. The proximal leaflet zone (atrial zone) is smooth and trans-
lucent, while the distal zone (coaptation zone or rough zone) is thicker and irregular due 
to chordae tendineae insertion. The posterior leaflet has a quadrangular shape and inserts 
onto approximately two-thirds of the annular circumference. Like the anterior leaflet, the 
posterior leaflet shows a proximal atrial zone, which is smooth and translucent, and a rough 
distal coaptation zone that receives specific chordae attachment [1–10] (% Fig. 34.1).

The free edge of the posterior leaflet commonly shows deep indentations (clefts or 
subcommissures), that receive the supporting chordae, creating three distinct segments 
(scallops). According to the conventional Carpentier nomenclature [11], there are two 
commissures and two clefts leading to a three-scalloped posterior leaflet, named P1 (lat-
eral), P2 (middle), and P3 (medial) starting from the lateral commissure (% Fig. 34.2). 
The posterior leaflet scallops are a reference for the segmentation of the facing regions 
of the anterior leaflet (A1, A2, A3, respectively). The middle scallop is the largest, while 
the lateral scallop is the smallest. However, a recent anatomical study in humans reports 
findings outside the Carpentier nomenclature in a large percentage of patients (44%) [9]. 
% Fig. 34.3 shows an example of mitral anatomy with a quadri-scalloped posterior leaflet 
and redundant commissural tissue (commissural leaflets).
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tissue, including the fan-like commissural chordae (inserted onto 
the commissures) that identify the anterior and posterior leaflets, 
and the subcommissural or cleft chordae (inserted onto the inden-
tations or clefts) that define the scallops of the posterior leaflets. 
The medial portion of valve tissue receives the chordae from the 
posteromedial papillary muscle, and the lateral portion from the 
anterolateral papillary muscle. Based on chordae insertion, Duran 
and colleagues propose a specific mitral valve nomenclature that 
splits mitral valve tissue into two symmetric halves receiving the 
chordae from the anterolateral or posteromedial papillary mus-
cles, respectively [13, 14]. Duran et al.’s nomenclature divides the 
middle scallop of the posterior leaflets into two subunits (P-M1 
and P-M2) receiving chordae tendineae insertion from the corre-
sponding papillary muscles (lateral or medial), respectively.

The chordae tendineae may be classified according to their 
role in ventricular–valvular dynamics. The marginal chordae are 
responsible for systolic leaflet coaptation (cutting determines 
flail leaflet), the secondary chordae are responsible for tethering 
forces (cutting does not determine flail leaflet), while the func-
tion of the basal chordae is unknown [15, 16]. It is important to 
underline that the so-called secondary chordae and basal chordae 
are thicker than the so-called primary chordae. Papillary muscles 
are named according to the related commissure, anterolateral and 
posteromedial, respectively. The papillary muscles may show a 
varying morphology, including a single bulky unit with multiple 
heads, or several thinner units. The anterolateral papillary mus-
cle is vascularized by multiple branches arising from the anterior 
descending and the circumflex coronary vessels. The posterome-
dial papillary muscle receives a single blood supply from the right 
coronary artery (90%) or from the circumflex artery when the left 
coronary is dominant. Each papillary muscle unit or subunit has 
one or two central terminal arteries with a redundant anastomo-
sis, even though some morphologies may show direct connection 
to the intramyocardial coronary vessel. The mitral valve is strictly 
related to the circumflex coronary artery and the coronary sinus. 
The circumflex coronary artery encircles the posterior leaflet 

The mitral valve tissue is connected to the left ventricular cav-
ity by a suspension system, including the chordae tendineae and 
papillary muscles. The chordae tendineae are fibrotic structures 
originating from the papillary muscles due to tenomodulin-related 
angiogenesis inhibition during the intrauterine phase, coincident 
with bone development [12]. Based on its attachment to mitral 
valve tissue, the chordae tendineae may be categorized as marginal 
or primary (attached to the free-edge zone), intermediate or sec-
ondary (attached to the rough zone), or basal or tertiary (attached 
directly to the posterior leaflet near the annulus). Some of the sec-
ondary chordae inserted into the rough zone of the anterior leaflet 
are thickened (so-called strut chords). We can identify two groups 
of chordae which are crucial for an anatomical map of mitral valve 

Fig. 34.1 Atrial view of mitral valve showing anterior and posterior leaflets, 
chordae tendineae attachment, and papillary muscles.
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Fig. 34.2 Anatomical mitral valve specimen with surrounding structure. AL, 
anterior leaflet; Ao, aorta; CS, coronary sinus; LCA, left circumflex artery; LMA, 
left main artery; MAC, mitro-aortic curtain; P1, lateral (P1), middle (P2), medial 
(P3) scallops of posterior leaflet; RCA, right coronary artery; TV, tricuspid 
valve; blue star (left trigone), red star (right trigone), arrow (cleft), blue circle 
(anterolateral), and red circle (posteromedial) commissures.
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Fig. 34.3 Anatomical mitral valve specimen showing redundant commissural 
tissue and a multi-scalloped posterior leaflet (P1–P4). ACL, anterior 
commissural line; AL, anterior leaflet; MCL, midcommissural line.

ACL MCL

AL

P1

P2
P3

P4



morphology of the mitral valve (normal two-/three-dimensional assessment) 269

the left and right fibrous trigones. The posterior mitral leaflet is 
located behind the intercommissural plane, semi-encircling the 
anterior leaflet. % Fig. 34.4 shows an anatomical view of mitral 
valve tissue with clear evidence of valve tissue and its relationship 
anteriorly with aorta intervalvular fibrosa and posteriorly with 

from P1 to P2, or, when dominant, the overall posterior leaflet 
surface, together with the artery branch to the atrioventricular 
node. The relationship between the coronary sinus, the posterior 
leaflet, and the atrial wall may be variable as regards height [17] 
(% Fig. 34.2).

Morphology of the mitral valve 
(normal two-/three-dimensional 
assessment)
Mitral valve competence requires anatomical component integ-
rity and balanced interplay between the tethering and contraction 
forces of the left ventricle, which are responsible for valve tissue 
apposition and coaptation along the intercommissural annular 
plane. Two-dimensional (2D) echocardiography, using the trans-
thoracic (TTE) and transoesophageal echocardiographic (TOE) 
approaches, is considered the first-line method to evaluate the 
anatomy and physiology of mitral valve apparatus [18, 19]. Two-
dimensional TTE is cost-effective and easy to perform. Among 
2D TTE standard views, the parasternal short axis is the best 
approach to analyse overall mitral valve tissue, providing a simul-
taneous visualization of the commissures, leaflets, and related 
subvalvular suspension system. Two-dimensional TOE offers a 
more accurate image than the TTE approach. The transgastric 
short-axis view allows overall mitral valve tissue visualization, like 
the TTE short-axis view, while the transgastric long-axis view is 
the best approach to evaluate the supporting components (chor-
dae and papillary muscles) [20]. Two-dimensional TTE and 2D 
TOE provide an accurate analysis of mitral physiology, including 
systo-diastolic motion, systolic apposition, and systolic coaptation 
of the mitral valve issue.

Despite having a lower spatial and temporal resolution than 
2D, the three-dimensional (3D) approach allows comprehensive 
examination of mitral valve anatomy and its relationship with sur-
rounding structures in a single view, overcoming the limitations 
of 2D approaches [21–23]. In addition, 3D imaging provides ana-
tomical details which cannot be depicted using the 2D approach, 
and permits a 3D reconstruction model for the quantitative ana-
tomical and functional dynamic assessment of the mitral valve 
tissue and annulus. Offline cropping of 3D imaging allows highly 
reproducible multiplanar-guided imaging of segmental functional 
anatomy along the intercommissural annular plane. The anterior 
and posterior mitral valve leaflets can be visualized in great detail. 
A wide-angle format is preferred for global visualization of the 
mitral leaflets and adjacent structures. The large-sector-focused 
format provides the best anatomical characterization of the mitral 
leaflets. In addition, the X-plane permits highly accurate imag-
ing using two perpendicular views along the intercommissural 
plane. The mitral valve can be imaged from a left atrial or left ven-
tricular perspective. When using the left atrial perspective, the 
anterior mitral leaflet can be identified as a triangular portion of 
valve tissue, which is located anteriorly to the intercommissural 
plane and is continuous with the aorto-mitral curtain between 

Fig. 34.4 Left atrial view of three-dimensional echo reconstruction of mitral 
valve. AC, anterior commissure; AO, aorta; PC, posteromedial commissure; 
A1 (lateral), A2 (mid), A3 (medial) segments of anterior leaflet; P1 (lateral), 
P2 (mid), P3 (medial) of posterior leaflet; T1, left trigone; T2, right trigone; red 
arrows: clefts of posterior leaflet.
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Fig. 34.5 Left ventricle view of mitral valve. A1 (lateral), A2 (mid), A3 (medial) 
segments of anterior leaflet; AC, anterior commissure; Ao, aorta; P1 (lateral), P2 
(mid), P3 (medial) of posterior leaflet; PC, posteromedial commissure; T1, left 
trigone, T2, right trigone; red arrows: clefts of posterior leaflet.
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echocardiography provides a detailed description of the mitral 
nomenclature (% Fig. 34.7). These findings improve the com-
munication of mitral anatomy in the multidisciplinary operating 
theatre, especially when mitral valve tissue does not fit the con-
ventional Carpentier nomenclature.

Subvalvular suspension system
The subvalvular mitral apparatus, including the papillary muscles 
and related chordae tendineae, can be visualized with 2D TTE. In 
addition, 2D and 3D TOE, especially using the transgastric long-
axis view, provides a more accurate visualization of the chordae 
tendineae. The insertion of the primary chordae onto the free 
margin of the leaflets, and of the intermediate or ‘secondary chor-
dae’ onto the ventricular surface of the body of the leaflets, can 
be accurately identified. The length and tension of the primary 
chordae (maintaining adequate systolic coaptation and prevent-
ing valve leaflet prolapse), and balanced interplay between the 
secondary chordae and dynamic ventricular shaping (responsible 

Fig. 34.6 Three-dimensional transoesophageal echocardiography of mitral valve. (a) Three-scalloped posterior leaflet due to the presence of two clefts. (b) 
Three-scalloped posterior leaflet with bi-lobate mid-scallop (P2-M1, P2-M2) owing to incomplete cleft (less than 50% of leaflet height).
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Fig. 34.7 Carpentier (a), Duran (b), and Duran 
modified (c) mitral valve nomenclatures.
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the atrioventricular fibro-adipose structure. The anterolateral 
commissure is next to the left fibrous trigone and the left atrial 
appendage; the posteromedial commissure is next to the right 
fibrous trigone and the interatrial septum. The left ventricular 
view provides additional details of valve tissue, and its relation-
ship with the left ventricle outflow tract (Fig. % 34.5).

Three-dimensional echocardiography provides accurate details 
for the anatomical nomenclature of mitral valve tissue [23]. The 
depiction of the commissures and subcommissures (or clefts) 
permits the identification of the anterior and posterior leaflets, 
and allows categorization of the scallops of posterior leaflet, 
respectively. According to anatomical and echocardiographic 
correlation, the subcommissures or clefts can be described as 
deep indentations involving at least 50% of the leaflet body (from 
the edge toward the hinge-line). In addition, the indentation 
involving less than 50% of the leaflet is categorized as a pseudo-
cleft providing a definition of subscallops or lobes, which may 
receive chordae insertion of the opposite papillary muscles [23]  
(% Fig. 34.6). Based on cleft and subcleft identification, 3D 
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Functional anatomy and dynamics of the mitral 
annulus
A knowledge of annular functional anatomy is essential to under-
stand valve physiology and the maladaptive mechanisms that 
subtend the development of mitral incompetence. The mitral 
annulus may be assessed using the 2D approach with a TTE apical 
long-axis view (three-chamber), and the equivalent mid-oesoph-
ageal view for the minor axis (anteroposterior or septolateral). 
Minor axis values less than 35 mm and minor axis/anterior leaflet 
length ratio less than 1.4 are considered normal upper limits [24]. 
The major axis (intercommissural) annulus diameter can be meas-
ured using a TTE two-chamber apical view or a bi-commissural 
mid-oesophageal view (% Fig. 34.8).

However, the mitral annulus is a complex saddle-shaped 
structure with the highest point located anteriorly and poste-
riorly, and the lowest point located laterally and medially. The 
mitral annulus resembles a hyperbolic paraboloid, which is a 
geometric surface where all sections parallel to one coordinate 
plane are hyperbolas and all sections parallel to another coordi-
nate plane are parabolas.

% Fig. 34.9 shows the saddle-shaped mitral annulus with the 
anteroposterior plane at the highest point, and the mediolateral 
intercommissural plane at the lowest point, annular height.

Using 3D reconstruction models, the functional anatomy and 
dynamics of the mitral annulus can be quantitatively assessed 
using the following parameters: area, circumference, anteropos-
terior (septolateral) and mediolateral diameters, sphericity index 
(anteroposterior/mediolateral diameters ratio), anterior and pos-
terior leaflet area and length, non-planarity angle (quantifying 
the ‘saddle shape’), annular height (the distance between the low-
est and the highest points of the mitral annulus), and the angle 
between the aortic valve and mitral annulus along the anteropos-
terior annular dimension (% Fig. 34.10).

for systolic leaflet apposition) can be appreciated. Mitral tissue 
coaptation occurs at rough zone level, along the intercommissural 
plane. The zone of systolic coaptation measures approximately 1 
cm in height, creating a sufficient reserve in response to the tether-
ing forces of the chordae.

Fig. 34.8 Two-dimensional transoesophageal echocardiography; mid-oesophageal bi-commissural (a) and long-axis (b) views for intercommissural and 
septolateral measurement of the annulus.

(a) (b)

Fig. 34.9 Figure shows the saddle-shaped mitral annulus with 
the anteroposterior plane at the highest point (1), the mediolateral 
intercommissural plane at the lowest point (2), and annular height (3). A, 
anterior leaflet; AL, anterolateral papillary muscle; B, posterior leaflet; PM, 
posteromedial papillary muscle.
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annulus rotates and moves apically during systole when the 
ventricle shortens, leading to elliptical re-shaping that reduces 
the anteroposterior dimension of the annulus and maximizes the  
coaptation layer of the mitral valve leaflets. During systole,  
the mitral valve leaflets billow toward the left atrium, reducing 
leaflet stress that acts synergistically with the non-planarity of the  
annulus [25–30].

Three-dimensional reconstructed models provide detailed 
analysis of complex geometrical changes in the annulus, which 
occur during the cardiac cycle as a result of extrinsic forces 
imposed by the contiguous atrial and ventricular chambers. 
Significant changes in annular shape occur during early systole 
along the anteroposterior plane, including increased non-pla-
narity, height, and height/annular area ratio. Furthermore, the 

AO
AO

LV

(a) (b)

Fig. 34.10 Three-dimensional mitral 
valve reconstruction (a) en face atrial 
view, (b) lateral view. AO, aorta; LV, left 
ventricle.
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CHAPTER 35

Heart valve disease (mitral 
valve disease): mitral stenosis
Bogdan A. Popescu, Shantanu P. Sengupta, 
Niloufar Samiei, and Anca D. Mateescu

Aetiology
The most common cause of mitral stenosis (MS) is rheumatic fever (z Video 35.1), even 
in industrialized countries, followed by degenerative MS (z Video 35.2) [1]. Congenital 
MS (z Video 35.3), malignant carcinoid disease, inflammatory diseases, infiltrative dis-
eases, tumours (z Video 35.4), or drug-induced valve disease represent rare causes of MS.

Two-/three-dimensional echocardiography and 
Doppler examination
Echocardiography is recommended to diagnose and evaluate patients with MS since it is 
accurate, easily available, and harmless [1]. Echo findings in MS are closely related to aeti-
ology. In rheumatic disease, echocardiography shows leaflet thickening with restricted 
opening caused by commissural fusion resulting in ‘doming’ of the mitral valve (MV) in 
diastole. This is usually best seen in the parasternal long-axis view, while commissural 
fusion can be appreciated in the parasternal short-axis view (% Fig. 35.1; z Video 35.1). 
The mitral chords are also variably thickened, fused, and shortened and there may be 
superimposed calcification of the valve apparatus (z Video 35.5). Later in the disease 
course, thickening extends from the leaflet tips towards the base with further restriction 
of valve motion. In degenerative MS, calcifications affect predominantly the annulus and 
the base of the leaflets (z Video 35.2). Other key features on echocardiography are the 
left atrium (LA) size, the presence of LA/LA appendage spontaneous echo contrast (SEC) 
or thrombosis, right ventricular (RV) and left ventricular (LV) size and function. Colour 
Doppler examination across the stenotic MV shows a narrow jet through the valve, with 
acceleration and spreading after the valve (z Video 35.6). Colour Doppler is also useful 
to identify the highest flow velocity zone in eccentric MS jets.

Quantitation of mitral stenosis severity
Pressure gradients
The peak and mean mitral gradients are obtained by tracing the continuous wave Doppler 
diastolic mitral flow spectrum in the apical four-chamber view using the simplified 
Bernoulli equation (% Fig. 35.2).
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influenced by heart rate, cardiac output, and associated mitral regur-
gitation (MR) [2]. Thus, the heart rate at which pressure gradients 
are measured should always be reported. In patients with atrial fibril-
lation (AF), an average of five cardiac cycle gradient measurements, 
as close as possible to the normal heart rate, should be calculated [2].

The peak gradient derives from the peak mitral velocity which 
is also influenced by LA compliance, LV diastolic function, and 
loading conditions. Therefore, the mean gradient is the more rel-
evant haemodynamic parameter. Yet, this is not the most reliable 
marker of MS severity as it is highly flow- and rate-dependent, being 

Fig. 35.1 Transthoracic echocardiography, parasternal view. Biplane view of a stenotic mitral valve allowing the positioning of the cursor at the tips of mitral 
leaflets. The parasternal long-axis view is shown on the left with the corresponding short-axis view on the right. The simultaneous display of the orthogonal view 
allows tracing of the mitral valve area (MVA) with confidence at the narrowest orifice (MVA = 0.4 cm2).

Fig. 35.2 Transthoracic echocardiography, apical four-chamber view. Continuous wave Doppler across a stenotic mitral valve shows how tracing the spectrum 
of mitral inflow yields the mean gradient: 12.2 mmHg.
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Mitral valve area
Planimetry

Planimetry of the MV orifice provides the anatomical mitral valve 
area (MVA). It is considered the reference method to determine 
MVA, as it is a direct measurement and is relatively load-inde-
pendent. Planimetry can be performed by two-dimensional (2D) 
echocardiography from the short-axis view, in mid-diastole, iden-
tifying the smallest orifice at the leaflet tips (% Fig. 35.4). Careful 

Several pitfalls may be encountered when measuring the trans-
mitral pressure gradients:

◆	 Differentiation of MS jet from aortic regurgitation (AR) jet: the 
early diastolic velocities are higher in AR and the AR velocity 
curve starts earlier and ends after the MS one (% Fig. 35.3)

◆	 Overestimation of MS severity when there is associated MR 
(MR increases the mitral pressure gradient as it increases trans-
mitral flow).

Fig. 35.3 Continuous wave Doppler examination in a patient with both mitral stenosis and aortic regurgitation. One can see two diastolic Doppler velocity 
curves. The aortic regurgitant jet starts earlier and has a higher velocity than the mitral stenosis jet.

Fig. 35.4 Transthoracic echocardiography, parasternal short-axis view. The mitral valve area is measured by planimetry from the 2D zoomed image. In this 
example, the mitral valve area is 1.1 cm2, defining significant mitral stenosis.

AR

MS
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formula: MVA = 220/PHT [2]. PHT is measured by tracing the 
deceleration slope of the E wave on the spectral Doppler display of 
mitral inflow (% Fig. 35.6). The use of continuous wave Doppler 
recordings and tracing of modal velocities are recommended  
(% Fig. 35.6). The deceleration slope can be sometimes bimodal 
with a more rapid decline of mitral flow velocity in early diastole. 
In these cases, it is recommended that the deceleration slope in 
mid-diastole rather than the early one be traced [2] (% Fig. 35.7). 
In patients with AF, short cardiac cycles should be avoided and 
average measurements are recommended. The deceleration slope 
of the E wave is influenced by the mitral gradient, LA compliance, 
and LV diastolic function.

The PHT method is simple but has several limitations:

◆	 In situations when LA pressure drops more rapidly (atrial septal 
defect or low LA compliance), the PHT is shortened and the 
MVA will be overestimated.

◆	 When LV compliance is reduced (LV hypertrophy/ischaemia/
dysfunction), the PHT is also shortened and the MVA may be 
overestimated.

◆	 In patients with severe AR, LV pressure rises more rapidly in 
diastole, therefore the PHT will be shortened and the MVA will 
be overestimated.

All the above factors tend to reduce the PHT and overestimate the 
MVA. Therefore, when PHT is greater than 220 ms, MS is most 
likely severe. When PHT is less than 220 ms and the severity of MS is 
in doubt, consider carefully all the other complementary methods.

During the first 24–72 hours after percutaneous mitral valve 
commissurotomy there are abrupt changes in mitral gradient and 
LA compliance and the PHT method should be avoided.

scanning from the base to the apex of the LV is required to select 
the narrowest mitral orifice of the funnel-shaped MV apparatus 
[2]. The MVA measured by 2D echocardiography correlates well 
not only with MS severity as determined at cardiac catheteriza-
tion, but also with the anatomical valve area assessed on explanted 
valves [3]. Three-dimensional (3D)-guided biplane imaging is use-
ful in proper positioning of the measurement plane (% Fig. 35.1;  
z Video 35.7). Three-dimensional echocardiography is more pre-
cise for measuring the MVA since it allows direct visualization of 
the valve orifice in multiple planes [4] to ensure that the small-
est valve orifice at the tip of the mitral leaflets is being measured  
(% Fig. 35.5; z Video 35.8). When possible, the 3D-guided meas-
urement of MVA is recommended. It is recommended to perform 
several measurements of the MVA, especially in patients with AF [2].

Possible limitations of the planimetric measurement of MVA 
are:

◆	 poor acoustic window
◆	 severe calcifications of the leaflets tips
◆	 excessive gain setting (may cause underestimation of MVA)
◆	 inadequate technical expertise of the observer
◆	 post-mitral commissurotomy/balloon valvuloplasty (irregular 

orifice, difficult to planimeter).

Pressure half-time method

The pressure half-time (PHT) method is the simplest approach to 
estimate the functional MVA using Doppler echocardiography [5]. 
The time required for the peak gradient to drop to one-half (PHT) 
is related to the severity of MS: the more severe the obstruction, the 
longer the PHT. MVA is derived from the PHT using the empirical 

Fig. 35.5 Three-dimensional echo planimetry of mitral valve area (MVA) in a patient with severe mitral stenosis (MVA = 0.8 cm2). The mitral orifice is viewed 
from the ventricular side. One can see precisely on the accompanying 2D images the plane at which the mitral valve was intercepted and planimetred.
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diastolic filling period). However, these methods have significant 
limitations/pitfalls and are rarely used.

Consequences of mitral stenosis
Left atrium dilation, spontaneous echo 
contrast, and thrombi
Significant MS induces progressive LA enlargement (z Video 35.9).  
The assessment of LA volume instead of LA diameter is recom-
mended [10] because of the asymmetrical enlargement of the LA. 

Other parameters of mitral stenosis severity
The continuity equation can be used to estimate the MVA when the 
transmitral flow is equal to the aortic stroke volume in the absence 
of significant regurgitations or shunts [2]. The MVA measured by 
the continuity equation is usually smaller than the one obtained by 
planimetry. The PISA method is based on the hemispherical shape 
of the convergence zone of diastolic mitral flow on the atrial side 
of the MV and can be used when significant MR is associated [2]. 
However, measuring the opening angle of mitral leaflets relative 
to flow direction is technically demanding. Mitral valve resist-
ance is defined as the ratio of mean mitral gradient to transmitral 
diastolic flow rate (calculated by dividing the stroke volume by 

(a) (b)

Fig. 35.6 Pitfalls in measuring mitral valve area (MVA) using the pressure half-time (PHT) method. (a) The correct method to measure the PHT tracing 
the modal velocities (resulting MVA = 0.8 cm2). (b) Incorrect measurement of the PHT using the peak velocities (influenced by gain settings) leading to an 
underestimation of mitral stenosis severity (MVA = 1 cm2).

Fig. 35.7 Continuous wave Doppler, apical four-chamber view in a patient with moderate mitral stenosis. The deceleration slope is bimodal and the pressure 
half-time should be measured by tracing the deceleration slope in mid–late diastole.



echocardiography in percutaneous mitral valve commissurotomy 279

Left ventricular function in mitral 
stenosis
Changes in LV function have been reported in MS [10,11]. The 
explanatory mechanisms include chronically reduced preload 
leading to adverse LV remodelling, and extension of inflammatory 
process from the MV apparatus into the adjacent LV myocar-
dium [11]. Treatment with PMC results in rapid recovery of LV 
systolic function through improvement in LV diastolic loading. 
This suggests that LV contractile properties in MS are modulated 
predominantly by LV diastolic filling rather than myocardial 
structural abnormalities [12].

Role of stress echocardiography
Exercise testing is useful in MS to ascertain the level of physi-
cal conditioning and to elicit subtle cardiac symptoms. Exercise 
Doppler echocardiography is recommended when there is dis-
crepancy between the resting echo findings and the severity of 
clinical symptoms [1,7]. Useful parameters at stress echocardi-
ography include exercise duration, blood pressure and heart rate 
response, change in mean mitral gradient, and increase in SPAP 
(% Fig. 35.8) [13]. Values of SPAP greater than 60–70 mmHg or 
mean mitral gradient greater than 15 mmHg at exercise echo are 
important findings for the management of these patients. A mean 
mitral gradient greater than 18 mmHg at dobutamine stress echo 
was reported to predict the occurrence of symptoms and the PMC 
intervention [14]. Although dobutamine stress echo has prognos-
tic value, it is less physiological than exercise echocardiography.

Echocardiography in percutaneous 
mitral valve commissurotomy
Mitral valve anatomy should be comprehensively evaluated and 
reported. Several scoring systems have been proposed to assess 
the MV morphology when considering PMC. The Wilkins score 
evaluates leaflet mobility and thickening, the amount of MV cal-
cifications, and subvalvular thickening, with grading from 1 to 
4 points for each component [15]. A Wilkins score higher than 
8 predicts a lower success rate for PMC. The Cormier score evalu-
ates the pliability and existence of MV calcifications as well as the 
subvalvular apparatus [16].

The use of TOE is most often required to properly assess  
MV morphology, to rule out LA thrombi or significant MR  
(z Videos 35.12 and 35.13).

Contraindications to PMC [1]:
◆	 MVA greater than 1.5 cm2

◆	 LA thrombosis
◆	 mitral regurgitation greater than mild
◆	 severe/bicommissural calcification

The presence of LA SEC (z Video 35.10) is a better predictor of 
LA thrombosis than LA size. Transoesophageal echocardiogra-
phy (TOE) is recommended when the transthoracic approach is 
of poor quality, or to detect LA/LA appendage thrombosis before 
balloon mitral commissurotomy (z Video 35.11) or follow-
ing a thromboembolic event. Patients with MS commonly have 
decreased LA appendage emptying velocities. Current guidelines 
recommend anticoagulant therapy in MS even in sinus rhythm 
when there has been prior embolism or a LA thrombus is present 
(class I recommendation) [1,7].

Pulmonary hypertension
The presence of pulmonary hypertension suggests significant MS 
in the absence of an alternative explanation. However, normal rest-
ing values of pulmonary artery pressure may be observed even in 
severe MS. The European Society of Cardiology guidelines recom-
mend (class IIa) percutaneous mitral valve commissurotomy 
(PMC) in patients with SPAP higher than 50 mmHg at rest [1]. 
Right-heart catheterization remains the only investigation enabling 
the measurement of pulmonary vascular resistance which may be 
useful in patients with severe pulmonary hypertension. When pul-
monary hypertension is present, the RV is frequently dilated with 
reduced systolic function. Tricuspid regurgitation may be second-
ary to RV dysfunction and annular dilation, or may be caused by 
the rheumatic involvement of the tricuspid valve [8,9].

Associated cardiac valvular lesions
Associated MR is frequently seen in rheumatic MS. In rheu-
matic MR, the mechanism is the restricted leaflet motion, while 
after PMC, MR may result from leaflet or commissural tearing. 
Quantitation of MR severity is important as more than mild MR is 
a relative contraindication for PMC. A complete evaluation of the 
aortic valve is also important because the aortic valve is affected in 
approximately one-third of patients with MS. The severity of aor-
tic stenosis may be underestimated due to reduced stroke volume 
in significant MS. The other valves (tricuspid, pulmonary) need 
to be carefully assessed in patients with rheumatic MS as mixed 
valvular disease is frequently encountered [8].

When tricuspid valve dysfunction coexists, functional regurgi-
tation is more common than tricuspid valve stenosis or organic, 
rheumatic tricuspid regurgitation.

Grading mitral stenosis severity
Grading MS should combine the measurements of MVA (using 
planimetry and PHT) and mean mitral gradient [2]. Planimetry 
is the reference method in case of discrepancy. The normal valve 
area is 4–6 cm2. Current guidelines consider MS significant when 
MVA is less than 1.5 cm2 [1,7]. When MVA is less than 1.5 cm2, the 
decision to intervene is based on symptoms, suitability for PMC, 
SPAP values, and presence of AF [1].
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measurements, are not helpful in degenerative MS. Mean mitral 
gradient in stable loading conditions is a better diagnostic tool in 
this setting. Degenerative MS is most often mild/moderate, and 
rarely severe.

Congenital MS with parachute MV anatomy can also be appre-
ciated on 2D echocardiography based on the absence of one 
papillary muscle (z Video 35.3) and/or the presence of other 
associated left-heart anomalies (e.g. Shone syndrome).

Echocardiography is also useful in the settings of drug-induced 
MS, post-MV repair, radiation-induced MS, or MS due to left 
atrium tumours, but these entities are rare.

Conclusion
The most common cause of MS worldwide remains rheumatic 
fever. Echocardiography is the current gold standard in assess-
ing the existence and severity of MS allowing a comprehensive 
evaluation of MV morphology and function. Grading MS 
should combine measurements of MVA (using planimetry and 
PHT) and mean mitral gradient. Planimetry is the reference 
method in case of discrepancies. When possible, the 3D-guided 
measurement of MVA is recommended since it allows direct 
visualization of the valve orifice in multiple planes. Assessing 
the consequences of MS and the associated cardiac valvular 

◆	 absence of commissural fusions
◆	 aortic disease/severe tricuspid regurgitation
◆	 coronary artery disease requiring surgery.

Some of these contraindications are relative and should be assessed 
in the context of clinical characteristics of the patients. During the 
procedure, echo guiding may be helpful for the transseptal punc-
ture and for balloon positioning. The use of real-time 3D TOE 
(z Video 35.14) facilitates the procedure and improves its success 
rate. Shortly after PMC, echocardiography evaluates:

◆	 possible procedural complications: aggravation/appearance of 
MR, significant atrial septal defect after transseptal puncture, 
embolism, haemopericardium

◆	 decrease in mean mitral gradients and increase in MVA 
(assessed by planimetry)

◆	 decrease in pulmonary artery pressure.

Non-rheumatic mitral stenosis
The prevalence of degenerative MS is increasing in developed 
countries. Echocardiography has an important role in differen-
tiation of non-rheumatic from the rheumatic form. Conventional 
methods for assessment of MS severity, especially valve area 

Fig. 35.8 Exercise echocardiography in a patient with moderate mitral stenosis (mitral valve area = 1.4 cm2) and doubtful complaints. Left panel, resting images: 
continuous wave Doppler measurements of mitral gradient (upper left) and tricuspid gradient (lower left). Right panel, exercise images: a significant increase in 
mean mitral gradient (upper right, from 6 to 16 mmHg) and peak tricuspid gradient (lower right, from 31 to 54 mmHg) at exercise is demonstrated.
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LA thrombi, to evaluate suitability for PMC). When considering 
PMC echocardiography is essential to evaluate the MV mor-
phology comprehensively, to monitor the procedure, and assess 
its results.

lesions is very important. Exercise Doppler echocardiography 
is recommended when there is discrepancy between the resting 
echo findings and the clinical picture. TOE should be performed 
in selected cases (inconclusive transthoracic echo, to rule out 
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CHAPTER 36

Heart valve disease (mitral 
valve disease): mitral 
regurgitation
Patrizio Lancellotti, Raluca Dulgheru,  
Mani Vannan, and Kiyoshi Yoshida

Summary
Mitral regurgitation (MR) is increasingly prevalent in Europe despite the reduction in 
incidence of rheumatic valve disease. MR accounts for nearly 58% of the pathologies of 
the native mitral valve (MV) operated on in Europe [1].

MR is defined as a systolic retrograde flow from the left ventricle (LV) to the left atrium 
(LA) due to a systolic pressure gradient and an inadequate coaptation of the mitral 
leaflets. Adequate coaptation is one of the main functions of the MV—the other being 
adequate opening—and it involves morphological and functional integrity of the entire 
MV apparatus: mitral leaflets, mitral annulus (MA), chordae, papillary muscles, as well as 
functional and morphological integrity of the LV and LA.

Echocardiography has a key role in the diagnosis and management of patients with 
MR. This chapter will address the role of two-dimensional (2D) and three-dimensional 
(3D) echocardiography in the assessment of MR.

Aetiology and mechanisms of mitral regurgitation
MR is typically classified as primary MR or secondary MR (% Fig. 36.1). Primary MR, also 
known as ‘organic’ MR, refers to valve incompetence related to the presence of structural/
morphological abnormalities of the MV apparatus. By opposition, secondary MR also 
known as ‘functional’ MR, refers to MV incompetence in the presence of a MV without 
any lesion, but in the presence of significant LV remodelling. Secondary MR is directly 
related to marked distortion of the MV and subvalvular apparatus, due to regional and/
or global LV remodelling.

Carpentier’s classification is usually used to classify MR according to its mechanism 
(% Fig. 36.2). This classification uses the pattern of leaflet motion and categorizes MR 
into type I—MR with normal leaflet motion (i.e. annular dilatation), type II—MR due to 
excessive leaflet motion (i.e. MV prolapse/flail; see z Video 36.1), type III—MR due to 
restrictive leaflet motion, with the following subtypes: IIIa systolic and diastolic restrictive 
leaflet motion (such as in rheumatic MR) and IIIb with restrictive motion only in systole 
(such as in secondary MR).

Primary MR can be further classified according to its cause into congenital MR (MV 
cleft, hammock MV, parachute MV, etc.), degenerative MR (congenital disorders affect-
ing the connective tissue such as Barlow disease, Marfan or Ehlers–Danlos syndrome; 
fibroelastic deficiency; extensive annular calcification—see z Video 36.2), rheumatic 
MR (very often associated with mitral stenosis and very commonly due to a type IIIa 
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Fig. 36.1 Schematic classification of 
mitral regurgitation according to its 
mechanism (Carpentier classification) 
and aetiology. MR, mitral regurgitation; 
PMR, primary MR; SMR, secondary 
mitral regurgitation.

MITRAL REGURGITATION

CARPENTIER’s Classification
(according to leaflet motion

PMR

Congenital

Degenerative

Rheumatic

Toxic

Post endocarditis

SMR

Ischaemic SMR Non-ischaemic  SMR
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(normal leaflet motion)

In SMR, usually
annulus
dilatation is one
of other many
mechanisms
leading to SMR

In PMR, i.e.
leaflet perforation
post endocarditis,
MV cleft

Type IIIa,
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TYPE III
(restrictive leaflet motion)
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papillary
muscle
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after MI
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Fig. 36.2 Carpentier’s classification 
of mitral regurgitation. (a) Type I 
mitral regurgitation with normal 
leaflet motion in a patient with leaflet 
perforation post endocarditis. (b) Type 
II mitral regurgitation in a patient with 
isolated P2 prolapse. (c) Type IIIa mitral 
regurgitation in a patient with systolic 
and diastolic restrictive leaflet motion 
due to rheumatic mitral valve disease. 
(d) Type IIIb mitral regurgitation in a 
patient with dilated cardiomyopathy. 
AML, anterior mitral leaflet; LV, left 
ventricle; MR, mitral regurgitation; 
PML, posterior mitral leaflet.

(a) (b)

(c)

(d)

aetiology and mechanisms f mitral regurgitation
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Fig. 36.3 Type II mitral regurgitation further classified according to the severity of excess leaflet motion: billowing vs prolapse vs prolapse with ruptures chordae 
vs flail leaflet. Note that this kind of classification is made using only long-axis view cut planes.

mechanism, see z Video 36.3), toxic valvulopathy (such as in 
carcinoid MR or benfluorex-induced valve disease), and endo-
carditis-related MR.

Of note, type II MR, can also be further subdivided according to 
the severity of excess leaflet motion as assessed in the parasternal 
long-axis view into billowing mitral leaflets (there is excessive leaf-
let motion but the coaptation line and the leaflet tips remain below 
the mitral annular plane), prolapsing mitral leaflets (excessive leaf-
let motion and the leaflet tips go above the mitral annular plane, 
into the LA cavity but still pointing toward the LV cavity), and flail 
leaflets (the leaflet tips go above the mitral annular plane and point 
out towards the LA cavity in systole). A flail leaflet implies the pres-
ence of a ruptured primary chordae (% Fig. 36.3;  z Video 36.1).

Secondary MR may develop in the context of ischaemic 
(chronic ischaemic MR) or non-ischaemic heart disease (chronic 
non-ischaemic MR). Irrespective of the scenario, LV remodelling 
(either local, either regional) is a prerequisite (see z  Video 36.4). 
Chronic ischaemic MR is by far the most common type of second-
ary MR. Other types of MR have been classified as ‘ischaemic MR’ 
according to the aetiology: the ‘acute ischaemic MR’ complicat-
ing an acute myocardial infarction with rupture of the papillary 
muscle (but this would be rather part of primary MR because 
the subvalvular apparatus is no longer intact) and the ‘transient 
ischaemic MR’ complicating a transient myocardial ischaemic 
event (reversible myocardial ischaemia involving the LV wall adja-
cent to one of the papillary muscles) that resolves once myocardial 
ischaemia is no longer present.

Left ventricular adaptation to mitral 
regurgitation
As opposed to aortic regurgitation, which imposes both pressure 
and volume overload, MR is a model of pure volume overload of the 
LV. Three stages of LV adaptation to MR have been described: LV 
response to acute volume overload (acute MR), chronic compen-
sated stage (chronic MR), and decompensated stage with irreversible 
myocardial dysfunction (late stages of chronic MR) (% Fig. 36.4).

In patients with acute MR there is a sudden increase in LV preload 
and LA pressure that is reflected back to the pulmonary vascular 
bed, leading to acute dyspnoea and signs of acute heart failure. The 
immediate LV response to acute volume overload is an increase in 
end-diastolic volume from lengthening of sarcomeres that will lead 
to an increase in contractility through the Frank–Starling law. The 
increase in myocardial contractility will lead to an increase in fibre 
fractional shortening and together with the reduced afterload will 
lead to a better emptying of the LV. This is why, in acute MR, a nor-
mal LV ejection fraction is usually greater than 70%.

In the chronic compensated state, in response to the chronic 
increased volume overload, the LV dilates progressively (addition 
of new sarcomeres in series) and this dilatation helps to maintain 
a normal forward stroke volume (the blood volume pumped into 
the aorta with each systole) despite the regurgitant volume (RV) 
that goes into the LA with each systole. In this state, LV contrac-
tility, as estimated by LV end-systolic elastance, remains normal. 
Usually, during this phase patients are asymptomatic and LV ejec-
tion fraction is preserved.

With time and with further LV dilatation beyond the myocyte’s 
normal contractile length, LV end-diastolic wall stress increases 
and patients with chronic severe MR develop an irreversible 
decrease in LV contractility. Once irreversible LV systolic dys-
function is present, the prognosis is poor. It is important to note 
that patients with irreversible LV systolic dysfunction may still 
remain asymptomatic.

Quantification of mitral regurgitation 
severity
All parameters used to assess MR severity by echocardiography 
have their limitations and an integrative approach, based on the 
assessment of all available parameters, is needed to appreciate 
the degree of MR [2]. The decision regarding the severity of valve 
incompetence should never be made on a single parameter [2,3]. 
Furthermore, it is imperative not only to quantify MR but also to 
assess its consequences on the LV, LA, and pulmonary vascular bed.
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Fig. 36.4 Schematic representation 
of left ventricular adaptation to mitral 
regurgitation. LA, left atrium; LV, left 
ventricle; LVEF, left ventricle ejection 
fraction; MR, mitral regurgitation.

Colour flow Doppler visual assessment
Severity assessment of MR should never be based only on col-
our flow Doppler for several reasons. Colour flow Doppler use 
for MR severity assessment is based on the assumption that the 
more severe the regurgitation, the more important the jet expan-
sion into the LA. This assumption works well in the presence of 
very severe MR, when there is a large swirling jet into the LA or 
in the presence of mild MR when jet expansion is really limited 
just beyond the mitral leaflets and no proximal isovelocity conver-
gence surface is detected. However, the relationship between jet 
expansion into the LA as detected by colour flow Doppler and MR 
severity is not only dependent on MR severity, but also on techni-
cal factors (gain settings, colour flow scale, jet direction eccentric 
vs central jets) and very importantly on LV to LA systolic pres-
sure gradient. There are several caveats to avoid when interpreting 
MR severity using colour flow Doppler. First, in acute MR, jet size 
can be misleadingly small because of the high LA systolic pressure 
that impairs jet expansion into the LA. Second, in very dilated LA, 
with chronically increased LA pressure, the same phenomenon 
may appear; the jet expansion into the LA can underestimate the 
severity of MR. Third, central jets will always seem more severe 
as compared to eccentric jets because the eccentric jets, due to 
the Coanda effect, will be attracted to the nearby LA wall and jet 
expansion into the LA will seem less significant (% Fig. 36.5).

However, colour flow Doppler is a very important step in the 
assessment of MR and it should be used to detect/rule out the 
presence of MR. In addition, it should be used to detect the direc-
tion of the MR jet, a critical step for the understanding of the 

mechanism of MR (% Fig. 36.6). Commonly, in MR with restric-
tion of the posterior leaflet (chronic ischaemic MR or rheumatic 
MR, etc.), the MR jet is oriented posteriorly; it ‘points out’ the 
restricted leaflet (% Fig. 36.6b). If the restriction also involves the 
anterior mitral leaflet, the MR jet tends to be more central. In case 
of prolapsing leaflets, the direction of the MR jet points away from 
the prolapsing leaflet (% Fig. 36.6a). For example, in a prolapse 
involving the posterior leaflet, the MR jet will be directed anteri-
orly towards the interatrial septum. Inversely, in anterior mitral 
leaflet prolapse, the jet will be directed posteriorly. However, in 
clinical practice, in patients with mixed mechanisms, complex 
lesions, and multiple jets, analysis of jet direction may be difficult.

Colour flow Doppler vena contracta
The vena contracta (VC) is the narrowest portion of the regur-
gitant jet at the level or just distal to the regurgitant orifice. The 
VC mirrors very closely the regurgitant orifice area [4,5]. The VC 
width is a 2D echocardiography-derived linear measurement. It 
reflects the diameter of the regurgitant orifice area, assuming that 
this regurgitant orifice is of circular shape. The VC width is a semi-
quantitative method used to assess MR severity. The VC area is 
a 3D echocardiography-derived measurement and is considered 
a quantitative method that can be used to define MR severity. It 
has the advantage of measuring, without any geometrical assump-
tions, the VC area, which is the narrowest cross-sectional area 
(CSA) of the colour Doppler jet at the level or just downstream 
from the regurgitant orifice. It directly reflects the effective regur-
gitant orifice area (EROA) [6].
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the same cut-plane: the jet convergence surface, the VC, and the 
jet expansion into the LA (% Fig. 36.7a). Measurements done in 
the apical views are also valid with the condition to use the zoom 
mode and to pay attention to have a high frame rate and an ade-
quate spatial resolution. Repeated measurements and averaging of 

With 2D echocardiography, the measurement of VC width 
should be performed in a view that is perpendicular to the coapta-
tion line (to avoid the limitation related to poor lateral resolution) 
[2]. Careful scanning is needed to detect the largest VC width while 
making sure that all components of the regurgitant jet are seen in 

Fig. 36.5 Coanda effect in a patient with A2 flail and severe mitral regurgitation. Both in transthoracic and transoesophageal echocardiography the regurgitation 
jet is eccentric and colour flow Doppler tends to underestimate its severity due to the Coanda effect, as the jet gets attracted and sticks to the left atrial wall 
nearby. There is no doubt that the mitral regurgitation is severe in this case when seeing the gap between the mitral leaflets both in 2D and 3D transoesophageal 
echocardiography.
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Fig. 36.6 Jet direction as assessed by colour flow Doppler contributes to the understanding of the mitral regurgitation mechanism.
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In primary MR, a 2D VC width less than 3 mm indicates mild 
MR, while a VC width of 7 mm or more indicates severe MR. 
Intermediate VC values (i.e. 3–6.9 mm) need confirmation by a 
quantitative method [2,3]. In secondary MR, a VC width greater 
than 4 mm is in favour of severe MR.

Three-dimensional echocardiography combines real-time 3D 
B-mode and colour flow Doppler to acquire a 3D data set that can 
be cropped, so that manual planimetry of the VC area can be done 
(% Fig. 36.7b).

Several studies comparing 3D-derived VC area to reference 
standards have shown with consistency that 3D-derived VC area 
is more accurate than 2D VC width [8–11]. Moreover, 3D echocar-
diographic studies were the first to show that in secondary MR the 
regurgitant orifice is commonly not circular but rather elliptical and 
to show the superiority of 3D over 2D echocardiography to charac-
terize the shape of the regurgitant orifice [8]. In secondary MR, the 
2D-derived EROA often underestimates the 3D-derived VC area 

at least THREE beats are recommended. Two-dimensional-based 
VC width has the disadvantage of being less accurate in eccentric 
jets [7]. Moreover, in case of multiple MR jets, the multiple VC 
widths are not additive. It has to be emphasized that while in pri-
mary MR the regurgitant orifice is roughly circular, in secondary 
MR the regurgitant orifice is commonly elliptical [8]. Thus, when 
secondary MR is suspected, a correct 2D assessment of VC width 
implies awareness that one measurement performed in parasternal 
long axis may underestimate the MR severity. To some authors, an 
average of the VC width from four- and two-chamber views may 
be an alternative, as it has been shown that VC width measured 
with this approach correlates better with 3D-derived VC area. An 
average value for VC width of greater than 8 mm was reported as 
a good cut-off value to discriminate severe MR, irrespective of its 
aetiology, but further validation studies are needed to confirm this 
finding [8,9]. The VC area, as assessed by 3D echocardiography, has 
proven more accurate in the evaluation of secondary MR [8–10].

Fig. 36.7 (a) Vena contracta width by 2D transthoracic and transoesophageal echocardiography. (b) Vena contracta area by 3D echocardiography.

PISA
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Knowing the radius of the isovelocity hemisphere, the velocity of 
blood passing through this hemisphere, and the velocity of the 
regurgitant jet, the EROA can be calculated. The velocity of the 
regurgitant jet is measured using continuous wave (CW) Doppler 
and colour flow Doppler allows direct measurement of the radius 
of the proximal isovelocity hemisphere corresponding to the alias-
ing velocity (Va). Isovelocity surface area is made visible by shifting 
the baseline of the colour flow scale, in direction of the flow, in 
order to identify the interface where a shift from blue to red on the 
colour scale appears. Usually the Nyquist limit is set to 20–40 cm/s 
in order to provide a clearly identified hemispherical PISA. The 
RV can be calculated by multiplying the EROA by the time veloc-
ity integral of the regurgitant jet (% Fig. 36.8).

The apical four-chamber view is recommended for optimal 
visualization of the PISA radius, but the parasternal long-axis 
view can also be used, especially in regurgitant jets directed pos-
teriorly [2]. The PISA radius is measured in mid-systole using the 
first aliasing in the centre of the flow convergence region [13,14]. 
Careful scanning is needed to align the CW Doppler interrogation 
line with the direction of the jet to avoid underestimation of the 
maximum regurgitant jet velocity (% Fig. 36.8).

Primary MR is considered severe if EROA is 40 mm2 or greater 
and RV is 60 mL or higher. In contrast, severe secondary MR is 
defined if EROA is 20 mm2 or greater and RV 30 mL or more 
[2,3]. It should be emphasized that in cases with discordant EROA 
and RV, judgement of severity should be based on the EROA as a 
large EROA can lead to high kinetic energy (large RV), but also to 
potential energy (lower RV but higher LA pressure) [2].

The use of colour M-mode through the regurgitant jet is recom-
mended to assess the dynamic variation of regurgitation severity 
throughout systole, both in secondary MR and in primary MR [2]. 

(up to 27%). Using 3D VC area, severe MR could be defined as a 3D 
VC area of 0.41 cm2, irrespective of MR aetiology [11].

There are some limitations of this technique that have to be 
acknowledged: poor temporal resolution, limited spatial resolu-
tion, and higher variability of measurements in mild to moderate 
MR. The limited spatial resolution makes measurement of VC area 
particularly challenging in mild to moderate SMR. The choice of 
the systolic frame for VC area measurement may lead to impor-
tant inter-observer variability in patients with dynamic MR [12]. 
Colour bleeding into grey scale and cropping of the regurgitant jet 
in a non-orthogonal manner can also overestimate the VC area 
[12]. As it is a relatively new technique awaiting validation and 
cut-off values able to predict outcome from multicentre studies, it 
has not yet been included in the current guidelines.

Colour flow Doppler proximal isovelocity 
surface area
The proximal isovelocity surface area (PISA) radius method is 
the most recommended quantitative approach for MR severity 
assessment, whenever feasible [2]. The PISA method for estima-
tion of MR severity is based on the proximal flow convergence 
principle and on the law of volume conservation [13]. In theory, 
acceleration of flow occurs near the regurgitant orifice over a 
series of isovelocity ‘surfaces’ of hemispherical shape. Flow across 
any isovelocity surface equals flow through the regurgitant orifice 
[13]. For any given orifice, flow equals area of the orifice times 
velocity. Thus, regurgitant flow equals regurgitant orifice area 
multiplied by velocity of the regurgitant jet. Flow that approaches 
the regurgitant orifice and passes through a hemisphere of isove-
locities is equal to flow that passes through the regurgitant orifice. 

Get a good 2D image, cut plane
through what seems the narrowest
coaptation surface of the leaflets

Use CFM to identify all 3
components of the regurgitant jet

Use Zoom mode to improve CFM
frame rate

Shift the baseline of the colour
flow scale, in direction of the flow,
to clearly identify the shift from
blue to red

Freeze the image and identify the
frame with the clearest PISA,
having all 3 jet components in the
cut plane

Measure PISA rad as the
perpendicular from the VC plane
to the surface with a clear shift
from blue to red, repeat 3 times
and average

Apply formulas:
EROA=2πPISArad

2*va/Vmax

RV=EROA*VTIMR

Use CW Doppler to measure MR
maximal velocity (Vmax) and VTI of
the regurgitant jet (VTIMR)

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Step 8

Fig. 36.8 Step-by-step approach 
to the quantification of mitral 
regurgitation severity by PISA method. 
CFM, colour flow Doppler; EROA, 
effective regurgitant orifice area; PISA 
rsd, proximal isovelocity surface area 
radius; RV, regurgitant volume; V

a
, 

aliasing velocity; VC, vena contracta; 
V

max
, maximal velocity of the mitral 

regurgitant jet; VTIMR, velocity time 
integral of the regurgitant flow.
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jet, the aliasing velocity, and the 3D PISA corresponding to this 
aliasing velocity, the 3D EROA can be calculated. Then, RV can be 
calculated by multiplying the 3D EROA by the time velocity inte-
gral of the regurgitant flow. This method, validated against ‘in vitro’ 
phantoms, showed higher accuracy when compared to the conven-
tional spherical approximation method [16]. As for the 2D-derived 
PISA method, this technique allows PISA measurement in one 
fixed frame, thus missing the dynamic character of MR through-
out systole and leading to overestimation/underestimation of MR 
severity. Inter-observer variability may be also encountered due to 
this limitation [12]. More validation studies and cut-off values with 
prognostic value as well as an integrated approach with instantane-
ous 3D PISA measurement are expected in the future.

Colour flow Doppler 3D echocardiography 
approach
Three-dimensional echocardiography can help in the quantifi-
cation of MR severity and several 3D echocardiography-based 
approaches can be used. These will be described in the paragraph 
regarding RV and RF evaluation.

A novel approach based on 3D colour Doppler acquisition can 
be used to calculate RV and RF in patients with MR. This tech-
nique uses 3D colour Doppler data sets acquired at the level of 
the mitral and aortic valve, and uses both the velocity data and 
CSA of each valvular orifice to calculate the stroke volume at each 
orifice [17–19]. Their difference represents the RV (% Fig. 36.9; 
z  Video 36.5).

Three-dimensional colour Doppler can overcome inaccura-
cies of spectral Doppler for stroke volume calculation by directly 
measuring stroke volume-derived velocities within one imaging 
window. This approach avoids any assumptions about the LV out-
flow tract (LVOT) shape and velocity profiles. A 3D hemispheric 
sampling curve captures velocities within the LVOT during the 
entire systole and within the MV orifice during diastole. After 
offline computation of velocities, a reproducible measurement 
of the LVOT and transmitral flow is obtainable. The ability to 

The duration of MR regurgitation in comparison with duration of 
the systole is assessed (holosystolic vs mid-to-late-systolic MR), as 
well as the variation of the PISA radius during systole. Typically, in 
secondary MR, PISA radius decreases in mid-systole as compared 
to early and late systole, reflecting the variation of transmitral 
pressure gradient that tends to close more efficiently the mitral 
leaflets in mid-systole [15]. In degenerative and rheumatic MR, 
the PISA radius is often constant throughout systole [15]. In MV 
prolapse, MR starts in mid-systole and the PISA radius progres-
sively increases, reaching a peak in late-systole (% Fig. 36.10) [15].

There are many limitations to the EROA and RV assessment 
using the PISA method. For instance, the PISA radius measure-
ment is done on a still frame and provides only an instantaneous 
regurgitant flow rate and orifice area [14]. Integrated PISA radius 
measurement over the entire regurgitant time period is not yet 
available. This may not be an issue when the PISA radius is relatively 
constant throughout systole, but it might become an issue in highly 
dynamic regurgitant lesions, for example, in late systolic MV regur-
gitation in patients with prolapse (overestimation of MR severity) or 
in patients with secondary MR with a significant reduction of PISA 
radius in mid-systole (underestimation of MR severity). Another 
limitation is related to the assumption that flow convergence region 
has a hemispherical surface, which may hold in central jets and MR 
of organic aetiologies, but to a lesser extent in eccentric jets and 
elliptical or complex regurgitant orifice shapes [2,14] The message 
the reader must remember is that the PISA method can be applied 
in such cases, but awareness of its limitations is important for deci-
sion-making regarding the severity of MR.

With 3D transthoracic echocardiography (TTE), computation 
of the 3D PISA without geometric assumptions is also possible, 
as shown in a recent preliminary study [16]. Instantaneous ‘full 
volume’ 3D colour Doppler echocardiography uses an innovative 
technology that allows calculation of EROA and RV based on the 
same principle of volume conservation—flow across the isoveloc-
ity surface equals flow through the regurgitant orifice—but with 
the advantage of the PISA being directly measured as a 3D sur-
face (% Fig. 36.11). Knowing the peak velocity of the regurgitant 

MV Inflow (mL) 129.4ml
LVOT Flow mL) 99.1ml

MR = 129.4-99.1 = 30.8ml
RF (%) = 30.8/99.1 = 31%

LVOT SV    101.9ml

Fig. 36.9 M-mode colour flow 
Doppler to assess dynamic variation 
of mitral regurgitation throughout 
systole.
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intensity (jet density) of the CW envelope of the MR jet can be 
a qualitative guide to MR severity. A dense MR signal with a full 
envelope indicates more severe MR than a faint signal. The CW 
Doppler envelope may be truncated (notch) with a triangular con-
tour and an early peak velocity (blunt). This indicates elevated LA 
pressure or a prominent regurgitant pressure wave in the LA due 
to severe MR. In eccentric MR, it may be difficult to record the full 
CW envelope of the jet because of its eccentricity, while the signal 
intensity shows dense features.

Systolic pulmonary veins flow reversal
With TTE the flow pattern in the right inferior pulmonary vein 
can be recorded from the apical window, in most patients, with 

measure mitral inflow and LVOT outflow stroke volume with a 
single 3D colour Doppler acquisition in an automated manner 
holds promise that this method will be easy to use in clinical prac-
tice [12]. However, cut-off values with prognostic information 
and further validation studies of this method are necessary before 
entrance into the clinical arena.

Continuous Doppler signal intensity and 
envelope shape
Peak MR jet velocities by CW Doppler typically range between  
4 and 6 m/s. This reflects the high systolic pressure gradient 
between the LV and LA. The velocity itself does not provide use-
ful information about the severity of MR. Conversely, the signal 

Fig. 36.10 3D colour Doppler to calculate regurgitant volume and RF in a patient with mitral regurgitation. Three-dimensional colour Doppler data sets are 
acquired at the level of the mitral and aortic valve in the same cardiac cycle; knowing velocity data and the cross-sectional area of each valvular orifice, the stroke 
volume at each orifice is computed. Their difference is the regurgitant volume.

Mitral Regurgitation
Measurement
VolumePISA
ERO
Aliasing Velocity
Inst. Flow Rate
Peak Regurg Vol
Peak RF
VTI

7.17
0.43
0.26

183.98
55.79
74.82

1.3

7.17
0.43
0.26

183.98
55.79
74.82

1.3

cm2

cm2

m/s
mL/s
mL
%
m

Current Peak

Fig. 36.11 Instantaneous ‘full volume’ 3D colour Doppler echocardiography allowing measurement of effective regurgitant orifice area (EROA) and regurgitant 
volume (RV) based the proximal flow convergence principle and the law of volume conservation, but avoiding the geometric assumption of an hemispheric 
shape of the proximal isovelocity surface. The 3D PISA is coloured in green and is rendered as a surface with a complex 3D geometry. Knowing the velocity time 
integral and the maximum velocity of the MR regurgitant jet, as assessed by CW Doppler, the EROA and RV can be calculated
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the size of the regurgitant orifice, reflecting the severity of the 
valve incompetence, but is also influenced by the systolic pressure 
gradient between the LA and the LV.

The most frequently used method to compute the RV uses the 
2D-derived PISA method. With this method the RV is equal to the 
product of EROA to time velocity integral of the regurgitant jet  
(% Fig. 36.8) [13]. This approach is less accurate when the isove-
locity surface area is not hemispherical, and some authors would 
propose the Doppler volumetric method to calculate the RV and 
the regurgitant fraction (RF).

Doppler volumetric method is based on the law of volume 
conservation. With this approach, RV can be calculated as the 
difference between the volume of blood that passes through the 
mitral orifice/annulus in diastole and the volume of blood that 
leaves the LV through the aorta in systole (% Fig. 36.12). The RF 
is the ratio between the RV and the total blood volume that passes 
through the mitral orifice/annulus in diastole [21].

Knowing the CSA of the MA and the time velocity integral of the 
flow that passes through the MA in diastole, the transmitral blood 
volume can be calculated (% Fig. 36.12). Similarly, knowing the 
CSA of the LVOT and the time integral of the LVOT flow in sys-
tole, the transaortic stroke volume is calculated. Their difference 
is the RV. Geometric assumptions are made with this method: the 
CSA of the LVOT is considered circular and the MA is assumed 
to be circular or elliptical. In practice, the LVOT diameter in mid-
systole is measured from the parasternal long-axis view and CSA 
is calculated assuming that it has a circular shape using the for-
mula: CSA LVOT = π*LVOT2/4. From the apical four-chamber 
view in end-diastole the MA diameter (dMA4ch) is measured and 
CSA of the MA is calculated using the formula: CSA MA = π × 
dMA4ch

2/4. If the MA is assumed to be elliptical, MA diameter in 

an acceptable signal-to-noise ratio and using pulsed wave (PW) 
Doppler analysis. Transoesophageal echocardiography (TOE) 
allows flow analysis in all four pulmonary veins. In severe MR, 
pulmonary veins flow analysis as a marker of MR severity is based 
on the principle that a large volume of blood entering the LA in 
systole will displace blood already present in LA and direct it 
towards the pulmonary veins, leading thus to systolic flow rever-
sal at this level [20]. In the absence of MR, the systolic phase of 
the pulmonary vein flow shows an anterograde flow (towards the 
LA cavity). In the presence of severe or acute MR, systolic flow 
reversal in the pulmonary veins supports the diagnosis. In chronic 
severe MR with severe LA dilation (high atrial compliance), false-
negative results or only a ‘blunted’ systolic anterograde wave in the 
pulmonary veins can be seen, despite the fact that MR is severe. 
False-positive results can be found, and should be interpreted 
cautiously, in eccentric MR jets where a ‘selective systolic flow 
reversal’ into one of the pulmonary veins is seen, even if the MR is 
only moderate. Other factors are influencing the systolic pulmo-
nary vein flow pattern and can lead to a ‘blunted’ systolic wave, 
including the LA and pulmonary veins compliance, the cardiac 
rhythm, ventricular diastolic function, and age. Thus, blunting 
of the systolic pulmonary vein flow is lacking specificity for the 
diagnosis of severe MR. However, when present and especially in 
the absence of very eccentric jets, it argues for the presence of a  
severe MR.

Regurgitant volume and regurgitant fraction
MR RV can be measured using both 2D and 3D echocardiographic 
methods. RV is the volume of blood that enters the LA with each 
systole through the regurgitant orifice. It is thus proportional to 

�e RV is the di�erence between the trasmitral blood volume and the LV stroke volume

Fig. 36.12 Step-by-step approach to 
the estimation of regurgitant volume 
(RV) through the Doppler volumetric 
method. CSA, cross-sectional area; 
d, diameter; LVOT, left ventricular 
outflow tract; MA, mitral annulus; 
SV, stroke volume; VTI, velocity time 
integral.



CHAPTER 36 heart valve disease (mitral valve disease): mitral regurgitation292

the projected plane. While direct measurement of the CSA of the 
LVOT is relatively easy to perform and can be done in clinical 
practice, the measurement of the MA area in the projected plane 
after MA reconstruction is time-consuming and is suitable only 
for research purposes. A third 3D-based modality that can be eas-
ily implemented in clinical practice is the measurement of RV as 
the difference between the 3D-derived LV stroke volume and the 
aortic stroke volume. High volume rate 3D full volume acquisi-
tion (> 30 volumes/s) from an apical window and without stitching 
artefacts can be used to measure the LV stroke volume. If the tech-
nique is not available, the 3D LV stroke  volume can be obtained 
from a data set that uses ECG gating and multibeat acquisition 
(% Fig. 36.13). Three-dimensional-derived LV stroke volume is 
the difference between the 3D end-diastolic and 3D end-systolic 
volume. Again, aortic stroke volume can be measured using the 
classical 2D Doppler approach or using the 3D-derived CSA of the 
LVOT and the LVOT VTI.

Integrating indices of severity
Echocardiographic assessment of MR includes integration of data 
from 2D/3D imaging of the valve and ventricle as well as Doppler 
measures of regurgitation severity (% Table 36.1) [2]. Effort should 
be made to quantify the degree of regurgitation, except in the pres-
ence of mild or less MR. Both the VC width and the PISA method 
are recommended. Adjunctive parameters help to consolidate 
about the severity of MR and should be widely used particularly 
when there is discordance between the quantified degree of MR 
and the clinical context. For instance, a relatively modest regur-
gitant volume may reflect a severe MR when it develops acutely 
into a small, non-compliant LA, and it may cause pulmonary 

apical four-chamber (dMA2ch) view is also measured and CSA of the 
MA is calculated using the formula: CSAMA = π × dMA4ch × dMA2ch. 
LVOT time velocity integral is measured using the PW Doppler 
positioned just below the aortic annulus, in the apical five-cham-
ber view. Velocity time integral of the transmitral flow is measured 
using PW Doppler with the sample volume placed at the level of 
the MA plane in an apical view. This method is cumbersome and 
time-consuming, it implies several measurements, does not use 
the same cardiac cycle, and is not accurate in the presence of more 
than mild aortic regurgitation or intracardiac shunts. The current 
recommendations do not support its use as a first method for MR 
severity assessment [2,22].

Another 2D-based method to calculate the RV uses the VC 
width, assuming that the EROA is circular, and the time velocity 
integral of the regurgitant jet by CW Doppler: RV = π × VCwidth

2/4 × 
VTIMR (% Fig. 36.13). Careful alignment with the maximum veloc-
ity of the regurgitant jet is needed. It has all the limitations the VC 
width measurement has (see above).

Several 3D echocardiography-based approaches to calculate the 
RV can be used (% Fig. 36.13). First is the use of the VC area mul-
tiplied by the time velocity integral of the MR jet. Second is the 
use of the Doppler volumetric method described above, the CSA 
of the LVOT measured without any geometric assumptions from 
3D data sets. In practice, a 3D volume focused on the LVOT is 
acquired and with multiplanar reformatting, the CSA of the LVOT 
can be planimetered [23]. Furthermore, using offline analysis and 
dedicated software, 3D reconstruction of the MA and the com-
putation of the MA area in the projected plane can be performed. 
This can be used to have a more accurate calculation of the mitral 
diastolic flow that equals the time velocity integral of diastolic 
flow at the level of the MA plane multiplied by the MA area in 

Fig. 36.13 Estimation of mitral 
regurgitation regurgitant volume using 
2D and combined 2D- and 3D-derived 
methods.

3D derived CSA of LVOT
SV=3D CSA*VTI

VC width and VTI MR

MR regurgitant volume

3D derived SV = 3D LV EDV-LVESV

VC=0.7cm

VC area =0.5 cm2

Vmax=5m/s
VTI MR =112 cm

RV=VC area *VTIMR
RV=0.5*112=56mL

RV=π/4*VC2*VTIMR
RV=0.785*0.49*112=55mL

3D SV-52 ml

VC area and VTIMR 

Combined 3D derived SV and Doppler
volumetric method: RV = MV flow-LV SV
MV flow= CSAMA*VTIMR
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presence of a triangular CW Doppler signal of the regurgitant jet 
supports the diagnosis of acute MR, as well as the presence of a 
systolic flow reversal in the pulmonary veins. The VC width and 
EROA estimation using the PISA method are often robust enough 
to assess MR severity in cases of acute MR, but the values obtained 
should be interpreted in the clinical context, for example, a VC 
width and an EROA indicative of moderate MR in a patient with 
acute heart failure should indicate acute MR. With acute MR, the 
RV is lower than expected because of the rapid equalization of the 
pressure gradient between the LA and LV. Absence of LA dilata-
tion together with an increased systolic pulmonary artery pressure 
in a symptomatic patient with moderate or severe MR are markers 
of an acute aggravation of MR severity.

Role of stress echocardiography
Primary mitral regurgitation
In primary MR, the type of stress echocardiography that has 
proved to give additional prognostic information over resting 
echocardiography is exercise stress echocardiography (ESE). 
This modality can be used to test the variation in MR severity, 

congestion and systemic hypotension (see below). Advantages 
and limitations of the various echo Doppler parameters used in 
assessing MR severity are detailed in % Table 36.2.

Chronic versus acute mitral 
regurgitation: differential diagnosis
Acute MR should be suspected in patients with acute heart failure 
signs and symptoms without LV systolic or diastolic dysfunction, 
especially in the presence of a hyperdynamic LV. When LV dilata-
tion is present, chronic severe MR is suspected. In contrast, the 
presence of a severe MR in a symptomatic patient without LV 
dilatation and dysfunction should evoke acute MR. Some patients 
with signs and symptoms of acute heart failure and acute MR may 
have only moderate MR when assessed by semi-quantitative and 
quantitative methods. In these patients, despite the moderate 
severity of MR, symptoms develop because of the acute increase 
of pressure in a non-compliant, non-enlarged LA. This increase in 
pressure is transmitted backwards to the pulmonary venous bed 
leading to acute dyspnoea. Colour flow Doppler of jet expansion 
into the LA can underestimate the severity of an acute MR. The 

Table 36.1 Grading the severity of organic mitral regurgitation

Parameters Mild Moderate Severe

Qualitative

MV morphology Normal/abnormal Normal/abnormal Flail leaflet/ruptured PMs

Colour flow MR jet Small, central Intermediate Very large central jet or eccentric jet adhering, swirling 
and reaching the posterior wall of the LA

Flow convergence zonea No or small Intermediate Large

CW signal of MR jet Faint/parabolic Dense/parabolic Dense/triangular

Semi-quantitative

VC width (mm) < 3 Intermediate ≥ 7 (>8 for biplane)b

Pulmonary vein flow Systolic dominance Systolic blunting Systolic flow reversald

Mitral inflow A wave dominantc Variable E wave dominant (> 1.5 m/s)e

VTI mit /VTI Ao < 1 Intermediate > 1.4

Quantitative

EROA (mm2) < 20 20–29; 30–39f ≥ 40

R Vol (mL) < 30 30–44; 45–59f ≥ 60

+ LV and LA size and the systolic pulmonary pressureg

CW, continuous-wave; LA, left atrium; EROA, effective regurgitant orifice area; LV, left ventricle; MR, mitral regurgitation; R Vol, regurgitant volume; VC, vena contracta.
a At a Nyquist limit of 50–60 cm/s. 
b For average between apical four-and two-chamber views. 
c Usually after 50 years of age; 
d Unless other reasons of systolic blunting (atrial fibrillation, elevated LA pressure); 
e In the absence of other causes of elevated LA pressure and of mitral stenosis. 
f Grading of severity of organic MR classifies regurgitation as mild, moderate or severe, and sub-classifies the moderate regurgitation group into ’mild-to-moderate’ (EROA of 20–29 
mm or a R Vol of 30–44 mL) and ’moderate-to-severe’ (EROA of 30–39 mm2 or a R Vol of 45–59 mL). 
g Unless for other reasons, the LA and LV size and the pulmonary pressure are usually normal in patients with mild MR. In acute severe MR, the pulmonary pressures are usually 
elevated while the LV size is still often normal. In chronic severe MR, the LV is classically dilated.
Accepted cut-off values for non-significant left-sided chambers enlargement: LA volume < 36 mL/m2, LV end-diastolic diameter < 56 mm, LV end-diastolic volume < 82 mL/m2, LV end-
systolic diameter < 40 mm, LV end-systolic volume < 30 mL/m2, LA diameter < 39 mm, LA volume < 29 mL/m2.
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Table 36.2 Echocardiographic parameters used to quantify MR severity: recordings, advantages and limitations

Parameters Recordings Usefulness/advantages Limitations

Mitral valve 
morphology

◆  Visual assessment
◆  Multiple views

◆   Flail valve or ruptured PMs are 
specific for significant MR

◆   Other abnormalities are non-specific of 
significant MR

Colour flow 
MR jet

◆  Optimize colour gain/scale
◆  Evaluate in two views
◆  Need blood pressure evaluation

◆  Ease of use
◆   Evaluates the spatial orientation 

of MR jet
◆   Good screening test for mild vs 

severe MR

◆   Can be inaccurate for estimation of MR 
severity

◆   Influenced by technical and 
haemodynamic factors

◆   Underestimates eccentric jet adhering the 
LA wall (Coanda effect)

VC width ◆  Two orthogonal planes (PT-LAX, AP-4CV)
◆  Optimize colour gain/scale
◆   Identify the three components of the regurgitant jet 

(VC, PISA, Jet into LA)
◆   Reduce the colour sector size and imaging depth to 

maximize frame rate
◆  Expand the selected zone (zoom)
◆   Use the cine-loop to find the best frame for 

measurement
◆   Measure the smallest VC (immediately distal to the 

regurgitant orifice, perpendicular to the direction of 
the jet)

◆  Relatively quick and easy
◆   Relatively independent 

of haemodynamic and 
instrumentation factors

◆   Not affected by other valve leak
◆   Good for extremes MR: mild vs 

severe
◆  Can be used in eccentric jet

◆  Not valid for multiple jets
◆   Small values; small measurement errors 

leads to large % error
◆  Intermediate values need confirmation
◆   Affected by systolic changes in regurgitant 

flow

PISA method ◆  Apical four-chamber
◆  Optimize colour flow imaging of MR
◆  Zoom the image of the regurgitant mitral valve
◆  Decrease the Nyquist limit (colour flow zero baseline)
◆  With the cine mode select the best PISA
◆   Display the colour off and on to visualize the MR 

orifice
◆   Measure the PISA radius at mid-systole using the first 

aliasing and along the direction of the ultrasound 
beam

◆  Measure MR peak velocity and TVI (CW)
◆  Calculate flow rate, EROA, R Vol

◆  Can be used in eccentric jet
◆   Not affected by the aetiology of 

MR or other valve leak
◆   Quantitative: estimate lesion 

severity (EROA) and volume 
overload (R Vol)

◆   Flow convergence at 50 cm/s 
alerts to significant MR

◆  PISA shape affected:
◆  by the aliasing velocity
◆  in case of non-circular orifice
◆  by systolic changes in regurgitant flow
◆  by adjacent structures (flow constrainment)
◆  PISA is more a hemi-ellipse
◆   Errors in PISA radius measurement are 

squared
◆  Inter-observer variability
◆  Not valid for multiple jets

Doppler 
volumetric 
method (PW)

◆  Flow across the mitral valve
◆   Measure the mitral inflow by placing the PW sample 

volume at the mitral annulus (AP-4CV)
◆   Measure the mitral annulus diameter (AP-4CV) at the 

maximal opening of the mitral valve (2–3 frames after 
the end-systole).

◆  Flow across the aortic valve
◆   Measure the LV outflow tract flow by placing the 

PW sample volume 5 mm below the aortic cusps 
(AP-5CV)

◆   Measure the LV outflow tract diameter (parasternal 
long-axis view)

◆   Quantitative: estimate lesion 
severity (ERO) and volume 
overload (R Vol)

◆  Valid in multiple jets

◆  Time consuming
◆   Requires multiple measurements: source 

of errors
◆   Not applicable in case of significant AR (use 

the pulmonic site)
◆   Difficulties in assessing mitral annulus 

diameter and mitral inflow in case of 
calcific mitral valve/annulus

◆   Affected by sample volume location (mitral 
inflow)

CW MR jet 
profile

◆  Apical four-chamber ◆  Simple, easily available ◆  Qualitative, complementary finding
◆   Complete signal difficult to obtain in 

eccentric jet

Pulmonary 
vein flow

◆  Apical four-chamber
◆  Sample volume of PW places into the pulmonary vein
◆   Interrogate the different pulmonary veins when 

possible

◆  Simple
◆   Systolic flow reversal is specific 

for severe MR

◆  Affected by LA pressure, atrial fibrillation
◆   Not accurate if MR jet directed into 

sampled vein

Peak E velocity ◆  Apical four-chamber view
◆  Sample volume of PW places at mitral leaflet tips

◆  Simple, easily available
◆   Dominant A-wave almost 

excludes severe MR

◆   Affected by LA pressure, atrial fibrillation, 
LV relaxation

◆  Complementary finding

Atrial and LV 
size

◆  Use preferably the Simpson method ◆   Dilatation sensitive for chronic 
significant MR

◆   Normal size almost excludes 
significant chronic MR

◆   Dilatation observed in other conditions 
(non specific)

◆  May be normal in acute severe MR

CW, continuous wave; EROA, effective regurgitant orifice area; LA, left atrium; LV, left ventricle; MR, mitral regurgitation; PW, pulse wave; R Vol, regurgitant volume; VC, vena contracta.
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Secondary mitral regurgitation
Stress echocardiography can stratify the risk of patients with 
secondary (ischaemic) MR [3]. Two modalities of stress echo-
cardiography (dobutamine and exercise) can be used, depending 
on the clinical question addressed in each individual patient. 
Dobutamine stress echocardiography (DSE) is usually used to 
test the LV, to detect the presence of viability or ischaemia. ESE 
is usually performed to test the dynamic character of secondary 
MR, to assess SPAP and the presence of symptoms. DSE can some-
time mask the increase in secondary MR that otherwise would be 
revealed with ESE, because dobutamine alters preload and after-
load, and increases LV contractility and this complex interplay 
often leads to a decrease in MR severity. ESE is considered a more 
‘physiological’ approach to test secondary MR. Exercise-induced 
increase in MR is rarely a direct consequence of transient myo-
cardial ischaemia. In such cases, revascularization of the culprit 
lesion often relieves dynamic MR. This phenomenon should be 
suspected in patients with recurrent flash pulmonary oedema 
without an obvious cause [27]. By contrast, in chronic ischaemic 
MR the increase in MR severity with ESE occurs independently 
of detectable myocardial ischaemia. The severity of MR at rest is 
unrelated to the magnitude of MR changes during exercise [28,29] 
and the type of response (i.e. increase, decrease or constancy) can-
not be predicted based on resting echocardiography. The increase 
in MR severity is usually more pronounced in patients with 
exercise-limiting dyspnoea and in those hospitalized for acute 
pulmonary oedema. With ESE, the correlation between the rise 
in MR during exercise and the increase in SPAP has been demon-
strated [28,29]. ESE also contributes to the understanding of the 
direct relationship between the exercise-induced changes in valve 
configuration and exercise changes in MR severity. Moreover, 
ESE has shown that an exercise increase by greater than 13 mm2 

the response of the LV to the increase in preload imposed by the 
exercise in the presence of MR, the adaptation of pulmonary vas-
culature, that is, the systolic pulmonary arterial pressure (SPAP), 
and the symptomatic status.

Primary MR is a dynamic lesion [24]. In about one-third of 
patients with more than moderate primary MR, ESE may reveal an 
increase in MR degree, becoming severe in about 32% and 66% of 
patients with moderate organic MR. The increase in MR severity is 
often associated with exercise-induced pulmonary hypertension 
(PHT) due to the close relationship between the increase EROA 
and RV during exercise and the increase in SPAP. Moreover, 
exercise-induced PHT and increase in MR severity may lead to 
symptom onset in the short-term follow-up [24].

ESE can also be used to identify a decline in LV performance 
[25,26]. The absence of LV contractile reserve, as assessed by 
analysis of LV global longitudinal strain with 2D speckle track-
ing algorithms, has proved to be a powerful marker of reduced 
cardiac event-free survival and is able to predict early postopera-
tive LV dysfunction. Lack of LV contractile reserve is defined as 
a decrease or limited increase in LV global longitudinal strain 
(< 2%) during testing [26]. Exercise-induced PHT (i.e. SPAP > 
60 mmHg) is currently a class IIb indication for MV repair in 
asymptomatic patients with severe MR and without LV dysfunc-
tion and/or dilatation (European Society of Cardiology (ESC) 
guidelines) [3].

In practice, ESE can be performed in asymptomatic patients 
with moderate or severe primary MR, no LV dysfunction, no LV 
dilatation, and no PHT at rest. The evaluation should focus on the 
dynamic character of valve lesion (increase/decrease in MR sever-
ity with exercise), the LV function, and the absence or presence of 
exercise-induced PHT. Based on available data, patients with lack 
of LV contractile reserve during ESE should be followed up more 
closely (i.e. 3–6 months) if medically treated.

Fig. 36.14 Significant increase in 
mitral regurgitation (MR) severity with 
exercise, as assessed by estimation 
of effective orifice regurgitant area 
(EROA) by the PISA method, in a 
patient with secondary MR. PISA

rad
, 

proximal isovelocity surface area 
radius; Va, aliasing velocity; V

max
, 

maximum velocity of the regurgitant 
jet.
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residual (persistent or recurrent) MR following MV repair. In brief, 
persistent MR can be explained by the reduction of the anteropos-
terior mitral annulus diameter due to the rigid ring that pulls the 
posterior mitral annulus anteriorly and further tethers the pos-
terior mitral leaflet [33], while recurrent MR is more related to 
ongoing LV remodelling happening progressively after surgery 
[34]. Preoperative evaluation of tethering by echocardiography 
can help to detect patients at higher risk of persistent or recurrent 
MR. Asymmetrical tethering pattern—predominant posterior 
tethering of leaflets—is associated with localized LV remodelling 
and higher risk of persistent MR. In contrast, symmetrical pattern, 
explained by predominant apical tethering of both leaflets, is asso-
ciated with lack of reverse LV remodelling after revascularization 
and higher risk of recurrent MR [35]. Several echocardiography 
based studies tried to identify the preoperative predictors of MV 
repair failure. Prediction of persistent MR is based on MV geom-
etry analysis [36,37], whereas recurrent MR is better predicted 
by LV remodelling parameters [34,38]. It should be emphasized 
that the presence of significant tethering does not preclude MV 

of EROA (quantification by PISA method) is predictive of higher 
risk of cardiac events (% Fig. 36.14) [30]. Considering this higher 
risk, the ESC guidelines give a class IIa indication for MV repair 
at the time of surgical myocardial revascularization [3] in patients 
with moderate ischaemic MR that have a symptomatic increase 
in MR severity combined with PHT during exercise (exercise 
induced change in EROA > 13 mm2).

Based on the literature, ESE may be of interest (1) in patients 
with LV dysfunction who present exertional dyspnoea out of pro-
portion to the severity of resting LV dysfunction or MR degree, 
and (2) in patients in whom acute pulmonary oedema occurs 
without any obvious causes. ESE is also helpful for individual risk 
stratification, before surgical revascularization in patients with 
moderate ischaemic MR and following surgery to identify persis-
tent PHT as the cause of limited functional class improvement.

Assessment of suitability of repair
Primary mitral regurgitation
Echocardiography plays a major role in the evaluation of the likeli-
hood of MV repair (% Table 36.3). To do so, a 2D comprehensive 
echocardiographic study, ideally followed by a 3D study aiming to 
describe valve morphology, is needed. TOE should be performed 
in patients with suboptimal images or if the mechanism of MR is 
not clear after the TTE study. In primary MR, several echocardio-
graphic predictors of low likelihood of MV repair (residual MR) 
have been identified: the presence of a large central regurgitant jet, 
severe annular dilatation (> 50 mm), involvement of three or more 
scallops, especially if the anterior leaflet is involved, extensive 
valve calcification, and lack of valve tissue (i.e. after endocarditis 
or rheumatic MR) [31].

Secondary mitral regurgitation
The most common surgical technique to correct chronic ischae-
mic MR is restrictive annuloplasty (% Box 36.1). This technique 
is widely used and provides good results in terms of MR correc-
tion and improvement of symptoms in well-selected patients [32]. 
However, its major drawbacks are related to the risk of significant 

Table 36.3 Probability of successful mitral valve repair in organic MR based on echo findings

Aetiology Dysfunction Calcification Mitral annulus dilatation Probability of repair

Degenerative
Secondary

II: Localized prolapse (P2 and/or A2)
I or IIIb

No/localized
No

Mild/moderate
Moderate

Feasible

Barlow
Rheumatic

II: Extensive prolapse
(≥ 3 scallops, posterior commissure)
IIIa but pliable anterior leaflet

Localized (annulus)
Localized

Moderate
Moderate

Difficult

Severe Barlow
Endocarditis
Rheumatic
Secondary

II: Extensive prolapse
 (≥ 3 scallops, anterior commissure)
II: Prolapse but destructive lesions
IIIa but stiff anterior leaflet
IIIb but severe valvular deformation

Extensive (annulus + leaflets)
No
Extensive (annulus + leaflets)
No

Severe
No/mild
Moderate/severe
No or severe

Unlikely

Box 36.1 Unfavourable TTE characteristics for mitral valve repair 
in secondary MR

Mitral valve deformation

◆	 Coaptation distance ≥ 1 cm
◆	 Tenting area > 2.5–3 cm2

◆	 Complex jets originating centrally and posteromedially
◆	 Posterolateral angle > 45° (high posterior leaflet tethering).

Local LV remodelling

◆	 Interpapillary muscle distance > 20 mm
◆	 Posterior papillary–fibrosa distance > 40 mm
◆	 Lateral wall motion abnormality.

Global LV remodelling

◆	 End-diastolic diameter > 65 mm, end-systolic diameter > 51 mm  
(end-systolic volume > 140 mL) (low likelihood of reverse LV 
remodelling after repair and poor long-term outcome)

◆	 Systolic sphericity index > 0.7.
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6 months [3]. When available, ESE could be useful in the follow-
up of patients with moderate or severe primary MR, as suggested 
previously. Progression of MR severity is frequent with important 
individual differences. The average yearly increase in regurgitant 
volume is 7.5 mL and 5.9 mm2 in EROA. In addition, the pro-
gression of other parameters need to be assessed: the increase in 
annular size, the development of a flail leaflet, the evolution of LV 
end-systolic dimension, LV ejection fraction, LA area or volume, 
pulmonary systolic arterial pressure, exercise capacity, and occur-
rence of atrial arrhythmias.

For secondary MR, the optimal timing of monitoring is often 
dictated by the heart failure condition.

annuloplasty if the patients fulfil the ESC criteria for revasculari-
zation and valve repair.

Follow-up and surgical timing
Acute severe primary MR needs urgent surgical correction.

Moderate chronic primary MR requires clinical examina-
tion every year and an echocardiogram every 2 years. In patients 
with severe organic MR, clinical assessment is needed every  
6 months and an echocardiogram every year. If the ejection frac-
tion is 60–65% and/or if end-systolic diameter is closed to 40 or  
22 mm/m2, the echocardiogram should be performed every  
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CHAPTER 37

Heart valve disease: 
tricuspid valve disease
Denisa Muraru, Ashraf M. Anwar,  
and Jae-Kwan Song

Summary
The tricuspid valve is currently the subject of much interest from echocardiographers and 
surgeons. Functional tricuspid regurgitation is the most frequent aetiology of tricuspid 
valve pathology, is characterized by structurally normal leaflets, and is due to annular 
dilation and/or leaflet tethering. A primary cause of tricuspid regurgitation with/without 
stenosis can be identified only in a minority of cases. Echocardiography is the imaging 
modality of choice for assessing tricuspid valve diseases. It enables the cause to be identi-
fied, assesses the severity of valve dysfunction, monitors the right heart remodelling and 
haemodynamics, and helps decide the timing for surgery [1]. The severity assessment 
requires the integration of multiple qualitative and quantitative parameters. The recent 
insights from three-dimensional echocardiography have greatly increased our under-
standing about the tricuspid valve and its peculiarities with respect to the mitral valve, 
showing promise to solve many of the current problems of conventional two-dimensional 
imaging. This chapter provides an overview of the current state-of-the-art assessment 
of tricuspid valve pathology by echocardiography, including the specific indications, 
strengths, and limitations of each method for diagnosis and therapeutic planning.

Tricuspid valve anatomy
The TV is the largest and most caudally located among the four cardiac valves. The normal 
TV is thinner than the mitral valve due to lower right-sided pressures. Classically, the TV 
is described as having three leaflets (% Fig. 37.1, see also z Videos 37.1, 37.2); however, a 
great variability in the number of leaflets (from two to six) has been described in autopsy 
studies. TV leaflets are of unequal size: the anterior leaflet is the largest, the septal leaflet 
is the smallest, while the posterior leaflet has multiple scallops and is of intermediate size. 
The unique features of the TV, as opposed to the mitral valve, include tricuspid septal 
leaflet insertion is more apically located than anterior mitral leaflet insertion, presence of 
septal attachment (chordae tendineae from the septal leaflet to the ventricular septum), 
and absence of fibrous continuity with the semilunar valve (i.e. pulmonary valve) due to 
the interposition of crista supraventricularis [2].

The normal tricuspid annulus (TA) has an elliptical non-planar shape, with the pos-
teroseptal portion being the lowest (towards the right ventricular (RV) apex) and the 
anteroseptal portion the highest. The maximal normal TA diameter in four-chamber view is 
19 ± 2 mm/m2 [3]. Many factors influence normal TA size, including age, gender, right atrial 
(RA) size, and RV size [3]. In addition, TA can change markedly with loading conditions and 
is a highly dynamic structure during the cardiac cycle (with 25% fractional shortening and 
30–40% of area decrease during systole) [4], holding important implications for its sizing.
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◆	 Apical RV-focused four-chamber view: the leaflet adjacent to the 
septum is the septal leaflet, while the leaflet adjacent to the RV 
free wall is anterior or posterior [5]. A modified TV-focused 
view can be obtained by moving the transducer from the stand-
ard four-chamber view in a higher intercostal space, medially 
(closer to the sternum and TV), and orientating it almost 
perpendicular to the skin. In this view the RV will be foreshort-
ened, but TV leaflets and TR jet origin can be better visualized, 
allowing continuous wave (CW) Doppler sampling even with 
trivial TR.

◆	 Subcostal four-chamber view and short-axis view at aortic valve 
level: a clockwise rotation of the transducer from a four-cham-
ber view may demonstrate at times an en face view of all three 
TV leaflets, as seen from the ventricular perspective.

Basically, when only two out of the three leaflets are visualized 
in one 2DE view, there is a fair amount of uncertainty regarding 
the designation of each leaflet, since their appearance is highly 
dependent on the transducer angulation and rotation relative 
to the TV leaflet orientation (% Fig. 37.3, see also z Videos 
37.7, 37.8) [6].

Tricuspid valve morphology 
assessment
Two-dimensional echocardiography
Two-dimensional echocardiography (2DE) is the current imag-
ing gold standard for assessing TV disease and is often sufficient 
for diagnosis. Doppler echocardiography detects the presence of 
regurgitation, but also enables the understanding of the mecha-
nisms of tricuspid regurgitation (TR) and to quantitate its severity 
and consequences.

Several standard and modified views are required to assess TV 
by 2DE (% Fig. 37.2, see also z Videos 37.3-37.6).

◆	 Parasternal RV inflow view: either anterior and septal, or ante-
rior and posterior leaflets can be displayed [5].

◆	 Parasternal short-axis view at aortic valve level: the leaflet adjacent 
to RV free wall is the posterior leaflet, while the leaflet adjacent to 
aortic valve can be anterior or, less frequent, septal [5]. When RV 
is dilated, an en face view of all three TV leaflets (as seen from the 
ventricular perspective) can be obtained from this view.

Fig. 37.1 Normal tricuspid valve anatomy depicted by three-dimensional echocardiography (a, b) and anatomic specimens (c, d). The tricuspid valve is shown 
en face both from the atrial (or ‘surgical’; a, c) and ventricular perspectives (b, d). Ant, anterior; AV, aortic valve; Post, posterior; RAA, right atrial appendage; RVOT, 
right ventricular outflow tract. 
Anatomic specimens courtesy of Prof. Cristina Basso, Cardiovascular Pathology, University of Padua.
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Fig. 37.2 Visualization of tricuspid valve apparatus by two-dimensional echocardiography: RV inflow view (a), parasternal short-axis view (b), RV-focused apical 
four-chamber view (c) and subcostal view (d).

(a)

(c)

(b)

(d)

Fig. 37.3 Illustration of the variability of tricuspid leaflets visualization by two-dimensional echocardiography. Minor variations in transducer angulation may 
result in a shift of the four-chamber view plane (yellow line, a) to a more posterior position (yellow line, b). Although the difference between (a) and (b) apical 
four-chamber views can be hardly noticed, the leaflets displayed are either septal and anterior (a), or septal and posterior (b) and their precise identification can be 
done only by looking at en face three-dimensional images.

(a)
4-Ch

4-Ch

Ant Septal

Post
Septal

(b)
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Tricuspid stenosis
Tricuspid stenosis (TS) is an uncommon finding in adults and is 
always associated with various degrees of TR, leading to a further 
increase in transvalvular gradient and right atrial pressures.

Aetiology
TS is usually rheumatic and associated with mitral valve involve-
ment. Another cause of TS is carcinoid valve disease, which coexists 
with TR and pulmonary valve involvement. Infrequently, congen-
ital anomalies, lead-induced adhesions, or masses obstructing RV 
inflow (tumour, thrombus, or vegetation) can lead to TS.

Echocardiographic assessment
Qualitative assessment

The examination usually starts with a qualitative assessment 
of TV mobility from multiple 2DE views and/or on en face TV 
rendering by 3DE. This step is particularly important in order to 
identify the limited leaflet separation, which can pass unnoticed 
in the presence of significant TR [8]. Typical rheumatic changes 
are represented by leaflet thickening, restricted opening with dias-
tolic doming (% Fig. 37.5c) and commissural fusion, which is best 
appreciated on en face 3DE views of the TV (% Fig. 37.5d). In 
carcinoid disease, the pathognomonic stiffness and immobility 
of the leaflets give the TV a ‘frozen’ appearance (% Fig. 37.5e,f). 
Colour Doppler imaging may indicate a mosaic colour pattern 

Transoesophageal echocardiography
Poor acoustic windows and suboptimal patient body habitus can 
compromise image quality with both 2DE and three-dimensional 
echocardiography (3DE). In this case, transoesophageal echocar-
diography (TOE) is commonly performed for further diagnostic 
refinement. However, since the TV is located further from the 
transducer and obliquely oriented with respect to the Doppler 
beam, TOE may be more challenging than for left-sided valves. 
Several standard and modified TV views can be obtained during a 
TOE study at mid-oesophageal and transgastric levels (% Fig. 37.4,  
see also z Videos 37.9-12) (also see % Chapter 6 in this textbook 
on transoesophageal echocardiography).

Three-dimensional echocardiography
Three-dimensional echocardiography using the transthoracic 
approach provides realistic and intuitive anatomical images 
of TV apparatus, important functional insights, and unique 
quantitation opportunities for a better understanding of TV 
pathophysiology [7]. Three-dimensional echocardiography has 
the unique capability to provide en face visualizations of the anat-
omy and dynamics of the TV leaflets and TA from the atrial side 
(‘surgical view’) in the beating heart (% Fig. 37.1). Unless a sat-
isfactory short-axis view of the TV can be obtained by 2DE, the 
designation of individual leaflets is more reliable by 3DE [5,6]. 
When 3D transthoracic echocardiography is unsatisfactory, 3D 
TOE may provide a more detailed assessment of TV morphology 
and function.

(a)

(c)

(b)

(d)

Fig. 37.4 Visualization of tricuspid 
valve apparatus by two-dimensional 
transoesophageal echocardiography: 
four-chamber view (a); RV inflow–
outflow view (b); modified bicaval view 
(c); transgastric short-axis view (d).
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is considered benign, while significant functional TR is associated 
with poor prognosis.

The Carpentier’s classification is the most commonly used 
functional classification in TR:
◆	 Type I: normal leaflet motion (annular dilatation; leaflet perfo-

ration in infective endocarditis)
◆	 Type II: excessive leaflet motion (prolapse of one or more 

leaflets)
◆	 Type III: restricted leaflet motion (rheumatic disease, carcinoid 

disease, toxic valvulopathy, excessive tethering in functional TR).

Aetiology and mechanisms
The aetiology of TR is generally divided into primary (or organic, 
having intrinsic structural changes of TV leaflets) and secondary 
(or functional, no structural leaflet abnormalities).

Primary TR represents only a minority of severe TR (8–10%), 
and is due to various aetiologies [9,10] (% Fig. 37.5, see also  
z Videos 37.13-20):

◆	 Myxomatous disease: causes TV prolapse, most commonly 
accompanying mitral valve prolapse/flail, but occasionally 
found isolated as well. The TV shows characteristic thickening 
of leaflets with exaggerated motion and systolic bulging.

◆	 Endocarditis: vegetations involve the atrial surface of affected 
leaflets or annulus, causing leaflet destruction and TR; is typi-
cally encountered in intravenous drug abusers or in patients 
with intravenous catheters or intracardiac catheter devices.

◆	 Rheumatic disease (see also % ‘Tricuspid stenosis’): character-
ized by diffuse fibrous thickening of the leaflets with fusion of 
the commissures, the anteroseptal being the most commonly 
involved [2].

due to jet turbulence, with a convergence zone on the atrial side 
of TV leaflets.

Severity assessment
When assessing the severity of TS, usually more than one param-
eter is needed for an accurate diagnosis. Mean pressure gradient 
may be calculated by from the velocity time integral (VTI) of  
the diastolic CW Doppler envelope recorded from the apical four-
chamber view or low parasternal view. Transvalvular gradients 
are influenced not only by TS, but also by coexisting TR, RV/RA 
compliance, and heart rate. A VTI greater than 60 cm and a mean 
pressure gradient of at least 5 mmHg at a heart rate of 70–80 beats/
min generally indicate a haemodynamically significant TS.

The TV functional area can be calculated by the continuity 
equation, but it can be difficult due to the limitations of 2DE for 
TV annulus sizing and in stroke volume calculation by Doppler 
methods in case of significant TR or AR; TV area of 1 cm2 or 
less by the continuity equation is considered significant. The TV 
anatomical area is still valid in case of significant TR and can 
be measured by 3DE (% Fig. 37.5d,f). Although it lacks robust 
validation, a pressure half-time (PHT) of 190 ms or higher is sup-
portive for a significant TS [10]. Dilation of RA and inferior vena 
cava supports the diagnosis of significant TS.

Tricuspid regurgitation
TR represents backflow of blood from the RV to RA typically 
occurring during systole, but in rare conditions (atrioventricular 
block, atrial flutter, restrictive cardiomyopathy, etc.) it may also 
occur during diastole. TR is a relatively frequent finding in adult 
patients. Trivial or mild functional TR without any detectable 
abnormality of the TV is seen in 65–75% of healthy subjects and 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 37.5 Examples of various causes of organic tricuspid regurgitation as depicted by two- and three-dimensional echocardiography: septal leaflet flail after 
endomyocardial biopsy (a, b); rheumatic tricuspid valve disease (c, d); carcinoid tricuspid valve disease (e, f); endocarditis with vegetation on posterior leaflet 
(arrows; g, h).
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RV dilatation with papillary muscle displacement. Common condi-
tions evolving with functional TR are left-sided heart valve diseases, 
pulmonary hypertension, congenital heart defects (e.g. atrial septal 
defects), atrial fibrillation, and cardiomyopathies [15].

The pathophysiology of functional TR is rather complex and 
starts as a vicious circle in which regurgitation leads to further RV 
dilation, which increases TA dilation, leaflet tethering, and, as a 
result, more TR [16]. In most severe cases, the leaflets fail to coapt, 
resulting in a wide-open TR (% Fig. 37.6, see also z Videos 37.21, 
37.22). Functional TR is also a dynamic phenomenon, which 
shows respiratory changes of large magnitude (% Fig. 37.7, see 
also z Video 37.23) [17].

Echocardiographic assessment
The evidence of some degree of TR by colour Doppler should 
prompt a detailed and systematic echocardiographic analysis of 
TV, aiming to solve several questions.

1. Is TR physiological or pathological? Physiological TR is asso-
ciated with normal leaflet morphology and normal RV and 
RA size. The Doppler colour jet is localized in a small region 
(< 1 cm) adjacent to valve closure, is thin, central, and often does 
not extend throughout systole. TR CW Doppler signal is faint, 
with peak systolic velocities between 1.7 and 2.3 m/s. If these 
conditions are verified, then the TR needs no further evaluation. 
Otherwise, the TR can be considered pathological and requires 
additional evaluation (see next point).

2. Is the morphology of TV leaflets normal? In case there is an evi-
dent structural abnormality of the leaflets, the examination will 
then focus on identifying the exact cause of the TR (see next 
point) and on evaluating its severity. In case no evident struc-
tural abnormalities of TV leaflets are seen in standard 2DE 
views, especially if TR is isolated with no apparent cause and/or 
an organic cause is suspected based on patient history (trauma, 
drug abuse, etc.), additional investigation should involve 3DE 
and/or TOE in order to rule out a primary TV involvement.

◆	 Trauma: blunt chest trauma (e.g. after car or motor vehicle acci-
dent, sports injury, or falling from a height) is the most common 
cause of chordal or papillary muscle rupture. Anterior leaflet is 
most frequently involved. Penetrating chest trauma and right 
heart catheterization/endomyocardial biopsy may also cause 
chordal or leaflet rupture.

◆	 Carcinoid disease (see also % ‘Tricuspid stenosis’) is due to 
carcinoid tumours producing serotonin that metastasize to 
the liver, then reach the pulmonary and, to a lesser extent, the 
systemic circulation due to lung inactivation. The latter situ-
ation explains why carcinoid plaques (white fibrous plaques 
that form on the ventricular aspects of the TV and the mural 
endocardium) typically involve right-sided valves, provoking 
the adhesion of the leaflets to the RV wall, which restricts their 
motion and systolic coaptation [11].

◆	 Cardioverter-defibrillator or pacemaker lead implantation: 
up to 39% of patients may experience the development of sig-
nificant lead-induced TR (≥ grade 2) [12]. In these cases, 3DE 
may reveal leaflet perforation or impingement by the lead, 
most commonly affecting the septal leaflet, with consequent 
restricted mobility and loss of leaflets coaptation [13].

◆	 Drugs: ergotamine, cabergoline, pergolide, fenfluramine, and 
benfluorex are among the most commonly cited valvulopathic 
drugs, causing abnormal thickening of valve leaflets, resulting 
in a restrictive motion, thickening, and shortening of the chor-
dae tendineae and leaflet tethering with mal-coaptation [14].

◆	 Congenital diseases: abnormal implantation of the TV septal 
leaflet is a first clue for a congenital cause of TR (apically dis-
placed with > 8 mm/m2 than the mitral valve in Ebstein anomaly, 
implantation at the same level as mitral valve in atrioventricular 
canal, etc.) (for a detailed description, see % Chapter 61 on adult 
congenital heart disease).

Secondary TR is the predominant mechanism of TR, developing as 
consequence of deformation of the TV apparatus, such as TA enlarge-
ment with abnormal shape, and increased leaflet tethering related to 

Fig. 37.6 Example of severe functional tricuspid regurgitation. Two-dimensional apical four-chamber view (a) shows severe dilatation of right ventricle, right 
atrium, and tricuspid annulus, structurally normal leaflets with marked tethering and large coaptation deficit. Colour Doppler imaging reveals a large central 
turbulent jet (b), while continuous-wave Doppler tracing shows a dense signal with triangular shape (c).

(a) (b) (c)
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linear measures have limited ability to assess the complex non-
planar TA and leaflet geometry. Meticulous verification of the 
integrity of all three TV leaflets (preferably by 3DE en face views) 
[9] is crucial before concluding that TR is secondary, since annu-
lar dilation and leaflet tethering can be also found in primary 
long-standing TR (% Fig. 37.10, see also z Videos 37.24-27).

4. Is the TR haemodynamically significant? If the TR is trivial or 
mild, the TR may be considered benign. If there is a large coap-
tation defect or valve flail, TR should be considered severe. 

3. Is the TR secondary/functional? The lack of significant annular 
dilation and leaflet tethering makes a functional TR unlikely and 
should prompt a careful exclusion of any primary causes of TR. 
Conventionally, a significant TA dilation by 2DE is defined by a 
diastolic TA diameter in four-chamber view of 40 mm or more, 
or greater than 21 mm/m2 (% Fig. 37.8). Significant leaflet teth-
ering is suggested by a coaptation distance bigger than 8 mm in 
four-chamber view in mid-systole [18] (% Fig. 37.9). However, 
these numbers should be interpreted with caution since 2DE 

Fig. 37.7 Respiratory variability of tricuspid regurgitation velocity (top) and of proximal convergence zone (bottom). During inspiration there is the largest flow 
convergence and the lowest tricuspid regurgitation velocity, while in expiration the situation is reversed (smallest flow convergence, highest tricuspid regurgitation 
velocity).

Inspiration

Inspiration

Expiration

Expiration

(a) (b)

Fig. 37.8 Measurement of tricuspid annulus by two-dimensional echocardiography (a) and three-dimensional (3D) echocardiography (b). Note that two-
dimensional measurement in four-chamber view (represented by yellow line on 3D rendering) is not representative of the true maximal size of the elliptical 
tricuspid annulus.
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(a) (a)

Fig. 37.9 Quantification of tricuspid valve leaflet tethering by two-dimensional echocardiography (tenting area and coaptation distance, (a)) and three-
dimensional echocardiography (tenting volume, (b)).

Fig. 37.10 A case of severe traumatic tricuspid regurgitation, which mimicked a functional tricuspid regurgitation by two-dimensional echocardiography 
(a and b). The en face view of the tricuspid valve from the ventricular perspective by three-dimensional transthoracic echocardiography enabled to identify a 
structural abnormality of the anterior leaflet (c), corresponding to a leaflet flail due to ruptured chord visualized from a longitudinal three-dimensional rendering 
of the valve (d).

(a) (b)

(c) (d)
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with the zoom mode to maximize temporal resolution and meas-
urement accuracy. A VC diameter larger than 7 mm is usually 
associated with severe TR. Intermediate values are not accurate 
for distinguishing moderate from mild TR. However, in functional 
TR, VC is ellipsoidal rather than circular [20] (see % Fig. 37.13, 
see also z Video 37.29) and its longer diameter is oriented in the 
anteroposterior direction [20], therefore it does not coincide with 
the VC displayed in apical four-chamber view. Colour Doppler 
3DE enables direct measurements of VC area, which correlates 
only modestly with VC width by 2DE [21], supporting the idea 
that TV regurgitant orifice is too complex to be described by single 
linear measurements. The reported cut-offs of VC area by colour 
3DE suggestive of severe TR were greater than 0.57 cm2 in func-
tional TR and greater than 0.36 cm2 regardless of TR mechanism 
[20,21]. Influence of technical factors and arrhythmias are cur-
rently limiting the clinical implementation of this method.

Proximal isovelocity surface area method

The proximal isovelocity surface area (PISA) method is also recom-
mended for evaluating the severity of TR from apical four-chamber 
view and the parasternal long- and short-axis views. The area of 
interest is optimized by reducing imaging depth and Nyquist limit 
to approximately 15–40 cm/s (% Fig. 37.12, see also z Video 37.28). 
The PISA radius is measured at mid-systole using the first aliasing. 
PISA radius greater than 9 mm at a Nyquist limit of 28 cm/s has been 
associated with the presence of significant TR, while a PISA radius 
of 5 mm or less suggests mild TR. However, due to its geometric 
assumptions, the 2D PISA method faces several limitations, espe-
cially in functional TR when the regurgitant orifice is not circular. 

If the TR is presumably or clearly more than mild, it should 
prompt a quantitative assessment based on multiple parameters 
of severity in order to establish its haemodynamic significance.

Quantification of tricuspid regurgitation 
severity
In clinical practice, echocardiographic assessment of TR includes 
integration of data from 2DE and 3DE imaging of TV, right heart 
chambers, septal motion and inferior vena cava (IVC), as well as 
Doppler parameters of regurgitation severity (% Table 37.1).

Colour Doppler
Visual assessment

First, colour flow Doppler is used for a visual estimate of the severity 
from multiple windows, based on the width of jet origin and its area 
within the RA. Detection of a large central jet or an eccentric, wall-
impinging TR jet reaching the posterior wall of the RA is in favour 
of severe TR. Since jet area planimetry by colour Doppler is affected 
by many errors and depends on technical and haemodynamic fac-
tors, it is no longer recommended to assess TR severity [19].

Vena contracta

Vena contracta (VC) represents the cross-sectional area of the 
blood column as it leaves the regurgitant orifice (% Fig. 37.11). 
Thus, the VC reflects the regurgitant orifice area. The VC of the 
TR jet is typically imaged in the apical four-chamber view using an 
adapted Nyquist limit (colour Doppler scale, 40–70 cm/s) to per-
fectly identify the neck of the jet and a narrow sector scan coupled 

Table 37.1 Echocardiographic assessment of tricuspid regurgitation severity

Parameters Mild Moderate Severe

Qualitative
Tricuspid valve morphology
Colour flow TR jeta

CW signal of TR jet

Normal/abnormal
Small, central
Faint/parabolic

Normal/abnormal
Intermediate
Dense/parabolic

Abnormal/flail/large coaptation defect
Very large central jet or eccentric wall impinging jet
Dense/triangular with early peaking (peak < 2 m/s in 
massive TR)

Semi-quantitative
VC width (mm)a

PISA radius (mm)b

Hepatic vein flowc

Tricuspid inflow

Not defined
≤ 5
Systolic dominance
Normal

< 7
6–9
Systolic blunting
Normal

>7
> 9
Systolic flow reversal
E wave dominant (≥ 1 m/s)d

Quantitative
EROA (mm2)
R Vol (mL)

Not defined
Not defined

Not defined
Not defined

≥ 40
≥ 45

+RA/RV/IVC dimensione

CW, continuous wave; EROA, effective regurgitant orifice area; RA, right atrium; RV, right ventricle; R Vol, regurgitant volume; TR, tricuspid regurgitation; VC, vena contracta.
a At a Nyquist limit of 50–60 cm/s.
b Baseline Nyquist limit shift of 28 cm/s.
c Unless other reasons of systolic blunting (atrial fibrillation, elevated RA pressure).
d In the absence of other causes of elevated RA pressure.
e Unless for other reasons, the RA and RV size and IVC are usually normal in patients with mild TR. An end-systolic RV eccentricity index > 2 is in favour of severe TR. In acute severe TR, 
the RV size is often normal. In chronic severe TR, the RV is classically dilated. Accepted cut-off values for non-significant right-sided chambers enlargement (measurements obtained from 
the apical four-chamber view): Mid-RV dimension ≤ 33 mm, RV end-diastolic area ≤ 28 cm2, RV end-systolic area ≤ 16 cm2, RV fractional area change > 32%, maximal 2D RA volume ≤ 
33 mL/m2.An IVC diameter < 2.1 cm is considered normal.
From Lancellotti P, Tribouilloy C, Hagendorff A, et al. Recommendations for the echocardiographic assessment of native valvular regurgitation: an executive summary from the 
European association of cardiovascular imaging. Eur Heart J Cardiovasc Imaging 2013; 14:611–44.
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PISA radius

Fig. 37.12 Quantitation of 
effective regurgitant orifice in 
tricuspid regurgitation by two-
dimensional PISA method.

Fig. 37.11 Visualization of vena 
contracta by two-dimensional 
colour Doppler imaging in 
tricuspid regurgitation and 
measurement of its diameter.

Vena contracta
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In functional TR, 2D PISA may underestimate the severity of TR 
by 30% and is less accurate in eccentric jets. Colour Doppler 3DE 
can provide the actual geometry of flow convergence (3D PISA) 
(% Fig. 37.13, see also z Video 37.29) without any geometric 
assumptions regarding its hemispheric shape and should reduce the 
errors in calculating the effective regurgitant orifice area by the 2D 
PISA method [22]. The clinical validation of quantitative measures of 
TR severity from 3DE (3D PISA, VC area) is difficult due to the lack 
of an adequate reference method that can be used as a gold standard.

Spectral Doppler
The presence of a significant amount of TR will result in a propor-
tional increase in the velocity of RV early diastolic filling (tricuspid 
E velocity). The following are clues for a severe TR: peak E velocity 
greater than 1 m/s by pulsed wave (PW) Doppler in the absence 
of TS, TV annuloplasty or replacement, and CW Doppler velocity 
profile of TR with increased density and a steep falloff in velocity in 
late systole (‘cut-off sign’) (% Fig. 37.6c) [23]. As many cases of pul-
monary hypertension exhibit high TR velocities and only mild TR, 
the peak TR velocity should not be regarded as a sign of TR severity.

Systolic flow reversal in hepatic veins
In healthy subjects, the pattern of PW Doppler velocity tracing in 
hepatic veins shows a predominant systolic flow (S > D) and a ret-
rograde A-wave (Ar) caused by atrial contraction. With increasing 
severity of TR, there is a blunting of systolic velocity (S < D), and in 
severe TR a systolic flow reversal may be detected by PW Doppler 
or colour Doppler (% Fig. 37.14, see also z Video 37.30). The sys-
tolic hepatic flow reversal represents a specific sign of severe TR, 
but its absence does not rule out a severe TR [19].

Tricuspid Regurgitation
Measurement
VolumePISA

ERO

Aliasing Velocity

Inst. Flow Rate

Peak Regurg Vol

Peak RF

VTI

7.38

0.77

0.28

202.91

46.29

--.--

1.6

10.01

1.05

0.28

275.31

62.81

--.--

0.6

cm2

cm2

m/s

mL/s

mL

%

m

Current Peak

Fig. 37.13 Three-dimensional 
(3D) echocardiographic 
assessment of effective regurgitant 
orifice in functional tricuspid 
regurgitation by 3D PISA. The 
panel shows the different vena 
contracta widths from two 
orthogonal two-dimensional 
(2D) views (top left and centre), 
the elliptical shape of regurgitant 
orifice in cross-section (top right) 
and the complex 3D geometry 
of proximal isovelocity surface 
(bottom left), aspects which 
do not fit with the geometrical 
assumptions inherent of 2D 
Doppler methods (circular 
regurgitant orifice and hemispheric 
proximal isovelocity surface).

Fig. 37.14 Pulsed-wave Doppler (a) and colour M-mode (b) recordings of 
hepatic vein flow, showing reversal of systolic flow (arrows) as a specific sign of 
severe tricuspid regurgitation.

(a)

(b)



CHAPTER 37 heart valve disease: tricuspid valve disease310

TR, especially in case of conflicting Doppler findings [18,19]  
(% Table 37.1) (also see % Chapter 23 in this textbook).

Follow-up of tricuspid regurgitation 
and surgical timing
The timing of surgical intervention for TR remains controversial, as 
do the surgical techniques. Once TR has become significant, pro-
gressive RV remodelling due to chronic volume overload results in 
papillary muscle displacement and leaflet tethering, which worsen 
TR and lead to further RV dilatation [24]. Although well tolerated, 
severe long-standing TR leads to progressive RV systolic dysfunction 
and irreversible myocardial damage. Conventional indices of longi-
tudinal RV systolic function (TAPSE, S-wave) are load dependent 
and may not reflect the true global RV systolic function in certain 
conditions (severe TR, cardiac surgery, or transplantation, etc.) [19], 
rendering difficult the decision to operate in the absence of symptoms.

At present, surgery on the TV for significant functional TR 
should occur at the time of mitral valve surgery, as TR does not 
simply ‘go away’ after mitral valve surgery. Since redo surgery 
in symptomatic functional TR has the reputation for being a 
high-risk procedure, several investigators advocate an earlier 
and more aggressive surgical approach [25,26]. Accordingly, TA 
dilation at the time of mitral valve surgery is now regarded as a 
more  reliable sign of TR occurrence after surgery than TR sever-
ity itself, prompting a TV repair even if TR is mild [18]. However, 
2DE underestimates TA diameter, regardless of whether it is meas-
ured from the apical four-chamber or parasternal short-axis view 
[27] (% Fig. 37.8). These concepts put great emphasis on the 3DE 
measurements of the TA annulus in functional TR and fuel the 
development of semi-automated software designed for TA geom-
etry analysis based on 3DE [28].

Besides TA size, coaptation height and tenting area, reflect-
ing TV tethering, are also important predictors of the severity 
of early residual TR after TV repair (% Fig. 37.9a). Patients with 

Estimation of pulmonary arterial 
systolic pressure
In the absence of a gradient across the pulmonic valve or RV out-
flow tract, pulmonary arterial systolic pressure (PASP) is equal 
to RV systolic pressure (RVSP). RVSP can be reliably determined 
from peak transvalvular pressure gradient (ΔP) using the simplified 
Bernoulli equation (ΔP = 4V2) where V is the peak velocity of TR 
jet, and combining this value with an estimate of the RA pressure 
from inferior vena cava diameter (IVCd) and respiratory changes 
with a sniff (% Fig. 37.15, see also z Videos 37.31, 37.32): IVCd of 
21 mm or less that collapses by more than 50% suggests normal RA 
pressure = 3 mmHg (0–5 mmHg); IVCd greater than 21 mm that 
collapses by less than 50% suggests high RA pressure = 15 mm Hg 
(10–20 mmHg); otherwise, RA pressure = 8 mmHg (5–10 mm Hg), 
or secondary indices of elevated RA pressure should be integrated 
for estimation (restrictive right-sided diastolic filling pattern, tri-
cuspid E/e′ ratio > 6, diastolic flow predominance in the hepatic 
veins). PASP can be overestimated if the measurement of peak 
velocity takes into account the spectral broadening instead of modal 
velocity contour. PASP estimation is not reliable in severe free TR, 
when peak TR velocity is usually less than 2 m/s (% Fig. 37.6). The 
absence of a recordable TR jet should not be interpreted as a sign 
of normal PASP and should prompt contrast enhancement of TR 
signal and/or estimation of mean PAP based on pulmonary regur-
gitation CW Doppler signal or RV outflow PW Doppler signal.

Right ventricle/right atrium 
remodelling
Severe chronic TR is commonly associated with RV, RA, and IVC 
dilation. In the absence of other causes (pulmonary regurgitation, 
left-to-right shunt, anomalous venous return, etc.), the evidence of 
enlarged right heart chambers supports the diagnosis of a severe 

Inspiration Inspiration
Expiration

(a) (b)

Expiration

Fig. 37.15 M-mode assessment of inferior vena cava diameter and its variability with respiration. (a) Dilated inferior vena cava with greater than 50% variability 
(estimated right atrial pressure = 8 mmHg). (b) Dilated inferior vena cava with minimal respiratory variability (estimated right atrial pressure = 15 mmHg).
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Conclusion
Echocardiography is the imaging modality of choice in the evalu-
ation of TV pathology. For elucidating the mechanism and the 
severity of TV dysfunction, it is essential to always integrate 
information on 2D/3D anatomy of TV apparatus with colour and 
spectral Doppler analysis of flow dynamics and with right heart 
chamber quantification. At preoperative evaluation of functional 
TR, quantitative data regarding TA size and leaflet tethering 
should be included in the echocardiographic report.

marked leaflet tenting before surgery may incur aggravation of 
the tethering if the RV does not display reverse remodelling after 
TV annuloplasty. A preoperative coaptation height greater than 
1 cm has been shown to predict a 55% repair failure immediately 
after surgery [29]. In patients with significant tethering (coap-
tation distance > 8 mm or a tenting area >16 mm2), additional 
leaflet elongation to reduce leaflet tethering has been reported to 
decrease TR recurrence [30]. With 3DE, the extent of TV tether-
ing can be measured in terms of tenting volume (% Fig. 37.9b). A 
TV tenting volume greater than 2.3 mL predicts severe residual 
TR after tricuspid annuloplasty [31].
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CHAPTER 38

Heart valve disease: 
pulmonary valve disease
Owen I. Miller and Werner Budts

Background
Anatomy
The pulmonary valve (PV) consists of an annulus, cusps, and commissures. Behind each 
cusp is an outpouching of the arterial root, described as a sinus. There are three semilunar 
cusps of similar size: two posterior cusps (right and left), and one anterior cusp as a mirror 
image to the aortic cusp, which is an intimate anatomical relation of the pulmonary trunk. 
Efficient PV function requires normal leaflet anatomy and support from the pulmonary 
artery (PA) and right ventricular outflow tract (RVOT).

Pulmonary stenosis
Stenosis can result from either congenital anomalies or from disease-related increase in 
cusp rigidity. Congenital pulmonary stenosis (PS) is a common anomaly accounting for 
7–12% of congenital heart disease (CHD) and can occur in isolation or as a common 
concomitant (25–30%) with other CHD lesions. The stenotic valve may be bicuspid, 
unicuspid, or tricuspid but dysplastic. Rheumatic heart disease involvement of the PV is 
less common than with the mitral or aortic valves. Extrinsic obstruction of the PV may 
be produced by cardiac tumours or by aneurysms of the sinus of Valsalva. In moder-
ate to severe PS, the commissures become fused and the PV functions effectively as a 
unicuspid or bicuspid and doming funnel-shaped valve. This doming results in a restric-
tive orifice at the distal portion of the valve. Severe right ventricular (RV) hypertrophy 
may develop secondary to pressure load and lead to dynamic subpulmonic/infundibular 
stenosis.

Aetiology
The aetiology of RVOT obstruction can be distinguished into two groups:
◆	 Congenital:

●	 valvular, infundibular, or supravalvular
●	 distal PA branch stenosis

◆	 Acquired:

●	 native valve involved due to rheumatic heart disease, infective endocarditis, or 
carcinoid

●	 stenosis of a bioprosthesis or homograft may occur after degeneration.
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Pulmonary regurgitation
Mild pulmonary regurgitation (PR) has been reported in 40–80% 
with normal PV and no structural heart disease. Acquired mild 
to moderate PR due to annular dilation is seen with pulmonary 
hypertension. Severe PR although less common is observed with 
congenital PV anatomical abnormalities and of course after surgi-
cal valvotomy or balloon valvuloplasty.

Aetiology
Native pulmonary valve

◆	 Pressure-related dilatation of the valve annulus or main pulmo-
nary artery (mPA) secondary to pulmonary hypertension.

◆	 Volume-related dilatation of the mPA from unrepaired left-to-
right shunts.

◆	 Dilatation consequent to a connective tissue disorder such as in 
Marfan syndrome.

◆	 Congenital malformations, such as PV agenesis with aneurys-
mal dilatation of the main and branch pulmonary arteries.

◆	 Malformed, fenestrated, or supernumerary leaflets.

Operated/post-surgical pulmonary valve

◆	 After surgical valvotomy or balloon valvuloplasty for congeni-
tal PS.

◆	 After repair of tetralogy of Fallot, particularly when a transan-
nular patch is used.

◆	 Regurgitation across a surgically placed RV to PA conduit, for 
example, following repair of the common arterial trunk or for 
pulmonary atresia.

◆	 Regurgitation across a neo-PV, after the arterial switch operation.
◆	 Rare causes include trauma, carcinoid syndrome, rheumatic 

involvement, endocarditis, and injury by a PA flow-directed 
catheter.

Assessment with two-dimensional 
transthoracic echocardiography
Views
Evaluation of PV should be performed in conjunction with the 
RVOT, the RV, and the pulmonary branches. Two-dimensional 
(2D) transthoracic echocardiography standard and modified 
views are:
◆	 parasternal short-axis view, with transducer position at the base 

of the heart where the bifurcation of the PA is also visualized 
(% Fig. 38.1)

◆	 parasternal long-axis view with angulation toward the right 
shoulder

◆	 subcostal view (long- and short-axis views) with anterior 
angulation

Fig. 38.1 Standard view for assessment of the PV by 2D TTE on parasternal 
short-axis view.

RV

AO
PA

(a)

◆	 apical five-chamber view, through clockwise angulation of 
transducer to bring in the RVOT.

Echo data and parameters
Qualitative evaluation of PV to identify the mechanism of valvar 
dysfunction should include:
◆	 description of the number of cusps
◆	 prolapse
◆	 dysplasia
◆	 absent of PV (atresia or agenesis).

Quantitative assessment of PV relies on determination of:
◆	 annulus and RVOT diameters measured during early ejection 

phase from short-axis or parasternal RV outflow view
◆	 calculation of PV area using continuity equation
◆	 continuous wave (CW) Doppler interrogation across the 

RVOT and mPA to estimate peak and mean pressure gradi-
ents. The shape of Doppler envelope will differentiate between 
fixed (valvar) or dynamic (muscular subvalvar) obstruc-
tion. Often in complex multilevel RVOT obstruction, there 
will be an overlap of both dynamic and fixed components 
(% Fig. 38.2)

◆	 identification of PS or PR with Doppler colour flow mapping 
(CFM) (% Fig. 38.3); severe regurgitation may have CFM 
reversal originating in the branch PAs, less severe PR may have 
the diastolic CFM signal only in the mPA or even just in the 
RVOT, beginning at the PV

◆	 measurement of systolic and diastolic velocity time integrals 
using CW Doppler
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Assessment with real-time three-
dimensional echocardiography
Full assessment of PV cusps and commissures can be visualized 
by real-time three-dimensional (3D) TOE. The annulus appears 
oval-shaped and the actual valve area can be visualized and meas-
ured (% Fig. 38.5). Three-dimensional TOE incorporating the 
whole of the RV can be usefully post-processed to show abnor-
malities on the RVOT including subvalvar stenosis, associated 
septal defects, and any encroachment into the subpulmonary 
region by other congenital lesions such as Ebstein’s anomaly of 
the tricuspid valve.

Clinical applications
% Table 38.1 shows echo parameters regarding PV structure and 
function.

◆	 localization of the stenosis level (valvar, subvalvar, or supraval-
var) using CFM and pulsed wave Doppler.

Assessment with two-dimensional 
transoesophageal echocardiography
Views
The following views are used in transoesophageal echocardiogra-
phy (TOE) to image PV (% Fig. 38.4):
◆	 Short-axis view (RV inflow–outflow view), at mid-oesophageal 

level 30–80° with clockwise rotation, allows visualization of the 
anterior and posterior cusps.

◆	 Mid and high-oesophageal view at 90°, for imaging RV, PV, and 
the mPA.

◆	 In a longitudinal or 120° deep transgastric view, with clockwise 
rotation of the transducer, an entire sweep of the RV, inflow 
and outflow tracts can be obtained with simultaneous visu-
alization of the right atrium, tricuspid valve, RVOT, PV, and 
proximal PA.

Fig. 38.2 Continuous wave Doppler signal from cursor across the right 
ventricular outflow tract, showing multi-level obstruction with ‘dagger-
shaped’ late systolic accentuation (a) from dynamic muscular subpulmonary 
obstruction and higher velocity ‘bullet shaped’ Doppler envelope (b) from 
fixed valvar obstruction.

(a)

(b)

Fig. 38.3 Different colour flow patterns of PV. Parasternal short-axis view showing the colour flow pattern of normal systolic pulmonary flow (a), moderate PR 
(b), and turbulent systolic flow in PS (c).

(a) (b) (c)

Fig. 38.4 Standard view for assessment of PV by 2D TOE at 60–70°, mid 
oesophageal view.

(a)

LA

RA

RV

PV

AOV

TV
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high RA pressure estimated from inferior vena cava size and res-
piratory collapse, and evidence of post-stenotic PA dilation. A PV 
area of 1 cm2/m2 or less and a peak pressure gradient greater than 
60 mmHg indicate a severe PS.

Assessment of severity of pulmonary 
regurgitation
Primary findings of PR may include agenesis of the PV leaflets, 
prolapse of the leaflets, or thickened cusps with limited mobility. 
The pressure half-time may indicate the severity of the regurgita-
tion. Reversal of flow on CFM from the distal pulmonary artery 
branches indicates severe PR. Secondary findings such as RV dila-
tation and increasing tricuspid regurgitation are also seen. Finally, 
RV function may be impaired with decreased radial and longitu-
dinal contractile patterns.

Fig. 38.5 Zoom mode of real-time 3D TOE showing a normal PV during 
closure.

Table 38.1 Normal adult values of PV obtained by different echo 
modalities and their clinical application

Parameters Normal value Clinical application

2D measurements

Annulus diameter (cm) < 2.3 Determine the balloon size for 
valvuloplasty, dilated annulus 
causes PR

Valve area (cm2) 3.5–4.5 < 1 cm2/m2 define severe PS

Doppler measurements

Peak systolic velocity 
(m/s)

0.75 (0.6–1.1) Increased in PS and increased 
pulmonary flow

Peak PR velocity (m/s) (1.2–1.9) Increased velocity in 
pulmonary hypertension

Assessment of severity of pulmonary 
stenosis
Primary echocardiographic findings in PS are systolic doming of 
the valve, thickened cusps with limited mobility, and increased 
peak velocity across the valve (> 2.0 m/s). Secondary findings 
are RV hypertrophy (wall thickness > 6 mm) and/or RV dilation, 
high RV systolic pressure estimated from tricuspid regurgitation, 
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CHAPTER 39

Heart valve disease: mixed 
valve disease, multiple valve 
disease, and others
Philippe Unger and Gerald Maurer

Summary
Although most published studies on valvular heart disease have focused on regurgitant 
or stenotic single-valve disease, multiple and mixed heart valve disease are frequent con-
ditions. In the Euroheart Survey, multiple valve disease accounted for 20.2% of patients 
included with native valve disease, and multiple valve surgery for 16.8% of all patients 
undergoing valvular intervention [1]. Data on mixed valve disease are even scarcer, 
including epidemiological prevalence and natural history. The limited amount of pub-
lished data on mixed and multiple valve diseases is emphasized both by the European and 
the American Guidelines, which include a limited number of evidence-based recommen-
dations, mainly on level of evidence C [2,3].

The main aetiologies of mixed and multiple valve disease include rheumatic heart disease 
(z Video 39.1), degenerative calcific valvular lesions (z Video 39.2), infective endocar-
ditis, and secondary cardiac remodelling with annular dilatation and tethered leaflets. 
Less frequently, it may be due to adverse treatment effects such as thoracic or mediastinal 
radiation therapy and ergot-derived agonists or anorectic agents, non-cardiac systemic 
diseases including end-stage renal disease on haemodialysis, carcinoid heart disease, and 
congenital aetiologies such as connective tissue disorders (including Marfan syndrome and 
Ehler–Danlos syndrome), and other rare congenital disorders (trisomy 18, 13, 15, etc.) [4].

In rheumatic heart disease, mitral regurgitation (MR) is the commonest echocar-
diographic diagnosis, but mixed mitral valve disease, combined aortic and mitral valve 
disease, and functional tricuspid regurgitation (TR) are also frequent. Pure mitral steno-
sis (MS) and pure aortic regurgitation (AR) are less common.

Echocardiography is currently the preferred method for assessing patients with mixed 
and multiple valve disease and, as with patients with single-valve disease, it should evaluate 
the aetiology, the mechanism(s) of dysfunction, as well as its consequences, particularly 
the effects on left and right ventricular function and upon the pulmonary circulation. 
Detailed evaluation of valve morphology is essential for assessing the possibility of repair.

Specific issues in imaging these patients include the following: (1) the lack of published 
data; (2) the fact that, typically, most indices of valvular regurgitation and of stenosis 
severity have been validated in patients with single-valve/single-lesion disease; and (3) 
the presence of haemodynamic interactions (% Box 39.1).

The management of patients with mixed and multiple valve disease should take into 
account the large heterogeneity in terms of aetiologies, combinations, and severity of 
valve lesions. It should mainly follow the recommendations applied to the dominant 
lesion. In the presence of balanced lesions, a global assessment of the consequences of 
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the lesions is even more important than the use of isolated indices 
of severity of stenosis or regurgitation. Whereas according to cur-
rent guidelines, surgery should only be considered if single-valve 
isolated stenosis or regurgitation is severe [2,3], it should also be 
considered in the presence of two or more non-severe lesions in 
combination causing symptoms, left ventricular (LV) dysfunc-
tion, and/or increasing pulmonary pressure. The interactions 
between valve lesions may significantly impact the echocardio-
graphic diagnosis (% Table 39.1), and the clinician should be 

Table 39.1 Main diagnostic caveats, and preferred methods for multiple and mixed valve disease assessment

… the diagnosis of the following lesion might be impaired

AS AR MS MR

In the 
presence 
of

AS n/a Pressure half-time method 
unreliable
Use: vena contracta, PISA
Multiparametric analysis

Low-flow low-gradient MS may occur
Pressure half-time method unreliable
Use: planimetry, or continuity 
equation if planimetry not feasible

High Reg Vol; increased area 
of mitral regurgitant jet using 
colour flow mapping
ERO less affected
Use: ERO Vena contracta
Doppler volumetric method 
applicable

AR Simplified Bernoulli equation 
may be inapplicable
Gorlin formula using 
thermodilution invalid
Use: continuity equation

n/a AR jet should not be mistaken for 
MS jet
Continuity equation unreliable
Use: mitral orifice planimetry; PISA 
method applicable

Doppler volumetric method 
inapplicable
Use: PISA method

MS Low-flow low-gradient AS 
frequent
Use: continuity equation

MS may blunt the 
hyperdynamic clinical picture
Use: vena contracta, PISA
Multiparametric analysis

n/a Not significantly affected
Use: PISA method
Doppler volumetric method 
applicable

MR Low-flow low-gradient AS
MR jet should not be mistaken 
for the AS jet
Use: continuity equation

Doppler volumetric method 
inapplicable
Pressure half-time method 
may be unreliable
Use: vena contracta, PISA
Multiparametric analysis

Continuity equation unreliable
Pressure half-time method unreliable
Gorlin formula using thermodilution 
invalid
Use: mitral orifice planimetry

n/a

 AR, aortic regurgitation; AS, aortic stenosis; ERO, MR effective regurgitant orifice; MR, mitral regurgitation; n/a; not applicable; MS, mitral stenosis; PHT, pressure half-time; PISA, 
proximal isovelocity surface area method; Reg Vol, MR regurgitant volume.
Reproduced from Heart, Unger P, Rosenhek R, Dedobbeleer C, Berrebi A, Lancellotti P, 97, 272–7, copyright notice 2011 with permission from BMJ Publishing Group Ltd.

Box 39.1 Haemodynamic interactions that may impact on the 
diagnosis of multiple and mixed valve disease.

◆	 Any severe valve disease may reduce the flow and thus the 
gradient across another severely stenotic valve.

◆	 Concomitant regurgitation increases anterograde flow and 
pressure gradient across a stenotic valve, thereby potentially 
leading to overestimation of stenosis severity.

◆	 If flows are unequal, continuity equation is inapplicable.
◆	 Aortic or pulmonary valve disease may induce/increase mitral 

or tricuspid regurgitation, respectively.
◆	 Left-sided valvular lesions may induce pulmonary hyperten-

sion, tricuspid annular dilatation, and tricuspid regurgitation.
◆	 Methods derived from pressure half-time assessment may be 

invalid in the presence of altered LV compliance/relaxation.

aware of the specific diagnostic pitfalls. Planimetry of stenotic 
lesions, and assessment of the effective regurgitant orifice (ERO) 
and vena contracta of regurgitant lesions are less dependent on 
loading condition and should be preferred.

The diagnosis of multivalvular heart disease may become even 
more challenging in situations where constrictive or effusive 
pericarditis, restrictive cardiomyopathy, and conduction system 
abnormalities coexist, as in radiation-induced valvular heart 
disease.

By preventing future reoperation, patients undergoing surgery 
for a given culprit valvular lesion may benefit from concomitant 
treatment of another, haemodynamically non-severe lesion.

We will hereafter review the available evidence on the use of 
echocardiography in mixed and multiple valve disease, emphasiz-
ing the specific pitfalls associated with these complex conditions.

Mixed valve disease
Aortic stenosis and aortic regurgitation
AR pressure half-time may be either prolonged in the presence of 
LV hypertrophy with impaired relaxation, or shortened if there is 
elevation in LV diastolic pressure [5]. The presence of more than 
moderate AR may increase the LV outflow tract velocities, which 
may therefore be not negligible within the Bernoulli equation to 
assess the pressure drop across the aortic valve. Maximal forward 
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aortic velocity assessed by continuous wave (CW) Doppler, which 
reflects the combined severity of both aortic stenosis (AS) and AR 
might be of prognostic value in patients with moderate or more 
AS, moderate or more AR, and preserved LV function [6].

Preferred methods
When LV outflow tract peak velocities are above 1 m/s, the fol-
lowing formula should be used for assessing the pressure gradient 
(PG) across the aortic valve: PG = (V22 − V12), where V2 = trans-
valvular velocities are obtained with CW Doppler and V1 = LV 
outflow tract velocities with the pulsed wave Doppler modality.

The continuity equation remains accurate for aortic valve area 
calculation. As recommended in pure AR, assessment of AR in 
mixed aortic valve disease should be based on a multiparametric 
integrative approach of qualitative and quantitative parameters 
using colour- flow, pulsed wave, and CW Doppler imaging.

Mitral stenosis and mitral regurgitation
Valve description and MR quantitative assessment are crucial in 
MS for guiding the choice of intervention. More than mild MR is 
a relative contraindication to percutaneous mitral commissurot-
omy. After the procedure, MR resulting from leaflet tearing is an 
incentive to perform earlier surgery.

Because of the increased forward flow across the stenotic mitral 
valve, an E-wave velocity exceeding 1.5 m/s cannot be used as a 
supportive sign of severe MR in the presence of concomitant MS.

The continuity equation, which assumes a similar flow across 
the mitral valve and the LV outflow tract, is inherently invalid in 
mixed mitral valve disease and may contribute to mitral valve area 
underestimation. Similarly, because of altered LV compliance, the 
pressure half-time method for assessing mitral valve area may also 
be unreliable [7].

Preferred methods
Planimetry for assessing mitral valve area is theoretically inde-
pendent of loading conditions and is the method of reference in 
patients with rheumatic mitral valve disease. However, planimetry 
may be unreliable in patients with inappropriate acoustic win-
dows and in the presence of severe calcifications, where intense 
shadowing may occur and is, therefore, usually not appropriate in 
degenerative calcific mitral valve disease.

The presence of concomitant MS does not affect the MR ERO 
assessed by the proximal isovelocity surface area (PISA) method. 
Similarly, in the presence of MR, the PISA method to assess a sten-
otic mitral valve area remains accurate.

Multiple valve disease
Aortic stenosis and mitral regurgitation
In order not to overestimate the aortic pressure gradient, proper 
recognition of AS and MR jet envelope is crucial. The timing of 
the flow onset allows differentiation of the jets: the MR jet starts 

within the QRS complex, whereas the onset of the AS is delayed 
until after the LV isovolumic contraction (% Fig. 39.1).

Because moderate or severe MR reduces the forward flow, the 
detection of a low pressure gradient despite severe AS is not unu-
sual. The acute MR downgrading that may occur following an 
isolated aortic valve replacement emphasizes the load dependence 
of MR in this situation. The high AS-induced intraventricular sys-
tolic pressure level increases the mitral regurgitant volume and the 
surface of colour flow jet assessed by planimetry; mitral ERO is 
less affected and should be assessed in this setting [8]. A functional 
aetiology of MR, particularly in the presence of a poorly contract-
ing dilated LV, suggests a potential for reverse remodelling and is 
associated with an increased likelihood of MR improvement after 
aortic valve replacement [9]. Conversely, primary MR is less likely 
to improve. Other predictors of poorer MR improvement include 
the presence of atrial fibrillation, pulmonary hypertension, marked 
left atrial dilatation, and patient prosthesis mismatch [9–11].

Owing to preload and afterload contrasting features, MR and 
AS have opposite effects on ejection phase indices of myocardial 
performance, which may have clinical implications: mild LV dys-
function may be masked by the coexistence of MR. Conversely, 

Mitral Regurgitation

Aortic stenosis

Fig. 39.1 Continuous wave Doppler flow recording demonstrating the 
higher velocity and earlier onset of mitral regurgitation (upper panel) as 
compared to the aortic stenosis jet (lower panel).
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markedly depressed LV ejection fraction in a patient with severe 
MR might improve after double valve replacement, due to the 
favourable postoperative unloading effect of aortic valve replace-
ment (z Video 39.3).

Preferred methods
The continuity equation is accurate for aortic valve area calcula-
tion. Mitral ERO and vena contracta measurement should be 
included in MR assessment. The Doppler volumetric method can 
be used for MR assessment, but mitral inflow diameter may be dif-
ficult to determine in patients with calcified degenerative mitral 
valve.

 Aortic stenosis and mitral stenosis
The detection of a low-gradient severe AS, even if LV ejection 
fraction is preserved and/or of a low gradient in severe MS is not 
infrequent, highlighting the importance of estimating valve areas.

In the presence of AS, the pressure half-time method for esti-
mating mitral valve area is unreliable, because of LV hypertrophy 
and impaired LV relaxation. It might be shorter than expected, 
resulting from a faster equilibration of left atrial and LV pressures, 
which eventually result in mitral valve area overestimation [12].

Planimetry of the limiting orifice at the leaflet tips is the echo-
cardiographic method of choice for mitral valve area assessment 
in rheumatic MS. In degenerative MS, planimetry is often unreli-
able due to the presence of heavy annulus calcifications, where the 
limiting orifice is located.

Preferred methods
Direct planimetry by two- and three-dimensional echocardiogra-
phy is most useful for mitral valve area assessment in the presence 
of rheumatic MS [13]. In the presence of calcific degenerative MS, 
the use of the continuity equation for mitral valve area determi-
nation is advocated as it has been shown to correlate well with 
invasive measurements, provided that there is no concomitant 
significant MR or AR.

Tricuspid regurgitation and left-sided valve 
disease
Secondary TR may result from annular dilation and right ventricu-
lar enlargement due to chronic pressure overload as a consequence 
of left heart valve disease (z Video 39.4). Mitral valve disease is 
associated with a higher prevalence of TR than aortic valve disease 
[14]. Tricuspid surgery is recommended at the time of left-sided 
valve surgery if TR is severe [2,3]. Functional TR frequently does 
not disappear after successful left heart valve surgery, and, if left 
untreated, will adversely affect perioperative outcomes, func-
tional class, and survival. Non-severe TR cannot be ignored when 
performing left heart valve surgery, considering the high mortal-
ity rate for reoperations for recurrent TR. Therefore, European 
guidelines recommend that tricuspid valve surgery (usually ring 
annuloplasty) should also be considered in patients with mild 
or moderate functional TR, when tricuspid annulus is dilated  

(> 40 mm or >21 mm/m2 as measured from the middle of the 
septal annulus to the middle of the anterior annulus in the four-
chamber view, in late diastole at the time of maximal tricuspid 
opening) (% Fig. 39.2) [2,15].

When severe, primary tricuspid valve disease may blunt the 
full haemodynamic picture of left-sided stenotic valve disease, by 
reducing the flow rate and thus the pressure gradient. In this situ-
ation, the right-sided clinical signs will be prominent. Moreover, 
LV filling may be impeded by right ventricular dysfunction and 
overload, and thereby induce, or, conversely reduce MR.

Aortic regurgitation and mitral regurgitation
This specific combination is usually associated with high LV filling 
pressure and may present with severe LV dilatation and dysfunc-
tion (z Video 39.5). However, functional MR seems infrequent in 
the setting of AR [16].

Because of unequal aortic and mitral forward flow, the Doppler 
volumetric method using mitral inflow and LV outflow tract 
stroke volume assessment cannot be used for quantifying any of 
the two lesions. Pressure half-time of AR may be shortened in the 
presence of MR-induced increased LV diastolic pressure.

Diastolic MR, a marker of premature mitral valve closure sug-
gesting poor haemodynamic tolerance, should be assessed in the 
presence of acute AR (% Fig. 39.3).

Preferred methods
PISA and vena contracta width methods are accurate for assessing  
MR in the presence of AR. The assessment of AR requires a 
 multiparametric integrative evaluation.

Fig. 39.2 This patient with severe mitral stenosis scheduled for surgery 
presents also tricuspid regurgitation (a), which is moderate, according to 
the PISA method (b), the collapsibility of the inferior vena cava and the lack 
of systolic flow reversal in the hepatic veins (c). There is no evidence for 
significant pulmonary hypertension (b). The tricuspid annulus as measured 
from the apical four-chamber view in late diastole is dilated (42 mm). 
This situation represents a class IIa indication for concomitant tricuspid 
annuloplasty according to current guidelines [2,3].

(a)

(c)

(d)

ERO=22 mm2

RV=19 mL

TR max V: 267 cm/s

42
mm

(b)
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Aortic regurgitation and mitral stenosis
The lower velocity and later onset of the MS jet allow differen-
tiation from the AR jet (% Fig. 39.4). Therefore, AR is accurately 
confirmed by the detection of signals within the isovolumic relax-
ation period [17].

Because aortic and mitral anterograde aortic flow are unequal, 
the continuity equation using the LV outflow tract diameter and 
flow results in mitral valve area overestimation. In the presence of 
more than mild AR, the MS pressure half-time may be shortened, 
eventually leading to mitral valve area overestimation. In the study 
of Flachskampf et al., the calculated mitral valve area was over-
estimated by an average of 0.2 cm2 [18]. This effect is, however, 
moderate and individually unpredictable because of the opposite 
effect of improved changes in chamber compliance. As compared 
to catheterization, the average bias (0.42 cm2) of the pressure half-
time method may have important clinical implications in patients 
with severe AR [19].

Preferred methods
Mitral valve planimetry is theoretically independent of loading 
conditions. The PISA method is not influenced by the presence 
of AR and allows an accurate estimation of mitral valve area [20]. 
Quantification of AR severity should be based on a multiparamet-
ric integrative approach.

Tricuspid and pulmonic valve disease
Severe TR may cause underestimation of pulmonary valve stenosis 
severity by decreasing pulmonary flow and, hence, pressure gradi-
ent. Similarly to MR in patients with AS, the relief of pulmonary 
stenosis by pulmonary balloon valvuloplasty or by pulmonary 
valve replacement may reduce the severity of TR through a 
reduced systolic transtricuspid driving pressure and reduction in 
right ventricular size [21,22].

Subvalvular and supravalvular stenosis
Subaortic stenosis
Subaortic stenosis can present either as a discrete membrane or as 
a fibromuscular ring in the LV outflow tract. A progression from 
membrane to muscular hyperplasia as a consequence of the turbu-
lent flow has been postulated [23]. Subaortic stenosis can be seen 
in combination with other congenital malformations, including 
bicuspid aortic valve, aortic coarctation, perimembranous ven-
tricular septal defect, and an obstructive muscle bundle in the 
right ventricle [24].

Distinction between subaortic stenosis and valvular AS can be 
difficult on clinical grounds alone. In some instances, subaortic 
and valvular AS can occur in combination. Subaortic stenosis is 
usually associated with AR, which is presumably the consequence 
of chronic damage to the aortic leaflets by the high-velocity systolic 
outflow tract jet. Surgical resection of the subaortic obstruction is 
the treatment of choice for symptomatic patients. Even in asymp-
tomatic patients resection has been proposed in order to prevent 
the damage to the aortic valve that might result in progressive AR 
[25]. This issue, however, remains controversial since develop-
ment of AR has been seen even after resection of the membrane.

Echo-Doppler evaluation
The subaortic membrane is usually best visualized in a long-axis 
view. At times it is more easily seen from an apical (% Fig. 39.5) 
or low parasternal window than in standard parasternal long-
axis view, and transoesophageal echocardiography usually offers 
excellent visualization (z Video 39.6).

The subaortic membrane can be seen protruding into the out-
flow tract along the surface of the interventricular septum and 
often extends to the base of the anterior mitral leaflet, where teth-
ering can be seen. Indeed, the appearance of a basal anterior mitral 

Fig. 39.3 Premature mitral valve closure with 
diastolic mitral regurgitation in severe acute aortic 
regurgitation, assessed by colour M-mode (left 
panel), continuous wave (middle panel), and pulsed 
wave Doppler (right panel) modalities. The arrows 
denote the onset of diastolic mitral regurgitation.

Colour M-mode Continuous Wave Doppler Pulsed Wave Doppler

Fig. 39.4 Continuous wave Doppler flow recording demonstrating the 
lower velocity and later onset of mitral stenosis jet compared to the aortic 
regurgitation jet.
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leaflet hinge point can be the first echocardiographic clue to search 
for the presence of the subvalvular membrane.

Colour Doppler shows flow acceleration and turbulence below 
the level of the aortic valve (% Fig. 39.6; z Video 39.7). At times, 
especially in milder cases, turbulent flow in the LV outflow tract 
may be the first echocardiographic clue towards its presence. In 
addition, the regurgitant flow signal of AR can be visualized.

CW Doppler shows a velocity profile that is very similar to the 
one seen in valvular AS (% Fig. 39.7). The peak velocity occurs near 
mid-systole, unlike the late peaking, dagger-shaped velocity profile 
seen in hypertrophic obstructive cardiomyopathy. With isolated 

subaortic stenosis the effective gradient can be reliably calculated 
using the modified Bernoulli equation. In case of serial obstruc-
tions, where subaortic stenosis is combined with valvular stenosis 
or obstructive hypertrophic cardiomyopathy, it may be difficult to 
sort out the magnitude of each component to the obstruction.

Supravalvular aortic stenosis
Supravalvular AS is a rare congenital malformation characterized 
by narrowing above the level of the aortic valve. Its most common 
form is the hourglass deformity, followed by diffuse hypoplasia 
and by a discrete membranous form.

Supravalvular AS usually occurs in association with other 
congenital abnormalities, such as Williams syndrome (men-
tal retardation, failure to thrive, ‘elfin’ face, and multiple 
peripheral pulmonary artery stenosis), or with idiopathic infantile 
hypercalcaemia.

Echo-Doppler evaluation

The ascending aortic morphology needs to be carefully examined 
from multiple windows. The diameter of the tubular portion should 
normally never be smaller than the aortic annulus [26]. In addi-
tion, the ascending aortic flow needs to be evaluated by colour and 
CW Doppler and assessed for the presence of a supravalvular gra-
dient. It is important to keep in mind that in this setting, Doppler 
gradients frequently overestimate catheter gradients because of the 
pressure recovery that occurs in a tubular stenosis [26].

Fig. 39.5 Apical view showing a subaortic membrane.

Fig. 39.6  Same patient as in Fig. 39.6. Colour Doppler shows flow 
acceleration and turbulence below the level of the aortic valve.

Fig. 39.7 Same patient as in Figs 39.6 and 39.7. CW Doppler shows a peak 
velocity occurring near mid-systole, very similar to that seen in valvular aortic 
stenosis.
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CHAPTER 40

Replacement heart valves
John B. Chambers, Phillipe Pibarot,  
and Raphael Rosenhek

Glossary
◆	 The occluder is the mechanical part (ball, disc, leaflet) that closes the orifice.
◆	 The patient tissue annulus is the structure formed by removing the native valve and 

debriding calcific deposits.
◆	 Paraprosthetic jet means a jet of regurgitation originating outside the sewing ring and 

caused by a dehiscence of the valve or malposition of the stent.
◆	 Replacement heart valve is preferred to prosthetic heart valve since replacement valves 

may be biological tissue (e.g. homograft or allograft).

Classification of common replacement valves
Replacement valves [1] are broadly classified as biological or mechanical (% Fig. 40.1). 
The most commonly implanted are made from animal tissue (‘xenografts’) (% Table 40.1). 
Stentless biological valves were introduced in the hope of improving haemodynamic func-
tion, durability, and complications. These hopes have largely not been realized [2,3] and 
they are less frequently implanted now, but may still require echocardiography. Sutureless 
valves [4] were developed to speed the implantation process to limit bypass time in high-
risk patients and also to facilitate minimally invasive surgery using a limited thoracotomy. 
Transcatheter valves [5] are an important new class currently limited mainly to the aortic 
position although mitral and tricuspid devices are being evaluated.

The most frequently implanted mechanical valve is the bileaflet mechanical valve 
(% Table 40.2). The various designs differ in the composition and purity of the pyrolytic 
carbon used in their manufacture, in the shape and opening angle of the leaflets, in the 
design of the pivots, the size and shape of the housing, and the design of the sewing ring. 
The St Jude Medical valve has a deep housing with pivots contained on flanges which 
can be imaged on transthoracic echocardiography (TTE). The Carbomedics has a shorter 
housing allowing the leaflet tips to be imaged clearly. The On-X valve has a long, flared 
housing and this is also obvious on TTE.

When is transoesophageal 
echocardiography necessary? 341
When may other imaging techniques be 
necessary? 342
Conclusion 342
References 342
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discrepancy between the label size and the patient annulus which 
will accommodate that valve [6]. Furthermore, valves can be 
designed for either intra-annular (e.g. Carbomedics standard) or 
supra-annular implantation (Carbomedics ‘TopHat’) while some 
valves have both a supra-annular and an intra-annular component 

Fig. 40.1 Images of replacement 
heart valves. The unimplanted valve, 
echo appearance on TOE and patterns 
of regurgitation are shown for: (a) 
stented biological valve; (b) stentless 
biological valve; (c) transcatheter valve; 
(d) bileaflet mechanical valve; (e) 
Medtronic-Hall single tilting disc valve; 
and (f) caged-ball valve. LA, left atrium; 
LV, left ventricle; RA, right atrium.

(a)

LA

LA

LV

LA

RA

(b)

(c)

(d)
LA

LA

LA

LV

LV

(e)

(f)

Sizing conventions for valves
Label size gives an approximate idea of the patient tissue annulus 
for which the valve is intended. However, labelling conventions 
vary between manufacturers and there can be 4 mm or more 
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Timing of echocardiography after 
implantation
Echocardiography is used routinely to check that a newly 
implanted valve is functioning normally (% Table 40.3). Every 
valve is different and this study acts as a ‘fingerprint’ against 
which to compare future studies. For example, there may be mild 
paraprosthetic regurgitation. If the patient presents later with 
fever, the finding of a paraprosthetic jet might be a sign of endo-
carditis if it is new, but not if it has already been documented. 
The timing of the baseline study depends on circumstances. 
Ideally it should be at the first postoperative visit usually after 
4–6 weeks when the chest wound has healed, chest wall oedema 
has resolved, and left ventricular (LV) systolic function has 
recovered. However, if the patient is being transferred to another 
hospital’s care and may not return, it may be better to perform 
the study before discharge.

It is not recommended to perform routine scans in asympto-
matic patients with normally functioning mechanical valves or 
until 10 years after implantation for those with normally func-
tioning biological valves [7]. However, it is suggested that routine 
echocardiography should still be performed annually for:
◆	 new designs of biological valve for which durability data are not 

established
◆	 patients with aortic dilatation at the time of surgery
◆	 patients after left-sided mitral valve (MV) replacement (to 

check for the development of tricuspid regurgitation and right 
ventricular (RV) dysfunction).

Echocardiography also becomes indicated if symptoms develop. 
These may occur as a result of dysfunction of the replacement valve 
(% Table 40.4), endocarditis, or disease in other parts of the heart 
including the LV, RV, and other cardiac valves. Echocardiography 
needs to differentiate these. The main aim is to detect evidence of 
obstruction or regurgitation and differentiate normal variations 
from pathology.

(e.g. On-X). The surgeon may decide to place a valve designed for 
intra-annular use into the supra-annular position or the suture 
technique can force a valve into or above the annulus. These obser-
vations mean that:
◆	 comparison of the haemodynamic function of different designs 

of valve cannot be made using label size
◆	 the label size cannot be used as surrogate for left ventricular 

outflow tract (LVOT) diameter in the calculation of effective 
orifice area (EOA) using the continuity equation

◆	 the label valve size alone cannot be used to predict the valve 
EOA and thus risk of prosthesis–patient mismatch (see later). 
In avoiding patient–prosthesis mismatch, it is thus important to 
know the normal reference value of EOA for each given model 
and size of replacement valve.

Table 40.3 Indications and timing of echocardiography

Preoperative planning

Perioperative assessment

Immediate postoperative Predischarge and/or between 4 weeks 
and 3 months

Annual routine assessment In established biological valves after  
10 years from implantation [7]
Transcatheter valves
New designs of biological valve
Aortic dilatation at the time of aortic 
valve replacement
Mitral valve replacement (to look for 
progressive right-sided dysfunction)

Suspicion of pathology

Table 40.1 Common types of replacement biological heart valve

Stented xenograft

Porcine Hancock, Mosaic, Carpentier–Edwards 
(standard and supra-annular porcine), 
Intact, Labcor (porcine tricomposite), 
Biocor (porcine tri-composite).

Pericardial Baxter Perimount, Mitroflow (bovine 
pericardial), Labcor pericardial, Trifecta, 
C-E biophysio, Sorin More, Sorin 
Soprano.

Sutureless Perceval S, Edwards Intuity, 3F Enable, 
Trilogy

Transcatheter SAPIEN, CoreValve, Accurate, Centera, 
Direct Flow, Engager, JenaValve, Lotus, 
Portico

Stentless valves

Pulmonary autograft

Pulmonary or aortic homograft

Heterograft These may be implanted as:
Subcoronary inclusion, e.g. Toronto 
(St Jude Medical), Cryolife-O’Brien, 
Sorin Pericarbon (pericardial), Baxter 
Prima, Labcor stentless, Biocor PSB 
tricomposite.
Miniroot, e.g. Cryolife-O’Brien, Baxter 
Prima.
Root, e.g. Freestyle (Medtronic), Baxter 
Prima, Cryolife-O’Brien root.

Table 40.2 Types of mechanical replacement valve

Ball-cage Starr–Edwards, Smeloff-Cutter.

Single tilting disc Bjork–Shiley monostrut, Medtronic Hall, 
Sorin Monoleaflet Allcarbon, Omnicarbon, 
Kehler Ultracor.

Bileaflet St Jude Medical (standard, HP, Masters and 
Regent), Carbomedics, On-X, ATS, Sorin 
Bicarbon, Medtronic Advantage, Edwards 
Tekna and Edwards Mira, Jyros.
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and allows the detection of jets through the valve. Quantitative 
Doppler is more easily and accurately performed on TTE since 
more probe and patient positions can be used.

The sutures may be visible on TOE and should not be mistaken 
for vegetations. Small fibrin strands are also normal (% Fig. 40.3). 
Early after implantation, a stentless valve inserted as an inclu-
sion will be surrounded by haematoma and oedema. This is 
indistinguishable from an abscess and underlines the fact that an 
echocardiogram cannot be interpreted outside the clinical con-
text. Rocking of the valve suggests dehiscence which is proved by 
overlaying colour Doppler and demonstrating a paraprosthetic 

Table 40.4 Complications of replacement heart valves

Complication Mechanical Biological Echocardiographic effect

Primary failure – + + + Thickened cusps with regurgitation and/or stenosis

Thrombosis + + + + Valve obstruction (sometimes regurgitation or both)

Thromboembolism + + + + + Nil

Infection + + + + Vegetations, abscess, dehiscence

Pannus + + Obstruction of closure or opening of leaflet. May be intermittent

Dehiscence of prosthesis ring or stent 
malposition

+ + + + + Paraprosthetic regurgitation

The normal appearance of 
replacement heart valves
Clinical data required at the time of echocardiography for general 
assessment of the patient, must include the following [8]:
◆	 type (exact model) of valve and size (because these affect nor-

mal ranges of velocities, gradients, and EOAs)
◆	 date of replacement (to determine age of valve)
◆	 height and weight to calculate body surface area (BSA) for esti-

mation of indexed effective orifice area (EOAI)
◆	 blood pressure (to help assess grade of regurgitant lesions)
◆	 heart rate (to interpret the results of transprosthetic velocities 

and gradients for valves in the mitral position)
◆	 symptoms
◆	 the state of the rest of the heart on echocardiography.

A full minimum standard study is done in all cases including LV 
and RV and other valves and a valve-related minimum data set for 
all positions is given in % Table 40.5.

Echocardiography of the replacement 
aortic valve
Imaging
On TTE, all standard views must be used with extra care taken to 
image the sewing ring or stent (transcatheter valves) in the par-
asternal short-axis (PSAX) view. This view is particularly useful to 
localize the origin of regurgitant jets (% Fig. 40.2). The movement 
of the cusps or occluder is imaged using parasternal long-axis 
(PLAX) and PSAX views and the apical five- and three-chamber 
views. On transoesophageal echocardiography (TOE), the refer-
ence view is at the mid-oesophageal level usually with rotation 
to about 30° to obtain a horizontal section through the valve. As 
for TTE, more careful positioning of the probe is needed than for 
a native aortic valve (AoV). Rotation and flexion to insonate the 
plane of the sewing ring and just below this level are necessary 
to localize regurgitant jets. The longitudinal view rotated approxi-
mately 90° further shows movement of the cusp or occluder 

Table 40.5 Minimum data set for the echocardiography of 
replacement valves

Forward flow through the 
replacement valve

Aortic position Peak velocity, derived mean pressure 
difference, effective orifice area by the 
continuity equation and Doppler velocity 
index

Pulmonary position Peak velocity, derived mean pressure 
difference

Mitral position Peak velocity, derived mean pressure 
difference and pressure half-time

Tricuspid position Peak velocity, derived mean pressure 
difference and pressure half-time

Replacement valve 
regurgitation

All positions Site and localization—through or 
paraprosthetic
Grade

Other parts of the heart

LV Size and function (a hyperdynamic LV is a 
useful indirect sign of severe mitral or aortic 
regurgitation)

Right heart RV size and function, estimated systolic 
pulmonary artery pressure (pulmonary 
hypertension may be a sign of mitral 
dysfunction)

Aorta Most likely to continue to dilate if diameter 
> 41 mm at the time of surgery

Other valves Appearance, grade of stenosis and 
regurgitation
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regurgitant jet. Usually rocking in the aortic position implies a 
large dehiscence, about 40% of the sewing ring.

Quantitative Doppler
The minimum data set is peak velocity, mean pressure gradient, 
and EOA [8] by the continuity equation (see % Chapter 3 in this 
textbook) calculated using the ratio of the velocity time integrals 
(i.e. Doppler velocity index) [9]. It is important to derive the mean 
pressure gradient because it is calculated using the whole wave-
form and better reflects function than the peak gradient. It is not 
valid to substitute the labelled size of the replacement valve for the 
LVOT diameter because this may differ widely from its true size 
[6]. For serial studies, it is reasonable to use the ratio of the veloc-
ity time integrals since this avoids measuring the LVOT diameter.

Pressure recovery
This phenomenon is described in Chapter 32 for native aortic ste-
nosis. In cases of replacement valves, it occurs in two situations: 
downstream from most replacement valves and between the leaf-
lets of bileaflet mechanical valves [10,11]. Pressure recovery does 
not occur with valves which behave hydrodynamically as funnels 
in which the flow lines stay attached (e.g. some bovine pericardial 
replacement valves). In other types of replacement valve, pressure 
recovery is most likely to be evident if the sinotubular junction 
is less than 30 mm in diameter. It has the effect of introducing 
a discrepancy between transvalvar pressure gradients measured 
by invasive techniques and estimated by Doppler [11]. This is 
not usually a practical problem since normal ranges are based on 
echocardiography rather than invasive techniques. However, high 
velocities in the middle orifice between the leaflets of a bileaflet 
mechanical valve may be detected intermittently on continuous 
wave Doppler and can raise the suspicion of obstruction. It is 
important to interpret the TTE within the clinical context. If the 
patient is well then a high transvalve velocity is likely to be normal 

Fig. 40.3 Fibrin strand attached to a bileaflet mechanical aortic valve on a 
mid-oesophageal TOE view.

Fig. 40.2 Views for insonating a transcatheter valve. Parasternal short-axis 
(a) and long-axis (b) views; apical five-chamber (c) and three-chamber views (d).

(a)

(b)

(c)

(d)
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Table 40.6 Differential diagnosis of a high velocity across a 
replacement valve

Diagnosis Appearance 
of cusp

Movement 
of cusp or 
occlude

Doppler 
min data set 
in normal 
range

EOAI 
(cm2/
m2)

Normal function Normal Normal Yes > 0.85

Patient–prosthesis 
mismatch

Normal Normal Yes < 0.85

Pathological Thickened Reduced No < 0.85

Table 40.7 Thresholds for patient–prosthesis mismatch in 
replacement aortic and mitral valves

Milda Moderate Severe

Aortic (cm2/m2) > 0.85
(> 0.70)b

0.64–0.85
(0.59–0.70)b

≤ 0.65
(≤ 0.6)b

Mitral (cm2/m2) > 1.2
(> 1.0)b

0.9–1.2
(0.8–1.0)b

< 0.9
(< 0.8)b

a All replacement valves are small compared to a normal native valve so mild patient–
prosthesis is normal.
b Values between parentheses are for obese patients, i.e. body mass index ≥ 30 kg/m2.

Table 40.8 Normal values (mean and standard deviation) for 
biological valves in the aortic position

Vmax m/s Peak ΔP 
mmHg

Mean ΔP 
mmHg

EOA cm2

Stented porcine: Carpentier–Edwards standard as example (values similar 
for Carpentier–Edwards supra-annular, Intact, Hancock I and II and Mosaic, 
Biocor, Epic)

19 mm 43.5 (12.7) 25.6 (8.) 0.9 (0.2)

21 mm 2.8 (0.5) 27.2 (7.6) 17.3 (6.2) 1.5 (0.3)

23 mm 2.8 (0.7) 28.9 (7.5) 16.1 (6.2) 1.7 (0.5)

25 mm 2.6 (0.6) 24.0 (7.1) 12.9 (4.6) 1.9 (0.5)

27 mm 2.5 (0.5) 22.1 (8.2) 12.1 (5.5) 2.3 (0.6)

29 mm 2.4 (0.4) 9.9 (2.9) 2.8 (0.5)

Stented Bovine Pericardial: Baxter Perimount as example (similar Mitroflow, 
Edwards Pericardial, Labcor-Santiago, Mitroflow)

19 mm 2.8 (0.1) 32.5 (8.5) 19.5 (5.5) 1.3 (0.2)

21 mm 2.6 (0.4) 24.9 97.70 13.8 (4.0) 1.3 (0.3)

23 mm 2.3 (0.5) 19.9 (7.4) 11.5 (3.9) 1.6 (0.3)

25 mm 2.0 (0.3) 16.5 (7.8) 10.7 (3.8) 1.6 (0.4)

27 mm 12.8 (5.4) 4.8 (2.2) 2.0 (0.4)

Homograft

22 mm 1.7 (0.3) 5.8 (3.2) 2.0 (0.6)

26 mm 1.4 (0.6) 6.8 (2.9) 2.4 (0.7)

Stentless

Whole root as inclusion: St Jude Toronto (similar to Prima)

21 mm 22.6 (14.5) 10.7 (7.2) 1.3 (0.6)

23 mm 16.2 (9.0) 8.2 (4.7) 1.6 (0.6)

25 mm 12.7 (8.2) 6.3 (4.1) 1.8 (0.5)

27 mm 10.1 (5.8) 5.0 (2.9) 2.0 (0.3)

29 mm 7.7 (4.4) 4.1 (2.4) 2.4 (0.6)

Cryolife–O’Brien (similar to Freestyle)

19 mm 9.0 (2.0) 1.5 (0.3)

21 mm 6.6 (2.9) 1.7 (0.4)

23 mm 6.0 (2.3) 2.3 (0.2)

25 mm 6.1 (2.6) 2. 6 (0.2)

27 mm 4.0 (2.4) 2.8 (0.3)

for the individual valve and the study should simply be repeated at 
a short interval to exclude progression.

Signs of early failure
Thickening of a biological cusp is often the earliest sign of primary 
failure. The mean thickness of a cusp on M-mode is 1 mm [12], 
and a thickness of more than 3 mm is taken arbitrarily as a sign 
of thickening. This is usually a sign not of overt thickening of the 
cusp, but of a small tear. This makes a small segment of the cusp 
turn at an angle to the ultrasound beam and look thicker. It may 
be associated with prolapse of the cusp and often a jet of regur-
gitation. About 60% of thickened cusps progress to overt failure 
requiring redo surgery within 2 years compared with about 1% of 
unthickened cusps [12]. Finding a small tear is a warning to fol-
low the patient more carefully and, if the regurgitation progresses, 
to consider planning elective surgery. A proportion of biological 
valves develop sudden catastrophic failure as a result of an early 
tear or abrasion extending.

The high transvalve velocity: normal, 
patient–prosthesis mismatch, or pathological 
obstruction?
Normal ranges vary between valve types and size (see % Tables 40.6 
–40.9) and can be accessed using Apps (BSE or ASE), but the follow-
ing suggest the possibility of pathological obstruction [8]:

◆		 Vmax greater than 4.0 m/s
◆		 mean gradient greater than 35 mmHg
◆		 Doppler velocity index less than 0.25
◆		 EOA less than 1.0 cm2

◆		 rounded symmetrical continuous wave-form (this may be 
quantified by a peak top mean pressure gradient ratio < 1.5 
[13,14] or a ratio of acceleration time to LV ejection time > 0.37 
(% Fig. 40.4) [15]).

A change from earlier studies is more specific, and allowing for 
variations of measurement an increase in mean gradient greater 
than 10 mmHg or a fall in EOA greater than 25% are likely to be 
significant. The interpretation of quantitative Doppler is often dif-
ficult. Overinterpretation must be avoided if the patient is well 
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Fig. 40.4 Spectral Doppler in replacement aortic valves. On the left is 
a normal valve with a ratio of acceleration time to LV ejection time of 
0.31 (abnormal > 0.37). On the right is an obstructed valve with a ratio of 
acceleration time to LV ejection time of 0.45.

Normal

Acceleration Time Ejection Time Acceleration Time Ejection Time

Obstructed

with full exercise capacity while care not to miss obstruction must 
be taken if the patient has symptoms. High velocities are common 
especially in size 19 or 21 prostheses (% Tables 40.8 and 40.9). 
The challenge is to differentiate a small, but normally functioning 
valve from a pathologically obstructive valve.

The key is imaging of the cusps or occluder ( % Fig. 40.5). If the 
cusps are thickened or if the occluder has reduced opening then 
the valve is likely to be obstructed (% Fig. 40.6). Conversely, if the 
cusps and occluder are thin and open normally then the valve is 
likely to be normal provided that pannus can be excluded. Imaging 
may be difficult on TTE and even on TOE. Fluoroscopy may then 

Fig. 40.5 Normal stented biological replacement mitral valve. This is a 3D 
TOE image showing the valve in the LV view in diastole (a) and systole (b). 
Image from Dr H Rimington.

(a)

(b)

be used to image movement of the occluders of mechanical valves 
while computed tomography (CT) is useful for biological valve 
cusps and the leaflets of bileaflet mechanical valves. CT is also 
proving useful for detecting pannus [16,17] which is difficult to 
find using TTE or TOE. Thrombus is uncommon on biological 

Table 40.9 Normal values (mean and standard deviation) for 
mechanical valves in the aortic position

Vmax m/s Peak ΔP 
mmHg

Mean ΔP 
mmHg

EOA cm2

Single tilting disc

Medtronic-Hall (similar values Bjork–Shiley monostrut and CC, Omnicarbon 
and Omnisceince)

20 mm 2.9 (0.4) 34.4 (13.1) 17.1 (5.3) 1.2 (0.5)

21 mm 2.4 (0.4) 26.9 (10.5) 14.1 (5.9) 1.1 (0.2)

23 mm 2.4 (0.6) 26.9 (8.9) 13.5 (4.8) 1.4 (0.4)

25 mm 2.3 (0.5) 17.1 (7.0) 9.5 (4.3) 1.5 (0.5)

27 mm 2.1 (0.5) 18.9 (9.7) 8.7 (5.6) 1.9 (0.2)

Bileaflet mechanical

Intra-annular: St Jude standard (similar Carbomedics standard, Edwards 
Mira, ATS, Sorin Bicarbon)

19 mm 2.9 (0.5) 35.2 (11.2) 19.0 (6.3) 1.0 (0.2)

21 mm 2.6 (0.5) 28.3 (10.0) 15.8 (5.7) 1.3 (0.3)

23 mm 2.6 (0.4) 25.3 (7.9) 13.8 (5.3) 1.6 (0.4)

25 mm 2.4 (0.5) 22.6 (7.7) 12.7 (5.1) 1.9 (0.5)

27 mm 2.2 (0.4) 19.9 (7.6) 11.2 (4.8) 2.4 (0.6)

29 mm 2.0 (0.1) 17.7 (6.4) 9.9 (2.9) 2.8 (0.6)

Intra-annular modified cuff or partially supra-annular: MCRI On-X (similar St 
Jude Regent, St Jude HP, Carbomedics Reduced cuff, Medtronic Advantage)

19 mm 21.3 (10.8) 11.8 (3.4) 1.5 (0.2)

21 mm 16.4 (5.9) 9.9 (3.6) 1.7 (0.4)

23 mm 15.9 (6.4) 8.6 (3.4) 1.9 (0.6)

25 mm 16.5 (10.2) 6.9 (4.3) 2.4 (0.6)

Supra-annular: Carbomedics TopHat

21 mm 2.6 (0.4) 30.2 (10.9) 14.9 (5.4) 1.2 (0.3)

23 mm 2.4 (0.6) 24.2 (7.6) 12.5 (4.4) 1.4 (0.4)

25 mm 1.6 (0.3) 1.6 (0.3) 9.5 (2.9)

Ball and cage: Starr–Edwards

23 mm 3.4 (0.6) 32.6 (12.8) 22.0 (9.0) 1.1 (0.2)

24 mm 3.6 (0.5) 34.1 (10.3) 22.1 (7.5) 1.1 (0.3)

26 mm 3.0 (0.2) 31.8 (9.0) 19.7 (6.1)

27 mm 30.8 (6.3) 18.5 (3.7)

29 mm 29.3 (9.3) 16.3 (5.5)
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valves but is increasingly being recognized as a cause of leaflet 
restriction early after implantation in conventional xenografts and 
transcatheter aortic valve implantation (TAVI) valves. This can 
only reliably be detected by CT [18].

Analysis of spectral Doppler is also essential (% Fig. 40.4):
◆	 Calculate the EOA using the continuity equation. If this is 

within the normal range for a valve of that size and design (see 
% Tables 40.8 and 40.9) [19,20] the valve is likely to be normally 
functioning but small.

◆	 Patient–prosthesis mismatch is diagnosed if the EOA indexed to 
BSA (EOAI) is less than 0.85 cm2/m2 (% Tables 40.6 and 40.7).

◆	 If the EOA is substantially lower than the normal range, path-
ological obstruction is likely. However, obstruction is most 
reliably detected by comparing EOA with the baseline study. 
Allowing for experimental error, a fall of more than 30% is 
likely to be significant.

Patient–prosthesis mismatch
Patient–prosthesis mismatch [21] means that the replacement 
valve is functioning normally but is too small for the size of the 
recipient. It is defined in the aortic position by an EOAI less 
than 0.85 cm2/m2 and severe mismatch by an EOAI less than  
0.65 cm2/m2 (% Table 40.7) (% Fig. 40.7). Lower cut-point values 
should be used in obese patients (body mass index ≥ 30 kg/m2) as 
the indexed EOA may overestimate the severity of PPM in these 
patients [22]. There is agreement that mismatch can affect mor-
tality and LV recovery in the presence of an impaired LV [23]. A 
number of studies also report increased mortality and incidence 
of arrhythmia, reduced exercise capacity, and reduced regression 
of LV hypertrophy even in the presence of preserved LV systolic 
function [24]. Patient–prosthesis mismatch may also be associated 
with reduced survival of replacement valves [25]. However, others 
fail to show such an effect, sometimes because prosthetic size has 
been surmised from label size rather than by direct measurement 
of EOA [26]. It seems likely that the more severe the mismatch 
and the more impaired the LV systolic function, the more likely 
that the patient will be affected clinically. In the mitral position, 
patient–prosthesis mismatch has been shown to cause reduced 
survival [27] and a failure of resolution of pulmonary hyperten-
sion after replacement [28].

Ideally the incidence of patient–prosthetic mismatch should be 
minimized by the surgeon selecting a valve design with the opti-
mum EOA for the measured patient tissue annulus. A chart of the 
EOAs of all valves kept in the department should be available in 
the operating theatre (% Fig. 40.8).

Regurgitation
Minor regurgitation is normal in virtually all mechanical valves. 
Early valves had a closing volume as the leaflet closed followed 
by true regurgitation around the occluder (% Fig. 40.9). For the 
Starr–Edwards, there is a small closing volume and usually little 
or no true regurgitation. The single tilting disc valves have both 
types of regurgitation, but the pattern may vary. The Bjork–Shiley 
valve has a minor and major jet from the two orifices while the 
Medtronic Hall valve has a single large jet through a central hole 
in the disc.

(a)

(b)

(c)

Fig. 40.6 Progressive thickening of a stented biological valve. Panel (a) shows 
a parasternal short-axis view of a Perimount valve soon after implantation with 
thin cusps. The peak velocity was 2.1 m/s. The patient returned 12 years later 
with exertional breathlessness and (b) shows the heavily thickened cusps in a 
parasternal long-axis view with peak velocity 4.6 m/s (c).
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Fig. 40.9 Diagram of the patterns of physiological regurgitation. Reproduced 
from H Rimington and JB Chambers. Echocardiography: A Guide to Reporting 
and Interpretation. Taylor and Francis, 2016.

Bi-leaflet Mechanical

Long Axis Short Axis

Björk-Shirley

Medtronic-Hall

Caged Ball

Fig. 40.7 Diagram for the diagnosis of patient–prosthesis mismatch. Pibarot P, Dumesnil JG. Valve prosthesis-patient mismatch, 1978 to 2011: from original 
concept to compelling evidence. J Am Coll Cardiol 2012; 60:1136–9.

Abnormally high gradient

Measured EOA
Similar to reference EOA

Measured EOA
<< reference EOA

– Localised high gradients
   in bileaflet mechanical
   valves

– Prosthesis dysfunction

– Increased LVOT
   velocity due to
   hyperdynamic state or
   subvalvar narrowing
– Technical pitfalls

Measured EOA indexed
for patient’s BSA

≤ 0.85 cm2/m2

≤ 0.65 cm2/m2

Mild/moderate
PPM

Severe
PPM

> 0.85 cm2/m2

Rule out:

Rule out:

Look for:

Fig. 40.8 Chart for use intraoperatively to avoid patient–prosthesis 
mismatch. The chart gives the projected indexed effective orifice area (EOAi) 
for each level of patient’s body surface area (BSA; left side) and size (top of 
chart) of a given model of prosthesis (hypothetical model in this example). 
Green cells indicate that the projected EOAi is > 0.85 cm2/m2, yellow cells 
indicate borderline values, and red cells indicate a risk of mismatch.
Reproduced from Heart, Pibarot P and Dumesnil J. P, 92:1022–9, 2006 with permission 
from BMJ Publishing Group.

EOAi by Prosthesis size (mm)

Prosthesis size 19 21 23 25 27 29

Average EOA (cm2) 1.1 1.3 1.5 1.8 2.3 2.7

BSA (m2)

0.6 1.83 2.17 2.50 3.00 3.83 4.50

0.7 1.57 1.86 2.14 2.57 3.29 3.86

0.8 1.38 1.63 1.88 2.25 2.88 3.38

0.9 1.22 1.44 1.67 2.00 2.56 3.00

1 1.10 1.30 1.50 1.80 2.30 2.70

1.1 1.00 1.18 1.36 1.64 2.09 2.45

1.2 0.92 1.08 1.25 1.50 1.92 2.25

1.3 0.85 1.00 1.15 1.38 1.77 2.08

1.4 0.79 0.93 1.07 1.29 1.64 1.93

1.5 0.73 0.87 1.00 1.20 1.53 1.80

1.6 0.49 0.88 0.88 0.88 0.88 1.69

1.7 0.65 0.76 0.88 1.06 1.35 1.59

1.8 0.61 0.72 0.83 1.00 1.28 1.50

1.9 0.58 0.66 0.79 0.95 1.21 1.42

2 0.55 0.65 0.75 0.90 1.15 1.35

2.1 0.52 0.65 0.71 0.86 1.10 1.29

2.2 0.50 0.59 0.68 0.82 1.05 1.23

2.3 0.48 0.57 0.65 0.78 1.00 1.17

2.4 0.46 0.54 0.63 0.75 0.96 1.13

2.5 0.44 0.52 0.60 0.72 0.92 1.08
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The same methods of quantifying regurgitation can be used as 
for native regurgitation [29,30]. However, assessing the height 
of an aortic jet relative to the LVOT diameter may be difficult if 
it is eccentric and care must be taken to measure the diameter 
perpindicular to its axis. Multiple small normal transprosthetic 
jets cannot be quantified accurately, but this is not necessary in 
clinical practice. Paraprosthetic regurgitation is more frequent 
following TAVI than surgical AoV replacement. The grading of 
paraprosthetic regurgitation is challenging because the jets are 
often multiple, eccentric, and irregular. For paraprosthetic jets, 
the proportion of the circumference of the sewing ring occupied 
by the jet gives an approximate guide to severity of paraprosthetic 
regurgitation: mild (< 10%), moderate (10–30%), and severe (> 
30%) [8]. However, the width of the paraprosthetic jet(s) at origin 
assessed in multiple views is also helpful to assess severity.

The following suggest the possibility of significant (≥ moderate) 
regurgitation:

◆	 jet width 25% or more of LVOT diameter (65% severe)
◆	 width of jet vena contracta 3 mm or greater (6 mm severe)
◆	 circumferential extent of regurgitation (paraprosthetic) 10% or 

higher (30% severe)
◆	 pressure half-time (PHT) less than 500 ms (200 ms severe).

Echocardiography of the replacement 
mitral valve
Imaging
On TTE, PLAX and PSAX views, and all apical views with mul-
tiple angulation and off-axis cuts are needed to insonate the 
whole sewing ring or valve stent. The subcostal view is helpful 
to show paraprosthetic jets since the effect of shielding is mini-
mized. For TOE, the low oesophageal four-chamber view is the 
reference view and from here rotation of the probe to two- and 
three-chamber planes together with anteflexion and retroflexion 
allows interrogation of the whole of the sewing ring. The trans-
verse short-axis transgastric view is useful for imaging the whole 
sewing ring.

The occluder in mechanical valves should open quickly and 
fully and reduced opening is a reliable sign of obstruction pro-
vided that LV function is good. In normal bileaflet valves there 
may be slight oscillation of the leaflets during diastole and slight 
temporal asymmetry of closure. Off-axis insonation in these valves 
can show one leaflet better than the other and give the spurious 
suggestion of obstruction. In biological valves, the cusps should 
be thin (1–2 mm) and fully mobile with no prolapse behind the 
plane of the annulus. The colour map should entirely fill the orifice 
in all views. In an obstructed biological valve, it is possible for the 
colour map to be restricted at the orifice but to expand before the 
tips of the stents and it is possible to miss this sign. Unlike in the 
aortic position, rocking of the sewing ring may occur as a result 
of retention of the native posterior leaflet, but a true dehiscence is 

Fig. 40.10 Pivotal washing and paraprosthetic regurgitation in the aortic 
position. In (a) a parasternal short-axis view shows two thin washing jets from 
each pivot while in (b) there is a paraprosthetic jet beginning outside the 
sewing ring between 10 and 11 o’clock.

(a)

(b)

The bileaflet valves have continuous leakage through the pivotal 
points where the lugs of the leaflets are held in the housing. These 
are thought to prevent the formation of thrombus at sites of stasis 
and are called washing jets. They are usually found in formation, 
two from each pivotal point giving a characteristic appearance on 
imaging in a plane just below the valve (% Fig. 40.10). Sometimes 
these single pivotal washing jets divide into two or three separate 
plumes and in some valve designs such as the St Jude Medical there 
may be a jet around the edge of one or other leaflet. The jets are 
invariably low in momentum so that they are homogenous in col-
our with aliasing confined to the base of the jet.

Regurgitation through the valve is also increasingly reported 
in normal biological valves. This is mainly because echocardi-
ography machines are increasingly sensitive. Stentless valves 
including homografts and autografts are more likely than the 
stented valves to have minor regurgitant jets, usually at the point 
of apposition of all three cusps or at one or more commissure. In 
stented valves, the regurgitation is usually at the point of apposi-
tion of the cusps.
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function as well as MV function. In moderate or severe native or 
prosthetic stenosis, the mitral orifice dominates the PHT, but in a 
normal prosthetic valve or mild native stenosis, the PHT mainly 
reflects LV diastolic function. Thus small changes in PHT reflect 
loading conditions, heart rate, or drugs rather than a change in 
MV function. The Hatle formula (220/PHT) is not valid in nor-
mally functioning mitral prostheses. The valve EOA should be 
calculated using the continuity equation method by dividing the 
stroke volume measured in the LVOT by the transprosthetic time 
velocity integral. However, this method is not valid if there is sig-
nificant aortic or mitral regurgitation. The Doppler velocity index 
is calculated as the ratio of transprosthetic time velocity integral/
LVOT time velocity integral. MV obstruction (% Fig. 40.13) can 
be suspected when the following are present [8]:

◆	 peak transmitral velocity greater than 2.0 m/s (2.5 m/s severe)
◆	 mean gradient higher than 5 mmHg (10 mmHg severe)
◆	 Doppler velocity index greater than 2.2 (2.5 severe)
◆	 prolonged PHT longer than 130 ms (200 ms severe).

A change from immediate postoperative values is also supportive 
of acquired prosthetic valve obstruction. For example, an increase 
in mean gradient by 5 mmHg or more with similar heart rates is 
suggestive of the occurrence of valve obstruction. In less severe 
obstruction, particularly with restriction of only one leaflet in a 
bileaflet mechanical valve, the PHT may be only mildly prolonged, 
to around 150 ms. A change from immediate postoperative values 
may be obvious. Normal ranges are less variable than for the aortic 
position (see % Table 40.10) [19].

TOE is essential for determining the cause of obstruction in 
mechanical valves: thrombosis (% Fig. 40.14), pannus (% Fig. 40.15),  
mechanical obstruction by septal hypertrophy or retained chor-
dae, or vegetations as a result of endocarditis. Thrombus and also 

obvious from the gap opening between annulus and sewing ring 
and by the presence of a jet on colour mapping.

As for the aortic position, it is normal to see stitches and fibrin 
strands. It is also normal to see echoes resembling bubbles in the 
LV (% Fig. 40.11). These occur with all designs but are most fre-
quent with bileaflet mechanical valves. Their origin is not firmly 
established. They are probably benign although occasional reports 
link them to abnormalities of higher cognitive function.

Obstruction
Heavily calcified cusps and reduced occluder motion are the 
most reliable signs of obstruction since the cusps, disc, or leaflets 
are usually imaged easily from the mitral position even on TTE 
(% Fig. 40.12). In a bileaflet mechanical valve, partial obstruction 
may be obvious when one leaflet clearly moves less than the other. 
Even if image quality is suboptimal, colour mapping can identify 
obstruction by showing a narrowed, high-velocity inflow jet with 
wrap-around aliasing although TOE may sometimes be necessary 
to confirm this. In a stenotic stented biological valve, the jet can be 
narrow at the level of the immobile cusps, but can expand rapidly 
to fill the orifice towards the tips of the stents. It is therefore easy 
to miss the abnormality. Severe impairment of LV function may 
also cause reduced valve opening, but this will be associated with a 
thin, low-velocity inflow signal on colour mapping.

In the diagnosis of obstruction, quantitative Doppler is rela-
tively less important in the mitral position than imaging and 
colour mapping. The minimum data set is peak velocity, mean 
pressure gradient, and PHT. The mean pressure gradient provides 
a reasonable description of valve function. However, it is highly 
dependent on chronotropic conditions. Patient with a slow heart 
rate may present a gradient within normal range despite signifi-
cant valve obstruction. The PHT is dependent on LV and left atrial 

Fig. 40.11 Microcavitations 
associated with a bileaflet mechanical 
mitral valve. This is a four-chamber 
TTE view.
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Fig. 40.12 Obstructed bileaflet mechanical mitral valve on a four-chamber TTE view The laterally placed leaflet fails to open (a) and is compared to a normally 
functioning valve (b). On colour-mapping there is a thin inflow signal with high turbulence (c) by comparison with a normally functioning valve (d).

(a)

(b) (d)

(c)

Fig. 40.13 Continuous wave Doppler in mitral prostheses. A normally-functioning valve is shown in (a) with peak E velocity 1.6 m/s, mean gradient 4 mmHg, 
and pressure half-time 180 ms. Significant obstruction is suggested by a peak E velocity > 2.5 m/s, mean gradient >10 mmHg, and pressure half-time > 200 ms. In 
(b) the valve is severely obstructed with peak E velocity 2.8 m/s, mean gradient 23 mmHg, and pressure half-time 390 ms.

(a)

(b)
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and 1 cm wide. The RF% is directly related to the size of the valve 
and is also larger at low cardiac output (CO). A recognized clinical 
catch is the patient with a low CO as a result of a non-prosthetic 
cause such as LV failure who is found to have apparently large 
transprosthetic jets on TOE. It is important not to reoperate in 
this situation. Abnormal regurgitation through the valve occurs 
if the leaflet is prevented from closing as a result of thrombus or 
a chord.

Paraprosthetic regurgitation is differentiated from transpros-
thetic regurgitation by the jet having its origin outside the sewing 
ring (% Fig. 40.16). However, it may sometimes be difficult to 
locate the neck of the jet and the distal parts of jets detected 
within the left atrium need to be followed carefully back to their 
origin. The neck and flow acceleration region within the LV can 
be imaged on TTE in all patients with moderate or severe para-
prosthetic regurgitation. However, the location and size of the 
neck is also better seen on TOE particularly three-dimensional 
(3D) TOE (% Fig. 40.17). Important clues that TOE is necessary 
are:
◆	 the patient is breathless
◆	 the LV is hyperdynamic.

Although paraprosthetic leaks are pathological by definition, 
they may be small and of no clinical significance. They are par-
ticularly frequent immediately after surgery and may resolve as 
endothelium covers the edge of the sewing ring. However small 
paraprosthetic jets, while of no haemodynamic significance, may 
still cause haemolysis so that haemolytic anaemia is an indication 
for TOE.

Quantifying regurgitation uses the same methods as for native 
regurgitation [29,31] although as in the aortic position, the pro-
portion of the circumference of the sewing ring occupied by a 
paraprosthetic jet gives an additional guide to severity.

echocardiography of the replacement 
pulmonary valve
Imaging
The pulmonary valve (PV) is imaged on TTE from the PLAX view 
tilted to the right, from the PSAX view at the level of the AoV, and 
from the subcostal approach. On TOE it is imaged from the low 
oesophageal view by rotating clockwise from the long-axis view of 
the aorta. It can also be imaged from a deep transgastric view in a 
120° imaging plane.

Obstruction
The minimum data set is peak velocity and mean pressure gradi-
ent. Obstruction is suggested by cusp thickening or immobility 
with narrowing of the colour flow signal or by the following [8,32]:

◆	 a single peak velocity higher than 2 m/s in a homograft or 
higher than 3.0 m/s in any other type of valve

vegetations are associated with low-density echoes, while pannus is 
typically highly echogenic. A thrombus is usually larger than pannus 
and more likely to extend into the left atrium and the appendage. 
However, minor pannus may be overlain by thrombus so conclusive 
differentiation may not be possible. The clinical history may also be 
useful. A shorter duration of symptoms and inadequate anticoagu-
lation suggests thrombus rather than pannus. Onset of symptoms 
less than a month from surgery predicts thrombus as a period of  
many months is usually necessary for pannus formation.

regurgitation
Normal transprosthetic jets are particularly well seen in the mitral 
position on TOE and may easily be misdiagnosed as pathological. 
Although the regurgitant fraction (RF%) is usually no larger than 
10–15%, the associated colour jet can look large, up to 5 cm long 

table 40.10 Normal values (mean and standard deviation) for 
replacement valves in the mitral position

Vmax m/s peak Δp mmhg

Stented porcine: Carpentier–Edwards (similar Intact, Hancock)

27 mm 6.0 (2.0)

29 mm 1.5 (0.3) 4.7 (2.0)

31 mm 1.5 (0.3) 4.5 (2.0)

33 mm 1.4 (0.2) 5.4 (4.0)

Pericardial: Ionescu–Shiley (similar Labcor-Santiago), Hancock pericardial, 
Carpentier–Edwards pericardial

25 mm 1.4 (0.2) 4.9 (1.1)

27 mm 1.3 (0.2) 3.2 (0.8)

29 mm 1.4 (0.2) 3.2 (0.6)

31 mm 1.3 (0.1) 2.7 (0.4)

Single tilting disc: Bjork–Shiley monostrut (similar Omnicarbon)

25 mm 1.8 (0.3) 5.6 (2.3)

27 mm 1.7 (0.4) 4.5 (2.2)

29 mm 1.6 (0.3) 4.3 (1.6)

31 mm 1.7 (0.3) 4.9 (1.6)

33 mm 1.3 (0.3)

Bileaflet: Carbomedics (similar St Jude)

25 mm 1.6 (0.2) 4.3 (0.7)

27 mm 1.6 (0.3) 3.7 (1.5)

29 mm 1.8 (0.3) 3.7 (1.3)

31 mm 1.6 (0.4) 3.3 (1.1)

33 mm 1.4 (0.3) 3.4 (1.5)

Caged ball: Starr–Edwards

28 mm 1.8 (0.2) 7.0 (2.8)

30 mm 1.8 (0.2) 7.0 (2.5)

32 mm 1.9 (0.4) 5.1 (2.5)

The normal reference values of EOAs are not reported in this table given that there is 
important heterogeneity among published studies with respect to the method (PHT  
vs continuity equation) used for the calculation of EOA of mitral replacement valves.
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Echocardiography of the replacement 
tricuspid valve
Imaging
The tricuspid valve (TV) is imaged on TTE from the PLAX view 
rotated medially, from the PSAX view, from the apical four-cham-
ber view, and from the subcostal approach. All views, particularly 
from the apex, will need multiple tilting to obtain optimal views of 
the RV and TV. On TOE, the valve is imaged from the bicaval view 
obtained in the low oesophageal four-chamber view, with further 

◆	 a progressive rise in serial estimates is more reliable
◆	 new impairment of RV function.

Regurgitation
Pulmonary regurgitation can be quantified by comparing the 
jet width to the annulus diameter as mild (< 25%), moderate 
(26–50%), and severe (> 50%). In severe pulmonary regurgitation, 
the PHT is short, often less than 100 ms [33], the jet is dense, and 
the RV is dilated and hyperdynamic.

(a)

LV

LA

RV

RA

(b)

Fig. 40.14 Thrombus. Panel (a) shows a TTE four-chamber view with the medially placed leaflet of a bileaflet mechanical valve fixed in the closed position 
by thrombus LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.. Panel (b) is a TOE four-chamber view showing a bileaflet mechanical valve 
obstructed by a large thrombus.
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Fig. 40.15 Pannus. Long-axis view on TOE 
showing dense echogenicity extending from the 
sewing ring. In addition the posterior leaflet has 
opened incompletely.

Fig. 40.16 Prosthetic mitral regurgitation in a bileaflet mechanical valve. Panel (a) shows normal washing jets through the valve. These are recognized by low 
momentum and characteristic position in relation to the pivots. Panel (b) shows a large paraprosthetic jet with mosaic aliasing and a neck clearly outside the edge 
of the prosthesis.

(a)

(b)
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disease, and on occasion new or worsening mitral regurgitation. 
Dobutamine and supine bicycle exercise are most commonly 
used. Treadmill exercise gives additional information about exer-
cise capacity but is less frequently used because it makes recording 
information about the LV as well as the AoV relatively hard.

Comprehensive normal ranges and precise cut-points are not 
available. It is likely that a similar level as for native valves is a 
guide to significant obstruction, for example, a mean gradient 
increase by more than 20 mmHg in the aortic position [37] or to a 
mean gradient greater than 18 mmHg in the mitral position [38]. 
In clinical practice, a combination of exact reproduction of symp-
toms with no wall motion abnormality and a large rise in pressure 
difference is highly suggestive of abnormal valve dynamics. For 
valves other than caged-ball valves, a peak instantaneous velocity 
above 5.0 m/s on exercise is likely to be abnormal.

Low-dose (up to 20 mcg/kg/min) dobutamine stress echocar-
diography should be considered in patients with depressed LV 
systolic function and reduced cardiac output in patients with 
small EOA (or abnormal DVI) but low transprosthetic gradient. 
A marked increase in gradient with no or minimal change in EOA 
and DVI suggest significant obstruction.

Endocarditis
Vegetations and local complications (dehiscence, abscess, perfora-
tion, fistula) may be obvious even on TTE especially if the valve 
is biological. However, if the valve is mechanical, vegetations are 
often difficult to detect transthoracically because of reverberation 
and acoustic shadowing and TOE is then necessary (% Fig. 40.18). 
TTE findings that increase the clinical suspicion of endocarditis 
are Doppler evidence of valve dysfunction or instability, an other-
wise unexplained rise in pulmonary artery pressure, and a change 
in chamber dimensions. In general, the sensitivity for vegetations 

90° of rotation and anticlockwise rotation of the probe. It is also 
shown from a transgastric view with 90° rotation.

Obstruction
The minimum data set is peak velocity, mean pressure gradient, 
and PHT [8]. Obstruction is shown by reduced cusp or occluder 
motion with a narrowed colour signal. On TTE, an engorged, 
unreactive inferior vena cava with a dilated right atrium and small 
RV are useful indirect signs. The following should also suggest 
obstruction [34,35]:

◆	 a transtricuspid peak velocity greater than 1.5 m/s
◆	 mean pressure gradient higher than 5 mmHg
◆	 PHT longer than 240 ms.

As for the mitral position, TOE is essential for determining the 
cause of obstruction in mechanical valves: thrombosis, pannus, or 
vegetations as a result of endocarditis.

Regurgitation
As for the mitral position, minor transprosthetic tricuspid regurgita-
tion is normal. A paraprosthetic jet should be assessed by its width, 
which is most easily measured using 3D. Other methods of quan-
tification are as for native tricuspid regurgitation [29,31]: jet shape 
and density, RV volume load, and hepatic vein systolic flow reversal.

Stress echocardiography
This is not performed routinely but should be considered in any 
patient with exertional symptoms where the diagnosis is not clear 
[36]. The aim is to test for valve dysfunction, coexistent coronary 

Fig. 40.17 Paraprosthetic mitral 
regurgitation on 3D. The area of 
dehiscence is indicated by arrow heads 
(left) and the leak on colour is shown 
by arrows (right).
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similar in diameter. A Ross procedure may not be advisable if the 
aortic annulus is large, above 27 mm, since this predicts late dila-
tion of the autograft. If the aortic root is not dilated before surgery, 
the Ross procedure can be performed as a mini-root rather than 
by implantation within the aorta.

Planning other stentless valves
A homograft almost always needs to be brought in from a tis-
sue bank and the LVOT diameter determines whether a large, 
medium-sized, or small homograft should be requested. Stentless 
xenografts vary in design but many need to be sized using the 
sinotubular junction as well as the annulus, while stented valves 
are sized using the patient tissue annulus alone. If the sinotubu-
lar junction is more than 10% larger than the annulus, either a 
stentless valve cannot be used or an associated aortoplasty must 
be performed. Sizing by TTE, usually confirmed by intraopera-
tive TOE, also allows the valve to be washed in advance to reduce 
bypass time. A stentless valve is contraindicated if there is exces-
sive annular calcification. It is also contraindicated as an inclusion 
if the AoV is anatomically bicuspid.

Planning a transcatheter valve implant
It is necessary to measure the size of the aortic annulus and root 
to determine that a device of suitable size will be implanted [5,42]. 
In general, TOE is superior to TTE in this regard, since it provides 
superior image quality. Use of 3D echocardiography is also useful, 
since most of the examined structures are not perfectly circular 
in shape.

The diameter of the aortic annulus should be carefully assessed 
immediately below the hinge points of the non- (or left) and the 
right coronary cusps of a trileaflet AoV, in a zoomed mid-systolic 
frame with maximal leaflet excursion, taken from a centred mid-
oesophageal long-axis view at 110–150° of rotation. Although the 
hinge point of the right coronary cusp is usually easy to identify, 
because the imaging plane passes through the nadir of the cusp, it 
is more difficult to appreciate in the posterior aspects of the valve. 
Indeed, in long-axis view, the imaging plane usually passes through 
one of the two posterior cusps (most often the non-coronary cusp) 
somewhere along the ascending limb of their anatomical insertion 
in the sinuses of Valsalva, in the posterior interleaflet triangle. This 
can lead to significant overestimation of annular dimensions. The 
posterior caliper should therefore be placed as close as possible to 
hinge point between the anterior mitral leaflet and the nadir of the 
posterior interleaflet triangle.

CoreValve® implantation also requires careful assessment 
of the size and dimensions of the aortic root. The aortic root is 
best visualized in the PLAX view on TTE and the mid-oesoph-
ageal long-axis view on TOE. The TOE images of the aortic root 
are similar to those taken for LV outflow assessment. The image 
needs to be frozen in a zoomed mode at end-diastole, just after the 
MV has closed and before the AoV has opened. The aortic root 
walls should be parallel and the AoV orifice should be central in 
a trileaflet valve. All measured diameters are intraluminal from 

is 15% on TTE and 90% on TOE [39]. For the detection of com-
plications both approaches are complementary. TTE is more 
sensitive for the detection of anterior aortic root abscess while 
TOE is more sensitive for posterior root abscesses. Similar to 
abscess of native heart valves, paravalvular abscess of replacement 
valves may appear echo-dense or echo-free. When infective pro-
cess persists, an aneurysm may develop at the site of valve abscess.

However, echocardiography should not be part of the initial 
investigation of fever since the yield of both TTE and TOE is then 
exceptionally low [40,41]. Furthermore there is the risk of making 
a spurious diagnosis of endocarditis. It is never possible to dif-
ferentiate vegetations from a segment of disrupted cusp. Nor it is 
possible to differentiate generalized valve thickening as a result of 
infection from primary failure even on TOE. Similarly, normal 
swelling and haematoma around a recently implanted stentless 
valve cannot be differentiated from an abscess.

The preoperative echocardiogram
Echocardiography is used to assess the index valve disease, the 
other valves, the aorta, LV function, and the RV including pulmo-
nary artery (PA) pressures. In addition it has the following roles.

Planning a Ross procedure
The Ross procedure is a type of specialized AoV replacement 
surgery, where the patient’s PV is positioned at the level of dis-
eased AoV. Then, the PV is replaced by a cryopreserved cadaveric 
PV. This surgical procedure is indicated for children because the 
autograft may sometimes grow and reduce the need for repeated 
surgical procedures. In adult it resists reinfection after endocardi-
tis because there are no artificial parts and it has better durability 
than xenografts and does not require anticoagulation.

After planning a Ross procedure, it is necessary to check that 
the PV is normal and that the pulmonary and aortic annuli are 

Fig. 40.18 Vegetation. TOE four-chamber view showing a mass attached to 
the left atrial side of the sewing ring of a bileaflet mechanical valve.
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Paravalvular leaks are frequent after transcatheter valve implan-
tation, but are rarely more than moderate in severity. The eccentric 
nature of the jets, as well as the combined presence of calcifica-
tions and the stent often makes it difficult to accurately grade the 
severity of regurgitation. Paravalvular leaks usually occur at the 
level of the native AoV commissures, where the stent frame is 
not covered by native leaflet tissue. The amount of paravalvular 
leak correlates with the degree of native cusp calcification, with 
the geometry of the deployed prosthesis and with the congruence 
between the prosthesis and annulus sizes. Accordingly, particular 
attention needs to be paid to the circularity of the deployed pros-
thesis in the short-axis orientation.

Conventional valve surgery
Intraoperative echocardiography is increasingly used as routine 
in all cardiac surgery including the implantation of replacement 
heart valve to:

◆	 confirm the findings of preoperative TTE
◆	 detect new pathology (e.g. coexistent aortic dissection)
◆	 confirm annulus and sinotubular junction diameters when 

implanting a stentless valve
◆	 check for an aortic root abscess or involvement of other valves 

in the presence of endocarditis
◆	 detect new LV ischaemia
◆	 assess the competency of an autograft or stentless xenograft 

valve after surgery
◆	 detect significant paraprosthetic regurgitation to allow correc-

tion before closing the chest
◆	 detect interference of cardiac structures with movement of the 

occluder
◆	 detect early iatrogenic complications (e.g. a stitch placed 

through the non-coronary cusp after implantation of a mechan-
ical MV)

◆	 assess an associated MV repair or tricuspid annuloplasty
◆	 aid de-airing the heart.

When is transoesophageal 
echocardiography necessary?
TOE is necessary more frequently than with native valves espe-
cially for replacement valves in the mitral position because of the 
problem of shielding:

◆	 when endocarditis is suspected particularly for mechanical 
valves

◆	 despite a normal transthoracic study, if valve dysfunction is 
suspected from the presence of an abnormal murmur, breath-
lessness, or haemolysis

◆	 the grade of mitral regurgitation is uncertain on TTE

aortic wall to aortic wall, ignoring any protuberant calcium. The 
dimensions of both the sinuses of Valsalva and of the sinotubu-
lar junction should be obtained. The diameter of the sinuses of 
Valsalva is perpendicular to the long axis of the root and parallel 
to the aortic annular plane. It is measured as the widest intralumi-
nal distance within the sinuses. The diameter of the sinotubular 
junction is usually parallel to the previous one. It is measured at 
the hinge point where the sinuses narrow and join the ascending 
aorta. Finally, the ascending aorta diameter should be measured 
at its widest diameter.

Particular attention should also be paid to the size and shape 
of the interventricular septum. Marked septal hypertrophy and 
sigmoid septa, protruding in the LVOT may cause misplacement 
and/or migration of the prosthesis as this leads to overestimation 
of annular dimensions.

Perioperative echocardiography
Transcatheter valve implant
TTE is used for the transapical approach to obtain the position 
of the apex in order to determine the location of the intercos-
tals’ incision. The use of TOE during the procedure depends on 
the prosthesis implanted. During transapical implantation of an 
Edwards SAPIEN® valve, TOE should be used to verify that the 
apical introducer sheath and/or guidewire do not interfere with 
the MV apparatus, since this can cause severe transient mitral 
regurgitation. This is best achieved using a biplane transgastric 
view showing at the same time a mid-ventricular section, at the 
level of the papillary muscle and a long-axis section at the level of 
the LVOT. The implanted material should always be positioned 
in between the two papillary muscles and chordae tendineae. 
Mid-oesophageal imaging is occasionally useful to ensure that 
the guidewire is pushed into the LVOT and not into the left 
atrium.

TOE can sometimes help the retrograde crossing of the AoV 
by the delivery catheter, as it may sometimes get stuck in a cal-
cified commissure. As the delivery catheter is withdrawn, echo 
images are used to observe the emergence and expansion of the 
ventricular end of the prosthesis, as its high radial force may cause 
it to descend inappropriately low into the LVOT and interfere with 
MV function. Manual adjustment in the position is required so 
that the LV rim of the prosthesis covers 50% of the anterior mitral 
leaflet and lies above the attachment of the secondary chordae to 
the leaflet.

Immediately after deployment, TOE permits assessment of 
valve function and detection of complications, such as pericar-
dial effusion or aortic dissection. Measurements of subvalvular 
and transvalvular flows are best achieved from a deep transgastric 
position, whereas the dimensions of the LVOT are best obtained 
from a mid-oesophageal long-axis position. LVOT dimensions 
need to be measured after deployment of the prosthesis since it 
usually becomes more circular and hence differs from pre-implan-
tation measurements.
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missed by TOE. Both CT and CMR are useful if aortic root 
pathology is not well seen on TTE and if TOE is not feasible, or 
if there is complex pathology (e.g. false aneurysms or complex 
abscesses). In the future, combined positron emission and CT 
(PET-CT) may be useful for diagnosing prosthetic endocarditis 
[46] although issues with myocardial uptake of this tracer will 
need to be resolved.

Conclusion
There are some key points:

◆	 Quantitative Doppler should always be interpreted in the clini-
cal context; normal ranges vary with design, position, and size.

◆	 Velocities are flow dependent; always calculate EOA for valves 
in the aortic position.

◆	 Do not use valve size in place of LVOT diameter in calculating 
the EOA.

◆	 The PHT method for calculating EOA is not valid in normal 
replacement MVs.

◆	 Transvalvular regurgitation is normal in almost all mechanical 
valves and many biological valves.

◆	 TTE and TOE are complementary and should be interpreted 
together.

◆	 The assessment of the severity of paraprosthetic regurgitation 
is challenging and requires an integrative approach using all 
echocardiographic modalities.

◆	 thromboembolism recurs despite adequate anticoagulation 
since this suggests the presence of vegetation or alternatively of 
pannus acting as a nidus for thrombus formation

◆	 obstruction of a mechanical valve to differentiate thrombosis 
from the other causes and to decide whether surgery or throm-
bolysis should be considered.

When may other imaging techniques 
be necessary?
Imaging cusp or occluder motion is important in the differentia-
tion of patient–prosthesis mismatch and pathological obstruction. 
Sometimes this is not possible either on TTE or TOE. Fluoroscopy 
is then useful to image a mechanical occluder and CT is useful 
for biological and bileaflet mechanical valves. CT can also image 
pannus [43].

Imaging the aorta above the root may not be possible using 
echocardiography and aortic pathology will then need to be fol-
lowed by CT or cardiac magnetic resonance (CMR).

CMR is far better than echocardiography at determining 
cavity volumes and wall thickness and may be more useful in 
research studies, for example, of the regression of LV hypertro-
phy after AoV replacement. On occasion, CMR may be used to 
quantify regurgitant volumes when these are not obtainable by 
echocardiography.

In suspected endocarditis CT may be of value in detecting veg-
etations on replacement valves [44,45] and may detect abscesses 
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CHAPTER 41

Endocarditis
Gilbert Habib, Franck Thuny, Guy Van Camp, 
and Simon Matskeplishvili

Summary
Echocardiography plays a key role in the assessment of infective endocarditis (IE) [1]. 
It is useful for its diagnosis, the prediction of embolic risk, the prediction of short-
term and long-term prognosis, and the follow-up of patients under antibiotic therapy. 
Echocardiography is also useful for the diagnosis and management of the complications 
of IE, helping the physician in decision-making, particularly when a surgical therapy is 
considered. Guidelines from the European Society of Cardiology (ESC) and the European 
Association of Cardiovascular Imaging (EACVI, formerly the European Association of 
Echocardiography) [2,3] underlined the great value of echocardiography in IE and gave 
useful information concerning its correct use in clinical practice.

Diagnostic value of echocardiography
The major echocardiographic criteria for IE are vegetations and abscesses [4]. Other 
echocardiographic findings are only suggestive.

Vegetations
Anatomical features

Anatomically, IE is characterized by a combination of vegetations and destructive lesions. 
Vegetation is defined as an infected mass attached to an endocardial structure, or on 
implanted intracardiac material (% Table 41.1). Vegetations are typically attached on the 
low-pressure side of the valve structure, but may be located anywhere on the components 
of the valvular and subvalvular apparatus, as well as on the mural endocardium of the car-
diac chambers or the ascending aorta [3]. When large and mobile, vegetations are prone 
to embolism and less frequently to valve or prosthetic obstruction.

Echocardiographic features
Vegetations present as oscillating or non-oscillating intracardiac masses on valve or other 
endocardial structures, or on implanted intracardiac material [2]. Echocardiography 
is the reference method for the diagnosis of vegetation. When typical, vegetation pre-
sents as an oscillating mass attached on a valvular structure (% Figs 41.1 and 41.2), with 
a motion independent to that of this valve. However, vegetation may also present as a 
non-oscillating mass and with an atypical location (% Fig. 41.3). Vegetations are usually 
localized on the atrial side of the atrioventricular valves (z Video 41.1 (transthoracic 
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echocardiography, TTE) and z Video 41.2 (transoesophageal 
echocardiography, TOE)) large vegetation on tricuspid valve), and 
on the ventricular side of the aortic and pulmonary valves. The 
reported sensitivity for the diagnosis of vegetation is about 75% 
for TTE and 85–90% for TOE. In addition, both TTE and TOE are 

Table 41.1 Anatomical and echocardiographic definitions

Surgery/necropsy Echocardiography

Vegetation Infected mass attached to an endocardial structure, or on 
implanted intracardiac material

Oscillating or non-oscillating intracardiac mass on valve or 
other endocardial structures, or on implanted intracardiac 
material

Abscess Perivalvular cavity with necrosis and purulent material not 
communicating with the cardiovascular lumen

Thickened, non-homogeneous perivalvular area with 
echodense or echolucent appearance

Pseudoaneurysm Perivalvular cavity communicating
with the cardiovascular lumen

Pulsatile perivalvular echo-free
space, with colour Doppler flow detected

Perforation Interruption of endocardial tissue continuity Interruption of endocardial tissue continuity traversed by 
colour-Doppler flow

Fistula Communication between two neighbouring cavities 
through a perforation

Colour Doppler communication
between two neighbouring cavities through a perforation

Valve aneurysm Saccular outpouching of valvular tissue Saccular bulging of valvular tissue

Dehiscence of a prosthetic valve Dehiscence of the prosthesis Paravalvular regurgitation identified by TTE/TOE, with or 
without rocking motion of the prosthesis

Fig. 41.1 Large vegetation on the anterior mitral leaflet with chordae rupture 
(arrow) (TOE). Ao, aorta; LA, left atrium; LV, left ventricle.

LA

LV

AO

Fig. 41.2 Mitral valve infective endocarditis with 
a huge vegetation attached to the anterior mitral 
leaflet (arrows) by 2D TOE (a) and 3D TOE (b). 
AML, anterior mitral leaflet; LA, left atrium; LV, left 
ventricle; PML, posterior mitral leaflet.

AML

PML

LV

LA
(a) (b)

useful to assess the size and mobility of the vegetation, as well as its 
evolution under antibiotic therapy [5].

Challenging conditions
The correct identification of vegetations is sometimes difficult. A 
negative echocardiography may be observed in about 15% of cases 
of IE [3]. The main situations in which the identification of veg-
etations may be difficult include very small or absent vegetations 
and difficulties in identifying vegetations in the presence of pre-
existent severe lesions (mitral valve prolapse, degenerative lesions, 
and prosthetic valves). The diagnosis may be difficult at the early 
stage of the disease, when vegetations are not yet present or too 
small to be identified. In one series [6], vegetation was observed by 
TOE in only 81%, among 93 patients with anatomically confirmed 
IE. In another series [7], among 105 patients with suspected IE, 65 
had an initial negative TOE; in three cases, vegetation appeared 
on a repeat TOE. For this reason, repeat TTE/TOE examination 
must be performed 7–10 days after the first examination when 
the  clinical level of suspicion is still high (%Fig. 41.4). z Videos 
41.10 and 41.11 show two TOE exams in the same patient with 
5 days’ interval; z Video 41.10 cannot show a vegetation but 
z Video 41.11 shows two vegetations on the bioprosthetic valve.

Sensitivity and specificity of echocardiography have also 
been shown to be lower in specific subgroups including cardiac 
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Fig. 41.3 Mitral valve infective endocarditis with a 
flail of the posterior leaflet at P1 level (a, white arrow). 
This lesion leads to a severe mitral insufficiency with 
an eccentric regurgitant jet (b). Vegetations in the 
left atrium represent contamination by this ‘infected’ 
mitral regurgitation (c).

(a) (b)

(c)

(a) (b)

(c) (d)
Fig. 41.4 Evolution of TOE performed 
in a patient with an aortic bioprosthetic 
valve and a clinical suspicion of 
endocarditis. The first TOE was normal 
with no vegetation and no abscess 
(a, b). A second TOE was performed 
5 days later and showed a new large 
vegetation on the bioprosthetic cusps 
(white arrow) and a peri-annular 
abscess (red arrow) (c, d).

device-related [8–10] and prosthetic valve [11–15] IE (% Fig. 41.5) 
(z Video 41.16: mitral prosthetic valve endocarditis with veg-
etation hampering leaflets closure). In both situations, TOE has 
a better sensitivity than TTE, but both examinations are finally 
necessary and recommended in all patients [2,3]. Because of the 
lower diagnostic value of echocardiography, Duke criteria also 
present with a lower sensitivity in these specific subgroups [6]. It is 
of utmost importance to keep in mind that, in both cardiac device-
related and prosthetic IE, a negative echocardiography does not 
rule out IE.

Conversely, false diagnosis of IE may occur in other situations; 
for example, it may be difficult to differentiate between vegetations 
and thrombi, cusp prolapse, cardiac tumours (z Video 41.21 illus-
trates two fibroelastomas on the aortic surface of the aortic valve), 
myxomatous changes, Lambl’s excrescences, strands, or non-
infective vegetations (marantic endocarditis) [16]. Non-infective 
vegetations are impossible to differentiate from infective vegeta-
tions. They can be suspected in the presence of small and multiple 
vegetations, changing from one examination to another, and with-
out associated abscess or valve destruction.
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Abscess
Anatomical features
Abscesses represent the second most typical findings suggest-
ing IE. They are more frequent in aortic and prosthetic valve IE 
and may be complicated by pseudoaneurysm or fistulization. 
Anatomically, they are defined as perivalvular cavity with necrosis 
and purulent material not communicating with the cardiovascu-
lar lumen [2]. Abscess may be complicated by a communication 
with the cardiovascular lumen (pseudoaneurysm) and by fistuli-
zation into a neighbouring cavity (c.1) [17].

Echocardiographic features
Abscess typically presents as a perivalvular zone of reduced echo 
density, without colour flow detected inside [3] (% Figs 41.6 and 
41.7). The sensitivity of TTE is about 50%, that of TOE 90%. 
The additional value of TOE is much higher for the diagnosis 
of abscess than for the diagnosis of vegetation. For this reason, 
TOE must be systematically performed in aortic valve IE, and as 
soon as an abscess is suspected. Online z Video 41.3 illustrates 
TOE aspects of abscess formation in the anterior mitral leaflet 
and z Video 41.22 shows a periprosthetic abscess formation of 
a mechanical prosthetic valve.

Fig. 41.5 TOE showing a large vegetation (red 
arrow) on the annulus of a mitral mechanical 
prosthetic valve hampering the leaflets closure and 
leading to an intraprosthetic regurgitation (white 
arrow).

(a) (b)

Fig. 41.6 Aortic abscess in the anterior part 
of the annulus (arrow) near the membranous 
interventricular septum. Severe aortic regurgitation 
through this peri-annular complication.

(a) (b)

(c) (d)

Abscess may be complicated by a pseudoaneurysm which 
presents as a pulsatile perivalvular echo-free space with colour 
Doppler flow inside (% Fig. 41.8), and by fistulization (z Video 
41.20: fistulization between aorta and left atrium complicating 
aortic valve abscess) defined echocardiographically as a colour 
Doppler communication between two adjacent cavities.

All these perivalvular lesions are more frequently observed in 
aortic endocarditis and then involve the mitral-aortic intervalvu-
lar fibrosa (z Video 41.4, TTE and z Video 41.5, TOE showing 
aneurysm formation of the mitral-aortic fibrosa) [18].

Challenging conditions
Similarly, diagnosis of a perivalvular abscess may be difficult, even 
with the use of TOE, in case of a small abscess, when echocardiog-
raphy is performed very early in the course of the disease or in the 
immediate postoperative period after aortic root replacement or 
Bentall procedure. In these latter situations, a thickening of the aor-
tic wall may be observed in the absence of IE, mimicking abscess 
formation. Reduced diagnostic value of TOE has recently been 
reported in patients with abscesses localized around calcification 
in the posterior mitral annulus [19]. % Fig. 41.9 shows an example 
of a mitral annulus abscess with anatomical correlation. Finally, a 
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new dehiscence of a prosthetic valve (z Video 41.15: biopros-
thetic aortic valve IE with dehiscence), valve destruction (z Video 
41.12: destructive aortic valve IE; z Video 41.6: severe aortic 
regurgitation; z Videos 41.17 and 41.18: vegetation on anterior 
mitral leaflet with chordal rupture) and prolapse, aneurysm and/
or perforation of a valve (z Videos 41.7–41.9, and 41.19).

New dehiscence of a prosthetic valve represents the third main 
diagnostic criterion for IE in the Duke classification [4], and may 
be the only echocardiographic sign of IE in some patients. TOE 
has a better sensitivity than TTE for this diagnosis, especially in 
mitral prosthetic valve IE.

Perforation of the anterior mitral valve is a relatively frequent 
complication of aortic valve IE. It is best visualized by TOE and 
may be observed either isolated or as a complication of a mitral 
valve aneurysm [20] (% Fig. 41.10).

In addition, both TTE and TOE are useful for the assessment 
of the underlying valve disease, and for the assessment of conse-
quences of IE, the evaluation of left and right ventricular function, 
the quantification of valve regurgitation/obstruction, and the esti-
mation of pulmonary pressures [3].

Indications of different echocardiographic 
modalities in infective endocarditis
The respective indications of TTE and TOE have been sum-
marized in the 2009 ESC guidelines [2] and in the EACVI’s 
‘Recommendations for the practice of echocardiography in infec-
tive endocarditis’ [3]. Echocardiography must be performed in 
several very different clinical situations, including heart failure, 
cerebral embolism, pacemaker lead infection (z Videos 41.13 

normal echocardiogram does not completely rule out IE, even if 
TOE is performed and even in expert hands. A repeat examination 
has to be performed in case of high level of clinical suspicion.

Other echocardiographic findings
Other echocardiographic features have less sensitivity and speci-
ficity but may be suggestive of the diagnosis of IE. They include 

Fig. 41.7 Aortic bioprosthetic abscess (TTE). Presence of an anterior free 
space corresponding to an abscess (arrow). AO, aorta; LA, left atrium; LV, left 
ventricle; RV, right ventricle.

RV

LV

LA

AO

Fig. 41.8 Pseudo-aneurysm at the level of the aorta-mitral continuity. (a) Longitudinal TOE view with pseudo-aneurysm (red arrow), and aortic valve leaflet 
perforation (white arrow). (b) Parasternal long axis TOE showing (red arrow) again the pseudo-aneurysm. (c) Zoom colour Doppler TOE longitudinal view 
showing eccentric aortic insufficiency and flow within the pseudo-aneurysm.

(a) (b)

(c)
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and 41.14: vegetations on pacemaker leads), or isolated fever. 
IE must be suspected in the presence of fever associated with 
regurgitant heart murmur, known cardiac disease, bacteraemia, 
new conduction disturbance, and embolic events of unknown 
origin [2].

TTE must be performed first in all cases, because it is a non-
invasive technique giving useful information both for the diagnosis 
and the assessment of severity of IE. TOE must also be performed 
in the majority of patients with suspected IE, because of its better 
image quality and better sensitivity, except in case of good quality  
negative TTE associated with a low level of clinical suspicion  
(% Fig. 41.11).

Intracardiac echocardiography has recently been shown to 
be potentially useful for the diagnosis of cardiac device-related 
IE [21], but its use cannot be recommended in clinical practice 

LV LV

LA LA

A2
P1

P3(a) (b)

(c) (d)

AML

PML

AML

PML

Fig. 41.9 Mitral annular abscess. 
(a) TOE 73° bi-commissural view. 
Big arrow: abscess with aneurysmal 
formation at level P3. Small 
arrow: vegetation at level A2. (b) 
Corresponding colour Doppler 
view showing MR at the level of the 
perforated abscess and at the level 
of the vegetation. (c) TOE 3D image 
showing aneurysm formation at the 
level of the anterior mitral valve leaflet. 
(d) Anatomic correlation showing 
perforation within the aneurysm. 
AML, anterior mitral leaflet; LA, left 
atrium; LV, left ventricle; PML, posterior 
mitral leaflet.

Fig. 41.10 Perforation of anterior leaflet of mitral 
valve as a complication of aortic valve IE. (a) Two-
dimensional TOE image of perforated anterior 
mitral leaflet. (b) Three-dimensional TOE image 
of perforated anterior mitral leaflet. AML, anterior 
mitral leaflet; Ao, aorta; LA, left atrium; LV, left 
ventricle; PML, posterior mitral leaflet.

AML

PML
LV

LA

Ao

(a) (b)

because of the paucity of published data and since this technique 
is not widely available. Three-dimensional (3D) TOE is more fre-
quently used in IE. It is particularly useful for the diagnosis and 
assessment of abscesses, false aneurysms, anterior mitral valve 
perforation, and other destructive consequences of IE [2]. A 
recent study found that 3D TOE was a feasible technique for the 
analysis of vegetation morphology and size that may overcome 
the shortcoming of conventional TOE, leading to a better pre-
diction of the embolic risk in IE [22]. Other imaging techniques 
are complementary to echocardiography for the evaluation of 
patients with IE [23]. Among them, fluorine-18-fludeoxyglu-
cose positron emission tomography/computed tomography 
(18FDG PET/CT) imaging seems the most promising new imag-
ing technique, particularly for the diagnosis of prosthetic valve 
endocarditis [24].
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decreases after 2 weeks [27], although some risk persists indefi-
nitely whilst vegetations remain present, particularly in very large 
vegetations [29]. For this reason, the benefit of surgery to prevent 
embolization will be greatest during the first week of antibiotic 
therapy, when the embolic rate is highest.

Prognostic value of echocardiography 
on admission
Echocardiography also plays an important role both in the short-
term and long-term prognostic assessment of patients with IE.

The in-hospital mortality rate of patients with IE is still high, 
ranging from 9.6% to 26%. Thus accurate prediction of the risk 
of in-hospital death is desirable, allowing an aggressive strat-
egy to be performed in order to reduce the risk of death. Several 
echocardiographic features have been associated with a worse 
prognosis, including perivalvular complications, severe native or 
prosthetic valve regurgitation or obstruction, low left ventricular 
ejection fraction, pulmonary hypertension, large vegetations, and 
premature mitral valve closure or other signs of elevated diastolic 
pressures. Consequently, prognostic assessment at admission can 
be performed using simple clinical, microbiological, and echo-
cardiographic parameters, and should be used to choose the best 
therapeutic option [31].

Echocardiography and 
decision-making
Echocardiography plays a crucial role both for the decision to oper-
ate or not and for the choice of the optimal timing of surgery [32]. 
Indications for surgery in IE may be subdivided into three catego-
ries—haemodynamic, infectious, and embolic indications [2].

Haemodynamic indications
Heart failure represents the main indication for surgery in IE. 
Urgent echocardiography is required as soon as symptoms or signs 
of heart failure are detected [3]. European guidelines recommend 
early surgery to be performed in patients with acute regurgitation 
and congestive heart failure, as well as in patients with obstructive 
vegetations [2]. Echocardiography is useful in both situations. In 
acute regurgitation, it allows a detailed assessment of valve lesions, 
a quantification of valve regurgitation, and the evaluation of the 
haemodynamic tolerance of the regurgitation (cardiac output, 
pulmonary arterial pressures, left and right ventricular function). 
Some echocardiographic features suggest the need for urgent 
surgery including premature mitral valve closure (in aortic IE), 
massive regurgitation, and extensive destructive valvular lesions 
(% Fig. 41.12) [1–3]. The second haemodynamic indication is 
obstructive vegetation. In this latter situation, echocardiography 
provides both the mechanism of obstruction and its quantification. 

Prediction of the embolic risk  
by echocardiography
Embolic events are a frequent and life-threatening complication 
of IE, with a total risk of embolism of 20–50%, and a risk of new 
embolic events (i.e. occurring after initiation of antibiotic ther-
apy) of 6–21% [1]. Cerebral embolism is the most frequent and 
severe localization of embolism. Conversely, embolic events may 
be totally silent in about 20% of patients with IE, especially in case 
of splenic or cerebral embolisms, and must be diagnosed by sys-
tematic non-invasive imaging.

Echocardiography plays a major role in the assessment of 
embolic risk, although this prediction remains difficult in the indi-
vidual patient [25–28]. Several factors have been associated with 
an increased risk of embolism, including the size and mobility of 
vegetations, the localization of the vegetation on the mitral valve, 
the increasing or decreasing size of the vegetation under antibiotic 
therapy, the type of microorganism, previous embolism, multival-
vular endocarditis, and biological markers. Among these, the size 
and mobility of the vegetations are the most potent independent 
predictors of a new embolic event [7]. Patients with vegetation 
length greater than 10 mm are at higher risk of embolism and 
this risk is even higher in patients with very large (> 15 mm) and 
mobile vegetations, especially in staphylococcal IE affecting the 
mitral valve (7). One study [29] found that the risk of neurologi-
cal complications was particularly high in patients with very large 
(> 30 mm length) vegetations.

However, several factors should be taken into account in assess-
ing the embolic risk. In a recent study of 847 patients with IE, the 
6-month incidence of new embolism was 8.5%. Six factors (age, 
diabetes, atrial fibrillation, previous embolism, vegetation length, 
and Staphylococcus aureus infection) were associated with an 
increased embolic risk, and were used to create an ‘embolic risk 
calculator’ [30].

In addition, the risk of embolism is particularly high during 
the first days following the initiation of antibiotic therapy and 

Fig. 41.11 Clinical decision tree: when to perform TTE and TOE in case of 
suspicion of IE.

Clinical suspicion of IE

TTE

Prosthetic valve
Intracardiac

device

Poor quality
TTE

Positive

If initial TOE is negative but suspicion for IE remains, repeat TOE within 7–10 days

Negative

High

StopTOE
TOE*

Clinical suspicion
of IE

Low

*TOE is not mandatory in isolated right-sided native valve IE with good quality
TTE examination and unequivocal echocardiographic findings.
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Elevated transvalvular gradients and reduced orifice area can be 
measured with Doppler echocardiography.

Infectious indications
The infectious complications needing surgery include persisting 
fever, poor response to antibiotic therapy, and locally uncontrolled 
infection [2]. Locally uncontrolled infection includes abscess, false 
aneurysm, fistula, and enlarging vegetation. Echocardiography 
plays a key role in the assessment of perivalvular lesions, including 
abscess, false aneurysm, fistula, and mitral valve aneurysm/per-
foration (% Fig. 41.13). Unless severe comorbidities are present, 
surgery must be performed on an urgent basis when a perivalvular 
complication is diagnosed by echocardiography. Surgery is urgent 
in such patients, except in cases of extensive perivalvular lesions 
associated with severe heart failure, which may need emergency 
surgery. Rarely, medical therapy alone may be attempted in patients 
with small non-staphylococcal abscesses (surface area < 1 cm2) 
without severe valve regurgitation and without heart failure, in 
case of rapid and favourable response to antibiotic therapy. Finally, 
enlarging vegetations under therapy indicates urgent surgery, jus-
tifying repeat TTE/TOE in the follow-up of patients with IE.

Embolic indications
Since echocardiography plays a major role in the measurement 
of the vegetation size and thus prediction of the risk embolism, 
careful measurement of the maximal vegetation size at time of 
diagnosis and during follow-up is strongly recommended as part 
of the risk stratification, using both TTE and TOE [3].

The Task Force on the Prevention, Diagnosis, and Treatment of 
Infective Endocarditis of the European Society of Cardiology [2] 

Fig. 41.12 Extensive valvular and perivalvular 
destruction (arrows) in aortic valve IE illustrated by 
TOE (a) and corresponding anatomic specimen (b).

(a)
(b)

(a) (b)

Fig. 41.13 Aortic valve IE with important 
perivalvular abscess formation illustrated by X-plane 
TOE.

recommends surgical therapy in case of large (> 10 mm) vegetation 
following one or more embolic episodes, and when the large vegeta-
tion is associated with other predictors of complicated course (heart 
failure, persistent infection under therapy, abscess, and prosthetic 
endocarditis), indicating an earlier surgical decision. The decision 
to operate early in isolated very large vegetations (> 15 mm) is more 
difficult. A recent randomized trial demonstrated that early surgery 
in patients with large vegetations significantly reduced the risk of 
death and embolic events as compared with conventional therapy 
[33]. However, the patients studied were at low risk and there was 
no significant difference in all-cause mortality at 6 months in the 
early-surgery and conventional-treatment groups. Surgery may be 
preferred when a valve repair seems possible, particularly in mitral 
valve IE. But the most important point is that the surgery, if needed, 
must be performed on an urgent basis. Finally, the overall benefits 
of surgery should be weighed against the operative risk and must 
consider the clinical status and comorbidity of the patient.

Intraoperative echocardiography
Intraoperative transoesophageal echocardiography TOE is rec-
ommended in all patients with IE undergoing cardiac surgery [2]. 
It is of utmost importance for the final assessment of valvular and 
perivalvular lesion, just before surgery and is particularly useful 
to assess the immediate result of conservative surgery and in cases 
of complex perivalvular repair. Intraoperative TOE is particularly 
useful in homograft surgery, which is relatively frequently used in 
IE. Finally, post-pump intraoperative TOE also serves as a refer-
ence document of the surgical result for subsequent postoperative 
echocardiography. In addition, a post-pump intraoperative TOE 
helps in the assessment and treatment of difficult weaning from 
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The 6-month mortality remains high in IE, ranging from 22% to 
27% [35–38]. The presence of a vegetation, its size, and its mul-
tivalvular location are echocardiographic features which have 
been associated with a worse prognosis. In a recent series [21], 
large vegetations (> 15 mm length) were associated with a worse 
prognosis.

To prevent late complications and death, both clinical and 
echocardiographic follow-up are recommended after discharge. 
The ESC guidelines [2] recommend performing an initial 
baseline TTE at the completion of antimicrobial therapy, and 
serial examinations at 1, 3, 6, and 12 months during the first 
year following completion of therapy. Repeat TOE is usually 
not necessary after discharge, except in selected patients with 
incomplete surgical treatment or persistent valve or prosthetic 
dysfunction.

Conclusion
Echocardiography plays a key role in IE, concerning its diagnosis, 
the diagnosis of its complications, its follow-up under therapy, and 
its prognostic assessment. Echocardiography is particularly use-
ful for the initial assessment of embolic risk. TOE plays a major 
role both before surgery and during surgery. Echocardiographic 
results must be taken into consideration for both the surgical 
decision and the choice of the optimal timing for surgery. Recent 
advances in 3D imaging are promising in the better assessment of 
patients with IE. Other imaging techniques are complementary to 
echocardiography for the evaluation of patients with IE. Among 
them, 18FDG PET/CT imaging seems the most promising new 
imaging technique, particularly for the diagnosis of prosthetic 
valve endocarditis.

the cardiopulmonary bypass pump and can guide difficult de-
airing [34].

Follow-up and monitoring
Monitoring under treatment
Echocardiography must be used for follow-up of patients with 
IE under antibiotic therapy, along with clinical follow-up. The 
number, type, and timing of repeat examinations depend on the 
clinical presentation, the type of microorganism, and the initial 
echocardiographic findings. For example, only weekly TTE study 
may be sufficient to follow a non-complicated streptococcal native 
mitral valve IE. Conversely, early repeat TOE may be necessary 
in a patient with severe staphylococcal aortic IE, with suspected 
perivalvular involvement or large vegetations.

Few studies followed the outcome of vegetations under therapy. 
The results of such studies are difficult to interpret because the 
reduction in size of a vegetation may be due either to a healing 
of endocarditis or to the embolism of a part of the vegetation. 
Moreover, early surgical treatment may alter the course of the 
follow-up. In one study, failure to decrease vegetation size with 
antibiotic treatment was associated with an increased risk of 
embolism [5]. Conversely, Vilacosta [28] showed that most veg-
etations (83.8%) remains constant in size under therapy, and that 
this does not worsen prognosis.

Long-term prognosis
After hospital discharge, the main complications include recur-
rence of infection, heart failure, need for valve surgery, and death. 
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CHAPTER 42

Hypertrophic 
cardiomyopathy
Nuno Cardim, Denis Pellerin, and  
Filipa Xavier Valente

Summary
Hypertrophic cardiomyopathy (HCM) is the major cause of unexplained left ventricu-
lar hypertrophy (LVH). It is a primary myocardial disease, defined as an inappropriate 
ventricular hypertrophy that is disproportionate to the loading conditions, that is, in the 
absence of another cardiac or systemic disease that can justify its magnitude. HCM also 
affects other structures such as the mitral valve apparatus, the small coronary arteries, and 
the cardiac interstitium [1,2].

HCM is the most common genetically inherited heart disease, phenotypically affecting 
at least 0.2% (1:500) of the general adult population, of both genders and different eth-
nicities and races [3,4]. It results from mutations in genes encoding sarcomeric proteins, 
with an autosomal dominant inheritance pattern, incomplete penetrance, and variable 
expression [5,6].

The diagnosis of HCM relies on imaging of unexplained LVH, though the role of 
genetic testing has been recently increasing [1,2,5,6].

Pathophysiology and clinical presentation
The clinical picture of HCM is heterogeneous and results from complex interactions 
between myocyte dysfunction and disarray, myocardial hypertrophy, arrhythmias, myo-
cardial ischaemia, intraventricular obstruction (IVO), and abnormal vasodilator response 
to exercise.

HCM is often a benign and asymptomatic condition associated with a normal life 
expectancy. Symptoms (shortness of breath, palpitations, syncope, chest pain) may occur 
at any age but are more common between the ages of 20 and 40 years with later presenta-
tion generally associated with less severe disease. Overall mortality of untreated patients 
is about 1.3%/year (vs 0.8% in the general population) but the absolute individual risk is 
highly variable [7]. Sudden cardiac death (SCD) is the most devastating presentation and 
HCM is the most frequent cause of SCD in the young and in athletes under 35 years of 
age in countries without systematic sport screening programmes [8]. Heart failure (HF) 
(due to diastolic dysfunction or less frequently to systolic dysfunction), atrial fibrillation 
(AF), and cardioembolic events are other clinical presentations and important causes of 
disability in middle and older age groups.
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The 2014 European Society of Cardiology guidelines [13] inte-
grate a recently validated model [14] for SCD risk estimation at 
5 years. This model includes three continuous variables derived 
from imaging techniques, namely maximal WT, LA diameter, and 
LV outflow gradient, strengthening the crucial role of echocardi-
ography in risk prediction (% Fig. 42.2).

Morphological features
Patterns of hypertrophy, myocardial thickness, 
and appearance
Transthoracic echocardiography (TTE) is the initial imaging 
modality for the evaluation of LVH in HCM [1]. The following 
diagnostic criteria are used:

Role of echocardiography
Considering the complexity and limitations of clinical assessment, 
echocardiography [9] plays an essential role in HCM [10], pro-
viding information [11] from diagnosis to clinical management, 
clarifying the aetiology of symptoms and aiding in the manage-
ment of complications (including SCD, thromboembolism, and 
HF). It is also important for prognosis, decision-making, and 
assessment of response to medical or invasive therapies. Finally, it is 
essential for SCD risk estimation. In the classical risk stratification 
[12], five dichotomic factors were considered and echocardiogra-
phy provided only one: massive LVH, defined as maximal LV wall 
thickness (WT) greater than 30 mm (% Fig. 42.1). Additional ‘ref-
eree’ risk factors were further proposed including the presence of 
LV aneurysms, systolic dysfunction, IVO, left atrial (LA) dilation, 
and septal E′ velocity.

(a) (b) (c)

Fig. 42.1 Echocardiography and sudden cardiac death—the classical risk prediction model: massive asymmetrical septal hypertrophy. (a) Parasternal long-axis 
view; (b) parasternal short-axis view at the level of the papillary muscles. (c) Apical four-chamber view. 
Courtesy of Unitat de Imatge Cardíaca, Hospital Vall d’Hebron, Barcelona, Spain.

(a) (b)

(c) (d)

Fig. 42.2 Echocardiography and sudden cardiac death: the 2014 European Society of Cardiology risk prediction model. Of the eight predictor variables related to 
SCD risk at 5 years assessed at baseline, half are derived from echocardiography: (a) LVH; (b) fractional shortening (not included in the final risk prediction model); 
(c) Left ventricular outflow tract obstruction (peak gradient 89 mmHg; note the dagger-shaped envelope); (d) LA dimensions in left parasternal view.
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LVH is a dynamic process in HCM: it is rare in childhood (only 
present in very malignant forms of the disease or in phenocopies) 
and usually increases during adolescence. In adults, LV WT usu-
ally stabilizes and a ‘paradoxical reverse remodelling’ (increase in 
WT) should prompt the search for other causes.

The pattern of LVH is often non-diffuse, with non-contiguous 
segments of increased WT and typically with a hyperechogenic or 
‘sparkling’ appearance. It may range from only one hypertrophied 
segment to involvement of all LV segments [15] but the basal 
interventricular septum (IVS) is the most commonly affected. 
Several time-honoured classifications have been proposed for the 
distribution of LVH [16–20]. Most importantly, a standardized 
protocol should be used to examine all segments from base to apex 
[21,22] (% Fig. 42.3). Measurements are made at end-diastole and 
are more accurate in short-axis views (though all available views 
should be used [7]). Right ventricular (RV) WT should also be 
measured [1]. Contrast echocardiography (CE) is useful in local-
ized forms of LVH, specifically in the apex and lateral wall. It also 
improves diagnosis of apical aneurysms (% Fig. 42.4) which are 
mainly seen in mid-ventricular obstruction (2/3) or apical HCM 
(1/3) and are associated with an adverse prognosis (arrhythmias, 
HF, stroke).

Asymmetric septal hypertrophy (ASH) (% Fig. 42.5) is common 
but non-specific of HCM as it is also seen in early hypertensive 
heart disease, RV hypertrophy, and infero-lateral myocardial 
infarction with previous LVH. In addition to maximal WT, the 
length of septal hypertrophy and its extension to the apex, antero-
lateral wall, and papillary muscles must also be described. There 
are three main patterns of ASH: (1) a ‘reverse IVS’ is characterized 
by a predominant mid-ventricular hypertrophy resulting in a cres-
cent-shaped LV cavity and is associated with high probability of a 
positive genetic test; (2) a ‘neutral IVS’ is ‘similarly’ hypertrophied 

1. unexplained maximal WT greater than 15 mm in any myocar-
dial segment (in children, more than two standard deviations 
above the mean adjusted for age, gender, and height), or

2. septal/posterior WT ratio greater than 1.3 in normotensive 
patients.

Fig. 42.3 Measuring LVH in HCM: the presence, distribution, and severity 
of LVH should be documented using a common standardized protocol. 
Measurements of LV wall thickness should be performed at end-diastole 
and are more accurate in short-axis views (wall thickness measurements are 
overestimated in apical views when compared to measurements obtained in 
parasternal views). All LV segments should be examined from base to apex.

(a)

LV

LA

(b) (c)

(d) (e) (f)

Fig. 42.4 (a, b) Apical aneurysm (arrow) shown in 2D and colour Doppler apical four-chamber view imaging in a patient with HCM and mid-cavity obstruction 
due to hypertrophy of the papillary muscles. Colour Doppler shows early systolic turbulent flow (c) and pulsed wave Doppler a ‘dagger-shaped’ envelope 
reflecting the presence of a mid-ventricular dynamic gradient (d). (e) A paradoxical apex-to-base diastolic gradient is seen. (f) Colour M-mode imaging 
sequentially depicts the previously described Doppler findings: paradoxical diastolic apex-to-base gradient (red arrow), late diastolic filling (white arrow), and early 
systolic gradient (orange arrow). LA, left atrium; LV, left ventricle. 
Courtesy of Unitat de Imatge Cardíaca, Hospital Vall d’Hebron, Barcelona, Spain.
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The mitral valve and its apparatus
A systematic assessment of the mitral valve apparatus is always 
required. More than 50% of patients have abnormal mitral leaf-
lets and over 25% show abnormal chordae and papillary muscles 
(PMs). Abnormal findings include leaflet elongation and excessive 
tissue [26], dysplasia, and prolapse (% Fig. 42.7); chordal elonga-
tion, laxity, and hypermobility; PM hypertrophy, bifidity, anterior 
or apical displacement, and direct insertion into the anterior 
mitral valve leaflet.

Functional features
Global and regional left ventricular systolic 
function
The classical evaluation of global left ventricular systolic func-
tion (LVSF) includes fractional shortening, EF, and stroke 
volume (SV) (% Fig. 42.8). HCM patients typically present with 
a normal or supernormal EF, mostly reflecting an increased 
radial function but with a reduced SV due to the small LV cavity. 
Nevertheless, the limitations of EF are well known when LVH is 
present [27].

Two recent techniques, Doppler myocardial imaging (DMI) 
and two-dimensional speckle tracking echocardiography (2D 
STE) are providing new insights into global and regional SF. 
DMI studies showed low annular and regional LV systolic 
velocities both in hypertrophic and non-hypertrophic segments 
and increased systolic dyssynchrony [28–33]. Moreover, a sys-
tolic (s′) velocity less than 4 cm/s at the lateral mitral annulus 
was shown to be an independent predictor of worse progno-
sis and a marker of severe LV systolic dysfunction and disease 
progression [30,31]. Another study associated systolic asyn-
chrony with an increased risk of ventricular arrhythmias and 
SCD [32]. DMI-derived strain and strain rate have also been 
studied [34–36] but are limited by angle dependence and low 
reproducibility.

Two-dimensional STE-derived strain is independent of the 
insonation angle and assesses longitudinal, circumferential, and 
radial function as well as rotational/twist mechanics [37–40]. 
As an early sign of systolic dysfunction, longitudinal strain (LS) 

from base to apex and has moderate probability of positive genetic 
testing; and (3) a ‘sigmoid IVS’ is due to basal IVS hypertrophy and 
has a low probability of a positive genetic test.

Apical HCM (% Fig. 42.6) is characterized by hypertrophy of 
the apical segments and a resultant ‘ace of spades’ diastolic LV cav-
ity. It is associated with a moderate probability of positive genetic 
testing [6] and patients typically present with giant negative T 
waves on the electrocardiogram (ECG). Diagnosis is difficult 
when the apical endocardium is not optimally defined and in 
these cases CE is essential.

Three-dimensional (3D) echocardiography might provide 
more accurate information on LV geometry and mass [23] and on 
LVOT morphology [24]. However, 3D echo is still underutilized 
in HCM and its incremental value largely unknown [25].

Cavity size (left ventricle and atrium)
The LV cavity is typically small and non-dilated which can be 
helpful in differentiating from other causes of LVH. On the other 
hand, the LA is often dilated due to pressure and volume overload 
(from mitral regurgitation), AF, and possibly involvement of the 
atrial wall in the myopathic process. As discussed later, LA size has 
important prognostic implications.

Fig. 42.5 Asymmetrical septal hypertrophy Interventricular septum thickness 
21 mm, posterior wall thickness 10 mm (ratio 2.1).

Fig. 42.6 Apical HCM. Left: apical HCM, four-chamber view, telediastolic frame, septal thickness 15mm. Middle: apical HCM, four-chamber view, no contrast, 
ace of spades configuration. Right: apical HCM, four-chamber view with left ventricular contrast opacification.
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implications requires further research [42]. Circumferential strain 
(CS) analysis has yielded inconsistent results. Increased hypertro-
phy generally results in impairment of segmental CS translating 
involvement of mid-wall fibres. However global CS may increase 
as a compensatory mechanism for early longitudinal impairment 
[45]. Rotational mechanics are also abnormal in HCM. Though 

is decreased even before impairment of EF [9]. Additionally, 
decreased septal and regional LS (< 10%) were associated with 
ventricular arrhythmias [41]. A correlation between the magni-
tude of strain values and the presence and extent of myocardial 
fibrosis was also shown [42–44] though the role of 2D STE in the 
detection of total and specific types of fibrosis and its prognostic 

Fig. 42.7 The mitral valve apparatus in HCM. (a, b) Long-axis parasternal view; dysplasic mitral valve leaflets with systolic anterior movement (SAM). (c) Apical 
2/3 chamber view; elongated, dysplasic, hypermobile chordae. (d) Apical insertion of a papillary muscle (cardiac magnetic resonance). (e, f, g) Apical three-chamber 
view: dysplasic and elongated mitral valve leaflets that favour the occurrence of SAM.

(a) (b)

(c) (d)

(e) (f)

(g)
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coronary flow reserve (CFR) related to microvascular dysfunc-
tion. It can be assessed using pulsed wave Doppler sampling of the 
left anterior descending artery and it is often decreased in HCM. 
A CFR less than 2 is a strong and independent predictor of an 
unfavourable outcome. Additionally, epicardial coronary artery 
disease (CAD) may also contribute to ischaemia. Stress echo-
cardiography with regional wall motion and CFR analysis using 
high-dose dipyridamole (0.84 mg/kg in 6 minutes) or adenosine 
is useful to differentiate these mechanisms. Patients with CAD 
show reduced CFR and inducible wall motion abnormalities while 
patients with isolated microvascular dysfunction present only 
with reduced CFR [47–50] (% Fig. 42.9).

The role of exercise echo in the evaluation of wall motion abnor-
malities in HCM is controversial but in one study it was predictive 
of adverse outcome [51].

the extent and amplitude of rotation and twisting is usually nor-
mal, its direction may be abnormal and LV twist time is often 
prolonged [46].

Three-dimensional echo provides potential further insights 
into LVSF in HCM, showing good correlation with cardiac mag-
netic resonance [25] and the novel 3D STE is also a promising 
new tool.

In the natural history of HCM, 3–5% of patients progress to an 
overt systolic dysfunction stage (previously known as end-stage 
or burned-out phase) and there are two morphological types: 
restrictive-hypokinetic (common) and dilated-hypokinetic (rare). 
They are thought to result from bursts of severe microvascular 
ischaemia that lead to extensive fibrosis and myocardial scarring. 
Assessment of myocardial ischaemia is therefore essential and 
two mechanisms must be considered. On the one hand, decreased 

(a)
(b)

(c) (d) (e)

Fig. 42.8 Typical echocardiographic systolic function findings in a patient with HCM showing dissociation between hyperdynamic function in the radial axis 
with apparently preserved LVEF and decreased longitudinal function and stroke volume). (a) Supernormal ejection fraction (72%). Apical four-chamber view, 
end diastole (left), end systole (right). (b) The patient has low indexed stroke volume (= 30 mL/m2). (c) Pulsed wave DMI of the IVS: low systolic (s′) myocardial 
velocity (7 cm/s). (d) Two-dimensional STE: longitudinal strain. Reduced LV longitudinal function (average = −9%). (e) Two-dimensional STE: circumferential strain. 
The average LV systolic circumferential strain is only mildly reduced (= −19.5%), while some regions have clearly reduced function.

Rest

20 cm/s 34 cm/s

basale

High DipCRF=1.7

Fig. 42.9 Microvascular ischaemia in HCM: dipyridamole stress echo in a HCM patient without epicardial CAD. Left: pulsed wave Doppler flow of the mid-left 
anterior descending artery at rest. Right: pulsed wave Doppler flow of the same artery and segment during high dosage dipyridamole. The increase in velocity 
from rest to stress is 1.7 (reference range > 2): low CRF due to microvascular dysfunction, which is associated with worse outcome. 
Courtesy of M. Galderisi, Naples, Italy.



CHAPTER 42 hypertrophic cardiomyopathy360

2D) continues to be used in clinical practice to assess LA size, it 
assumes that when the LA enlarges all its dimensions change simi-
larly, which is often not the case in LA remodelling. So, in HCM, 
this measurement should only be used in the evidence-based 
assessment of SCD risk (5-year SCD risk prediction model) and to 
predict AF in HCM [13].

Regional diastolic function is abnormal in HCM and DMI stud-
ies have shown [65,66] reduced early diastolic myocardial velocity 
(e′) irrespective of the presence of hypertrophy. The role of DMI 
in the assessment of LVFP in HCM is controversial as correlations 
between the E/e′ ratio and LVFP found in one study [57] were 
not confirmed in another [58]. Nevertheless, the E/e′ ratio has 
been correlated with exercise tolerance [24,30] and septal e′ is also  
an independent predictor of ventricular arrhythmias and death in 
children with HCM [30].

In accordance with the European Association of Cardiovascular 
Imaging (EACVI; formerly the European Association of 
Echocardiography)/American Society of Echocardiography rec-
ommendations [59], we suggest a comprehensive approach to 
assess high LVFP in HCM: E/e′ of 10 or higher [57], Ar-A greater 
than or equal to 30 ms, LAVI 34 mL/m2 or higher, and sPAP 
greater than 35 mmHg.

Two-dimensional STE in the assessment of diastolic function is 
still a research tool with longitudinal strain rate during isovolumic 
relaxation and rapid filling phase being the most studied param-
eters. Preliminary studies have shown delayed and prolonged LV 
diastolic untwist [46] and low apical reverse rotation [67].

Global and regional left ventricular diastolic 
function
HCM is a classic ‘diastolic disease’ and is considered the hall-
mark of diastolic HF [52–55] (% Fig. 42.10). The evaluation of LV 
diastolic function in HCM is complex [56–59], reflecting its mul-
tifactorial nature and no single echo parameter has been validated 
as completely accurate in the assessment of LV filling pressures 
(LVFP).

In asymptomatic and stable patients, the transmitral inflow 
profile may present large variations. Remarkably, it shows weak 
correlation with invasive measurements and should not be used 
alone to assess LVFP [56,57].

Pulmonary venous flow recording is most useful and findings 
of elevated LVFP include a difference between duration of atrial 
reversal wave and transmitral A wave greater than 30 ms (Ar-A ≥ 
30 ms), a diastolic D wave amplitude greater than systolic S wave 
amplitude, and a short D wave deceleration time.

LA volume indexed to body surface area (LAVI, mL/m2) is a 
simple parameter [60] that provides information on chronically 
elevated LVFP, particularly in the absence of AF and significant MR, 
and predicts exercise capacity in non-obstructive HCM. A LAVI of 
34 mL/m2 or higher is associated with increased LVFP, HF, AF, and 
mortality in HCM [60–62]. Two-dimensional STE studies showed 
LA LS reduction in all three atrial phases [63] and in one study [64] 
LA dysfunction was independently correlated with HF symptoms.

Though the time-honoured linear anteroposterior LA diam-
eter (measured in the parasternal long-axis view with M-mode or 

Fig. 42.10 Typical echocardiographic diastolic function findings HCM. (a) Two-dimensional apical four-chamber view: severe left ventricular (LV) hypertrophy and left 
atrial (LA) dilatation, with increased LA volume index (> 34 mL/m2). (b) Pulsed Doppler transmitral inflow pattern. (c) Pulsed Doppler myocardial imaging velocities at 
the lateral mitral annulus: reduced e’ wave, with inverted e’/a’ ratio; E/e′ >10. There is a mismatch between transmitral inflow pattern and mitral annular velocity pattern 
suggesting elevated LV end-diastolic pressure. (d) Tricuspid regurgitation velocity (TRV), with evidence of increased estimated systolic pulmonary pressures. 
Courtesy of G. Pacileo, Naples, Italy.

(a)

LV

LA

S’

e’
a’

TRV

E A

(b)

(c) (d)
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(obstructive HCM) which is an independent predictor of adverse 
prognosis [68]. In another third, LVOTO is only seen after pro-
vocative manoeuvres (provocable obstructive HCM) while the 
remaining third show no gradient at rest or after provocation 
(non-obstructive HCM). A resting or provocable peak gradient of 
50 mmHg or higher is considered the threshold for septal reduc-
tion procedures in symptomatic patients [9,13].

Contributing factors to LVOTO include (1) narrowing of 
the LVOT due to IVS hypertrophy; (2) elongated mitral leaflets 
coapting at the leaflet body rather than at the tip; (3) anterior dis-
placement of the mitral apparatus; (4) displacement of the PM 
anteriorly and towards one another; and (5) mitral systolic anterior 
motion (SAM) with leaflet-septal contact in mid-systole [69,70].

Intraventricular obstruction
IVO is common in the LV (occurring at the LVOT or midcavity level) 
while it is infrequently seen in the RV (% Figs 42.11 and 42.12).

The level of obstruction is initially determined with col-
our Doppler and further confirmed with pulsed wave Doppler 
recorded sequentially from the LV apex to the LVOT in an apical 
view. The typical morphological appearance of the Doppler enve-
lope is a ‘dagger-shaped’ and late-peaking curve.

Quantification of the obstruction is performed with continuous 
wave Doppler. Significant LV outflow tract obstruction (LVOTO) 
is defined as a peak gradient greater than or equal to 30 mmHg [2]. 
About one-third of patients present LVOTO in resting conditions 

(a) (b) (c)

(d) (e) (f)

Fig. 42.11 Echocardiographic assessment of the left ventricular outflow tract obstruction. (a) Two-dimensional parasternal long-axis view with a systolic anterior 
motion (SAM) of the anterior mitral valve leaflet (arrow). (b) SAM of the anterior mitral valve leaflet in M-mode (arrow). (c) M-mode colour Doppler flow imaging 
at the level  of the obstruction (colour aliasing in SAM) (arrow). (d) Two-dimensional echocardiography with colour Doppler flow imaging of the localization of 
the obstruction in the LVOT. Please note the SAM related mitral regurgitation. (e) Partial mid-systolic closure of the aortic valve in M-mode (arrow). (f) Continuous 
wave Doppler recording of the obstruction with a maximal peak gradient 75 mmHg. Please note the dagger-shaped envelope with late systolic peak.

Fig. 42.12 HCM patient with predominant septal and anterior hypertrophy (maximal wall thickness 32 mm) and concomitant right ventricular hypertrophy 
and RVOT obstruction. Parasternal short-axis view at the mitral valve level (a, diastole; b, systole) shows systolic RV outflow tract obstruction. (c) Colour Doppler 
aliasing in the RV outflow tract due to the dynamic subpulmonary obstruction (arrow heads). 
Courtesy of Unitat de Imatge Cardíaca, Hospital Vall d’Hebron, Barcelona, Spain.

(a)
RVOT

IVS

(b) (c)
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lasts for more than 30% of systole [71]. Chordal SAM is usually 
not associated with significant LVOTO.

Midventricular obstructive HCM is a less common variant 
and is due to midventricular hypertrophy or anomalous PM 
insertion. Mid-systolic apposition of the septum and the lateral 
wall results in an ‘hourglass-shaped’ LV chamber (% Fig. 42.13) 
and a mid-cavity gradient. It is frequently associated with apical 

Mitral valve SAM is due to Venturi/drag forces that result in 
anterior angulation of the leaflet tips (or leaflet body) towards the 
IVS. It is not specific of HCM and can be seen with hypovolaemia, 
inotropic drugs, and small LV cavities [10]. Its presence and sever-
ity are best documented with M-mode, being incomplete if it does 
not touch the IVS, mild if mitral–septal contact occurs late and for 
less than 10% of systole, and severe if it begins in mid-systole and 

Fig. 42.13 LV cavity contrast echocardiography showing an LV ‘hourglass’ chamber in an HCM patient with mid-ventricular obstruction (systole, left; diastole, right). 
Courtesy of A. Hagendorff, Leipzig, Germany.

Fig. 42.14 Provocative manoeuvers in an 18-year-old male with non-obstructive HCM at rest (LVOT peak gradient in left lateral decubitus 21 mmHg, mild 
mitral regurgitation). Left: Valsalva manoeuvre; top: continuous wave Doppler, LVOT 81 mmHg; bottom: 2D colour Doppler flow aliasing in the LVOT and systolic 
anterior motion (SAM) related-eccentric MR, at least moderate. Right: standing in the upright position; top: continuous wave Doppler, LVOT 94 mmHg; bottom: 
2D colour Doppler, turbulence in the LVOT and SAM-related eccentric posterior moderate to severe MR. 
Courtesy of A. Freitas, Hospital Fernando da Fonseca, Amadora-Sintra, Portugal.

Valsalva Upright
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leaflet tissue (Barlow’s disease), ruptured chordae, or annular cal-
cification. Quantification of MR severity should be performed 
according to published recommendations [77] and its dynamic 
component evaluated with EE [73].

Differential diagnosis
Measurement errors and pitfalls
The diagnostic accuracy of echocardiography is not perfect and 
may result in false-negative and false-positive diagnosis:

◆	 False negatives: localized apical, anterior, or lateral wall LVH 
may be missed in patients with poor acoustic window (again, 
imaging should be made in several planes and CE used when-
ever endocardial border imaging is suboptimal).

◆	 False positives: correct orientation and beam alignment is 
essential to avoid foreshortened or oblique sections and overes-
timation of WT. When measuring, structures running parallel 
to IVS must be avoided such as tricuspid chordae, RV trabec-
ulae or moderator band, crista supraventriculari, and false 
tendons. False RVH may result from inclusion of epicardial fat 
in the measurement. When quantifying LVOT gradient, care 
must be taken to avoid contamination with MR. MR typically 
shows an earlier onset, a complete parabolic contour (unlike the 
dagger-shaped contour of LVOTO), and higher peak velocities.

Diagnosis of phenocopies

Several diseases may result in the ‘LVH phenotype’ and their cor-
rect diagnosis can lead to a specific treatment.

Cardiac amyloidosis
The discrepancy between ECG (low-voltage QRS or absence of 
LVH voltage criteria) and echo findings (LVH) is suggestive of 

aneurysms and colour Doppler often shows flow in the seques-
tered area and a paradoxical apex-to-base diastolic gradient  
(% Fig. 42.4).

IVO in HCM shows unpredictable and spontaneous vari-
ability [72] and even a ‘paradoxical’ gradient reduction with 
exercise was recently described [73]. Peak IVO should be system-
atically assessed at rest and with provocative bedside manoeuvres 
(Valsalva manoeuvre and standing) which reduce LV preload and 
afterload and/or increase LV contractility (% Fig. 42.14). The use 
of nitrates should be reserved for patients who cannot perform 
or tolerate other manoeuvres and the use of dobutamine is not 
indicated.

In symptomatic patients in whom bedside manoeuvres fail 
to induce a gradient of 50 mmHg or higher, exercise echo (EE) 
should be performed (% Fig. 42.15) [74,75]. Assessment is made 
at peak exercise and at the beginning of the recovery period when 
preload decreases and IVO increases [50]. EE is feasible, safe, and 
physiological, mimicking real-life loading conditions and allow-
ing integration of exercise tolerance, symptoms, blood pressure, 
and arrhythmias. It may also be considered in asymptomatic 
patients when diagnosis of IVO is relevant for lifestyle advice and 
treatment decision [9,76].

In the differential diagnosis of LVOTO, a subaortic membrane 
should be suspected when there is severe obstruction in the 
absence of SAM. Both in fixed and dynamic subaortic obstruction, 
the aortic valve may present a mid-systolic partial closure which 
is best documented with M-mode. Its presence, consequences  
on the aortic valve (mainly aortic regurgitation), and anatomical 
relationship with the mitral valve apparatus are better assessed 
with transoesophageal echocardiography (TOE).

Mitral regurgitation
The mechanisms of MR in HCM include SAM with failure of 
leaflet coaptation, elongated mitral leaflets coapting in the leaf-
let body, anterior displacement of the mitral apparatus and PM, 
all typically resulting in an eccentric posterior and lateral MR jet  
(% Fig. 42.16). The direction and duration of the regurgitant jet 
and mitral valve morphology are useful indicators of whether 
there is additional organic mitral valve disease. Organic disease is 
likely if the MR jet is central or anteriorly directed, if the regurgita-
tion is pansystolic, and if there is mitral valve prolapse, excessive 

After short exerciseAt rest

Fig. 42.15 Exercise echocardiography in HCM: significant increase in the 
LVOT gradient from rest, in orthostatism (left) to initial recovery of a treadmill 
exercise echo (right)

Fig. 42.16 Systolic anterior motion-related mitral valve regurgitation in 
obstructive HCM with the typical eccentric posterior MR jet and simultaneous 
aliasing in the LVOT.
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Athlete’s heart

Intensive exercise training can result in cardiac remodelling with 
increased WT and chamber size, known as ‘athlete’s heart’ [76]. 
In 2% of elite athletes [83], mainly in males engaged in endur-
ance sports, LV WT may reach between 13 and 15 mm and the 
differential diagnosis with HCM becomes difficult (grey zone). 
Several criteria [84] have been described in order to help differ-
entiate between both entities. HCM is suspected in the presence 
of a LV cavity smaller than 45 mm, unusual LVH distribution, 
marked LA dilatation, female gender, bizarre ECG, abnormal LV 
filling, and family history of HCM [84]. A decrease in WT after a 
deconditioning period and a percentage-predicted maximal oxy-
gen uptake (VO2 max) higher than 110% favour the diagnosis of 
athlete’s heart. The EACVI updated criteria to differentiate HCM 
from athlete’s heart (% Table 42.1 and % Fig. 42.18) also include 
data derived from DMI (mitral annulus velocities averaged from 
four sites: s′ < 9 cm/s, e′ < 7 cm/s, and e′/a′ < 1 in any site suggest 
HCM [85,86]) and 2D STE (peak regional LS ≤ 15%, LV untwist 
extending beyond 25% of diastole suggest HCM) [87].

Other aetiologies
TTE is essential to exclude other causes of LVH such as aortic 
stenosis and RV hypertrophy due to pulmonary stenosis or pul-
monary hypertension. Some red flags also point towards specific 
aetiologies: biventricular hypertrophy in glycogen storage dis-
eases, hypertrabeculation in LV non-compaction, septal binary 
appearance in Fabry disease [88], and concomitant RV and LVOT 
obstruction together with biventricular hypertrophy in Noonan 
syndrome [89]. Nevertheless, an approach integrating clinical, 
laboratorial, ECG, and multimodality imaging data is always 
recommended.

cardiac amyloidosis (CA). Typically, CA shows moderate LVH 
with ‘sparkling’ texture, valvular thickening, RV free wall and 
atrial septum hypertrophy, pericardial effusion, and in early stages 
ASH with LVOTO [78] (% Fig. 42.17). Diastolic dysfunction is 
an early feature while global systolic dysfunction is a late finding. 
DMI shows low systolic and diastolic velocities and a recent 2D 
STE study described a decrease in global LS with relative apical 
sparing in CA [79] whereas in HCM global LS reduction is mainly 
due to reduced strain in hypertrophied segments.

Hypertensive heart disease
In hypertension (HT), maximal WT rarely exceeds 15 mm (except 
in black patients and chronic kidney disease). LVH is usually 
concentric or mildly asymmetric with a ‘sigmoid IVS’ or mild to 
moderate basal septum hypertrophy. LVOTO can also be seen. 
In contrast, an IVS/PW ratio greater than 1.5, an unusual distri-
bution of LVH [80], and structural anomalies of the mitral valve 
favour HCM. HT patients present greater homogeneity and syn-
chrony of myocardial velocities while in HCM non-homogeneity 
and asynchrony prevail [10]. Moreover, HCM patients present 
with more severe longitudinal systolic dysfunction (a LS lower 
than 10% suggests HCM) [80].

In the elderly, the distinction between HCM and HT may be 
particularly difficult. Typically HCM of the elderly presents with 
extensive septal hypertrophy (> 3 cm in length at the basal sep-
tum), a small LV cavity, distorted geometry of the LVOT with 
anterior displacement of the calcified mitral annulus, and fre-
quently LVOTO, particularly in women (grandma’s SAM) [81,82].

Fig. 42.17 Echocardiographic findings in cardiac amyloidosis. (a) TTE, apical 
four-chamber view: LVH with sparkling texture, IAS hypertrophy, pericardial 
effusion, LA dilation, normal/ reduced LV cavity. (b) Transmitral inflow shows a 
restrictive pattern. (c) DMI: low systolic and diastolic myocardial velocities (s′, 
e′, a′). (d) Typical 2D-strain bull’s eye of amyloidosis, with apical sparing.
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Table 42.1 The EACVI’s updated Maron’s criteria to distinguish 
hypertrophic cardiomyopathy from athlete’s heart

Hypertrophic 
cardiomyopathy

Echocardiographic data Athlete’s 
heart

+ Atypical patterns of LVH −

− LVH regression after deconditioning +

+ Small LV cavity (< 45 mm) −

− Large LV cavity (> 55mm) +

+ LA dilation −

+ Mitral valve apparatus abnormalities −

+ Dynamic obstruction −

+ MR > mild −

+ LV longitudinal systolic dysfunction −

+ Abnormal global diastolic function −

+ LV longitudinal diastolic dysfunction −

+ Delayed LV untwist (under research) −

Lancellotti and Cosyns, The EACVI Echo Handbook (2015), by permission of Oxford 
University Press.
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Fig. 42.18 HCM versus athlete’s heart. Two-dimensional speckle tracking echocardiography in two athletes in the grey zone of LVH. Both have mild left 
ventricular hypertrophy. Myocardial velocities are normal in the healthy athlete (left) and reduced in the athlete with HCM (right) in whom longitudinal 
strain (≤ −15%) is abnormal in several segments.

ATHLETE HCM

DMI studies have shown reduced s′ and e′ velocities before the 
onset of LVH [91] and in another study [92] lateral s′ less than 13 
cm/s had a 100% sensitivity and 93% specificity for differentiating 
genotype positive (G+) individuals without LVH from controls. 
Although these findings are not diagnostic, they are useful for 
identifying gene carriers and in the context of familial HCM they 
can lead to a closer follow-up. Limitations include the absence of 
large studies confirming the cut-off values and the low specificity 
of DMI in older individuals (ageing and other coexisting diseases 
also reduce e′ velocity). Moreover, their predictive value is low: 
given the incomplete disease penetrance, subjects with low veloci-
ties may never develop the classical phenotype and normal DMI 
velocities do not exclude later development of LVH.

Diagnostic criteria in first-degree 
relatives
TTE is the imaging modality of choice for screening of first-
degree relatives [10,90]. A lower cut-off value of 13 mm in the 
anterior septum or posterior wall is considered diagnostic in 
these patients [22].

A subgroup of first-degree relatives will present with a non-
hypertrophic phenotype (% Fig. 42.19), with functional and 
morphological abnormalities in the absence of LVH. Most have 
a benign clinical course, however a small percentage may suffer 
SCD and others may develop overt cardiomyopathy later in life. 

(a)

(c)

(b)

(d)

Fig. 42.19 HCM in the non-hypertrophic/early phenotype phase. (a) Two-dimensional TTE, long-axis parasternal view: mitral valve dysplasia, no LVH. (b) 
Low DMI myocardial s′ (6 cm/s) and e′ (5 cm/s) velocities. (c) Reduced longitudinal regional peak strain in several myocardial segments, especially in the basal 
interventricular septum. (d) Myocardial crypts (cardiac magnetic resonance).
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◆	 The pathophysiology of MR (determining the need for mitral 
valve surgery)

◆	 Immediate results after weaning from cardiopulmonary bypass 
[95] (assessment of residual gradient and MR)

◆	 Early complications (ventricular septal defect and aortic regur-
gitation) [96,97] and residual SAM, LVOT gradient, and MR.

Alcohol septal ablation
Alcohol septal ablation (ASA) induces a localized infarction in the 
basal septum with resultant wall scarring and relief of LVOTO. 
For patient selection, a WT between 18 and 25 mm is required. 
During ASA, myocardial contrast echocardiography (MCE) with 
intracoronary injection of a contrast agent is mandatory. MCE 
determines whether the selected septal perforator branch sup-
plies the ‘target site’ of leaflet–septal contact without opacifying 
‘non-target’ remote territories (% Fig. 42.21). It increases the like-
lihood of success and reduces fluoroscopy time, the amount of 
ethanol used, infarct size, and incidence of atrioventricular (AV) 
block [98–102]. Unlike myectomy, gradual reduction of LVOTO 
depends on septal remodelling, therefore TTE is also useful for 
serial monitoring of these patients.

Dual-chamber pacing
The contemporary role of dual-chamber pacing in reduction 
of LVOTO is controversial. During implantation, TTE may be 

Echo guidance for the treatment of 
symptomatic left ventricular outflow 
tract obstruction
Medical treatment

Beta-blockers, non-dihydropyridine calcium channel blockers 
(CCBs), and disopyramide can reduce LVOTO by decreasing 
LV contractility. Beta-blockers and CCBs may also improve 
diastolic function by lowering the heart rate. TTE is widely 
used to assess medical treatment efficacy [93,94] on reduction 
of LVOTO.

Myectomy and mitral valve surgery
TTE is essential in the selection of patients for surgical myectomy 
while TOE plays a key role during the intervention (% Fig. 42.20) 
assessing the following:

◆	 The pathophysiology of LVOTO: mitral valve morphology and 
IVS WT, location of the mitral–septal contact, distance of maxi-
mum WT to the aortic annulus, and apical extent of the septal 
bulge

◆	 The length, width, and depth of myocardium to be resected 
(usually from the mitral leaflet-septal contact point to the base 
of the right coronary cusp)

Fig. 42.20 Surgical myectomy monitoring with intraoperative TOE, 0°. Upper row: before surgery: IVS hypertrophy, mitral systolic anterior motion (SAM) (left), colour 
aliasing in the site of obstruction (LVOT) and SAM-related MR (right). Lower row: TOE images recorded off-pump when systolic blood pressure is > 110 mmHg after 
myectomy: reduction of wall thickness in the basal septum both in thickness and in length, no mitral SAM (left), no turbulence in the LVOTO and minimal residual 
(MR) (right). 
Courtesy of F. Silva, Hospital da Luz, Lisbon, Portugal.
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main echo-derived predictors of SCD. LVOTO quantification has 
clinical and prognostic implications and exercise echo provides 
additional functional information. Family screening is manda-
tory and TTE is the first-line imaging modality. Recent advances 
in DMI and 2DSTE have improved our understanding of global 
and regional mechanics and have proven useful in the preclinical 
and differential diagnosis of HCM. Finally, echocardiography has 

required to exclude perforation as lead positioning can be difficult 
in HCM hearts (% Fig. 42.22). After the procedure, TTE assesses 
reduction of LVOTO and may be useful for selecting the optimal 
AV delay [103].

Follow-up and monitoring
Patients with HCM require lifelong follow-up and TTE should be 
performed every 1–2 years in clinically stable patients, or earlier 
when clinically indicated.

The diagnostic cascade strategy is recommended for first-
degree relatives:

1. In families in whom genetic testing is negative or unavailable, 
all first-degree relatives must be screened with TTE. Yearly 
screening is recommended between the age of 10 and 21 years 
and in adults screening should be performed every 5 years  
[10,90].

2. In families in whom genetic testing is positive, only genotype+ 
relatives should be screened and monitored. Genotype− indi-
viduals can be discharged but should be advised to seek 
reassessment if they develop symptoms or if new clinically rel-
evant data emerge in the family.

Conclusion

The diagnosis and management of HCM relies heavily on echo-
cardiography [9,13] (% Table 42.2). The main features include 
increased WT, often with asymmetrical septal hypertrophy, 
LVOT obstruction, and associated mitral SAM and regurgitation. 
Maximal WT, LA diameter, and LVOT gradient are considered the 

(a) (b)

Fig. 42.21 Intracoronary MCE for assessing the myocardial territory in relation to the septal branch that seems appropriate before injection of alcohol and 
alcohol septal ablation (ASA). Patient A (left): selective opacification of the basal IVS, close to the contact lesion (yellow arrows), no perfusion of remote segments 
walls. In this patient, ASA was successfully performed. Patient B (right): mild opacification of the basal IVS with opacification of undesired remote segments in the 
inferior and posterior walls (red arrows). Because of this unfavourable anatomy, the injection of alcohol (and ASA) was not performed in this patient.
 Courtesy of A. Hagendorff, Leipzig, Germany.

Fig. 42.22 A HCM patient with an ICD lead clearly seen in the right 
chambers, apical four-chamber view.
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proven invaluable for intraoperative guidance of septal reduction 
therapies.

Acknowledgement
To Rita Pereira, CPL, for her outstanding technical assistance and 
commitment to the revision of this document.

References
 1. Gersh BJ, Maron BJ, Bonow RO, et al. 2011 ACCF/AHA guideline 

for the diagnosis and treatment of hypertrophic cardiomyopathy. J 
Am Coll Cardiol 2011; 58(25):e 212–60.

 2. Maron B. 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 Consensus Documents 
and the European Society of Cardiology Committee for Practice 
Guidelines. Eur Heart J 2003; 24(21):1965–91.

 3. Maron BJ, Gardin JM, Flack JM, et al. Prevalence of hyper-
trophic cardiomyopathy in a general population of young adults. 
Echocardiographic analysis of 4111 subjects in the CARDIA Study. 

Coronary Artery Risk Development in (Young) Adults. Circulation 
1995; 92(4):785–9.

 4. Zou Y, Song L, Wang Z, et al. Prevalence of idiopathic hypertrophic 
cardiomyopathy in China: a population-based echocardiographic 
analysis of 8080 adults. Am J Med 2004; 116(1):14–8.

 5. Alcalai R, Seidman JG, Seidman CE. Genetic basis of hyper-
trophic cardiomyopathy: from bench to the clinics. J Cardiovasc 
Electrophysiol 2008; 19(1):104–10.

 6. Bos JM, Towbin JA, Ackerman MJ.Diagnostic, prognostic, and 
therapeutic implications of genetic testing for hypertrophic cardio-
myopathy. J Am Coll Cardiol 2009; 54(3):201–11.

 7. Maron BJ. Hypertrophic cardiomyopathy: a systematic review. 
JAMA 2002; 287(10):1308–20.

 8. Elliott P, McKenna WJ. Hypertrophic cardiomyopathy. Lancet 2004; 
363(9424):1881–91.

 9. Cardim N, Galderisi M, Edvardsen T, et al. Role of multimodality cardiac 
imaging in the management of patients with hypertrophic cardiomyopa-
thy: an expert consensus of the European Association of Cardiovascular 
Imaging endorsed by the Saudi Heart Association. Eur Heart J Cardiovasc 
Imaging 2015; 16(3):280.

 10. Nagueh SF, Bierig SM, Budoff MJ, et al. American Society of 
Echocardiography clinical recommendations for multimodality 
cardiovascular imaging of patients with hypertrophic cardiomyo-
pathy. J Am Soc Echocardiogr 2011; 24(5):473–98.

 11. Pellerin D, Khraiche D. Ultrasound imaging in cardiovascular 
genetics. In:Kumar D, Elliott P (eds) Principles and Practice of 

Table 42.2 Hypertrophic cardiomyopathy echo essentials

Findings Imaging views and modalities Comments

Structural LV/LA assessment

Maximal wall thickness
Septal:posterior wall ratio

Mainly parasternal but also apical and subcostal views
2D and M-mode

Consider asymmetric, concentric, and apical variants
Consider use of a contrast agent
Exclude other causes of LVH

LA-AP, LAVI Parasternal and apical views
2D and M-mode

LA-AP: 2D, M mode, parasternal
LAVI: 2D, apical

Functional LV assessment

Systolic function Parasternal and apical views
2D echo (also DMI and STE)

EF, s′, longitudinal strain (GLS, RLS)

Diastolic function Apical views
2D, pulsed wave Doppler, continuous wave Doppler, DMI

Mitral inflow pattern, PV flow, E/e′, LA volume index, sPAP, Ar-A 
duration

LVOT obstruction:

Mechanism PLAX, AP5C, AP3C

Level of obstruction 2-D, colour and pulsed wave Doppler

Peak gradient Continuous wave Doppler (dagger-shaped) At rest and during provocative manoeuvres (Valsalva/standing)
Consider exercise echo

Valvular assessment

SAM of the mitral valve PLAX, AP4C, AP3C
2D and M-mode

Mitral regurgitation Parasternal and apical views
Colour and continuous wave Doppler

Exclude other causes for MR when jet direction is not posterior

Mid-systolic aortic valve 
closure

PLAX
M-mode echo

AP3C/4C/5C; apical three-/four-/five-chamber views; DMI, Doppler myocardial imaging; EF, ejection fraction; GLS, global longitudinal strain; LA, left atrium; LAVI, left atrial volume 
index; LVH, left ventricular hypertrophy; LVOT, left ventricular outflow tract; MR, mitral regurgitation; PLAX, parasternal long-axis view; PV, pulmonary venous; RLS, regional 
longitudinal strain; SAM, systolic anterior motion; sPAP, systolic pulmonary artery pressure; STE, speckle tracking echo.



references 369

diagnosis with hypertrophic cardiomyopathy. Rev Port Cardiol 
2002; 21(6):709–40.

 29. Oki T, Mishiro Y, Yamada H, et al. Detection of left ventricular 
regional relaxation abnormalities and asynchrony in patients with 
hypertrophic cardiomyopathy with the use of tissue Doppler imag-
ing. Am Heart J 2000; 139(3):497–502.

 30. McMahon CJ. Characterization of left ventricular diastolic func-
tion by tissue Doppler imaging and clinical status in children with 
hypertrophic cardiomyopathy. Circulation 2004; 109(14):1756–62.

 31. Bayrak F, Kahveci G, Mutlu B, Sonmez K, Degertekin M. Tissue 
Doppler imaging to predict clinical course of patients with hyper-
trophic cardiomyopathy. Eur J Echocardiogr 2008; 9(2):278–83.

 32. D’Andrea A. Prognostic value of intra-left ventricular electro-
mechanical asynchrony in patients with mild hypertrophic 
cardiomyopathy compared with power athletes. Commentary. Br J 
Sports Med 2006; 40(3):244–50; discussion 244–50.

 33. Pellerin D, Cohen L, Larrazet F, et al. New insights into septal 
anterior wall motion velocities at end-systole in normal and hyper-
trophied left ventricles. Eur J Echocardiogr 2003; 4(2):108–18.

 34. Edvardsen T, Gerber BL, Garot J, et al. Quantitative assessment of 
intrinsic regional myocardial deformation by Doppler strain rate 
echocardiography in humans: validation against three-dimensional 
tagged magnetic resonance imaging. Circulation 2002; 106(1):50–6.

 35. Sengupta PP, Mehta V, Arora R, Mohan JC, Khandheria BK. 
Quantification of regional nonuniformity and paradoxical intramu-
ral mechanics in hypertrophic cardiomyopathy by high frame rate 
ultrasound myocardial strain mapping. J Am Soc Echocardiogr 2005; 
18(7):737–42.

 36. Yang H, Sun JP, Lever HM, et al. Use of strain imaging in detecting 
segmental dysfunction in patients with hypertrophic cardiomyopa-
thy. J Am Soc Echocardiogr 2003; 16(3):233–9.

 37. Amundsen BH, Helle-Valle T, Edvardsen T, et al. Noninvasive myo-
cardial strain measurement by speckle tracking echocardiography. J 
Am Coll Cardiol 2006; 47(4):789–93.

 38. Serri K, Reant P, Lafitte M, et al. Global and regional myocardial 
function quantification by two-dimensional strain. J Am Coll 
Cardiol 2006; 47(6):1175–81

 39. Carasso S, Yang H, Woo A, et al. Systolic myocardial mechanics in 
hypertrophic cardiomyopathy: novel concepts and implications for 
clinical status. J Am Soc Echocardiogr 2008; 21(6):675–83.

 40. Nagueh SF. Tissue Doppler imaging predicts the development of 
hypertrophic cardiomyopathy in subjects with subclinical disease. 
Circulation 2003; 108(4):395–8.

 41. Thaman R.Prevalence and clinical significance of systolic impair-
ment in hypertrophic cardiomyopathy. Heart 2005; 91(7):920–5.

 42. Almaas VM, Haugaa KH, Strøm EH, et al. Noninvasive assessment 
of myocardial fibrosis in patients with obstructive hypertrophic car-
diomyopathy. Heart 2014; 100(8):631–8.

 43. Popović ZB, Kwon DH, Mishra M, et al. Association between regional 
ventricular function and myocardial fibrosis in hypertrophic car-
diomyopathy assessed by speckle tracking echocardiography and 
delayed hyperenhancement magnetic resonance imaging. J Am Soc 
Echocardiogr 2008; 21(12):1299–305.

 44. Saito M, Okayama H, Yoshii T, et al. Clinical significance of global 
two-dimensional strain as a surrogate parameter of myocardial 
fibrosis and cardiac events in patients with hypertrophic cardio-
myopathy. Eur Heart J Cardiovasc Imaging 2012; 13(7):617–23.

 45. Urbano-Moral JA, Rowin EJ, Maron MS, Crean A, Pandian NG. 
Investigation of global and regional myocardial mechanics with 
3-dimensional speckle tracking echocardiography and relations 
to hypertrophy and fibrosis in hypertrophic cardiomyopathy. Circ 
Cardiovasc Imaging 2014; 7(1):11–19.

Clinical Cardiovascular Genetics. New York: Oxford University 
Press; 2010, 113–35.

 12. Elliott PM, Poloniecki J, Dickie S, et al. Sudden death in hyper-
trophic cardiomyopathy: identification of high risk patients. J Am 
Coll Cardiol 2000; 36(7):2212–8.

 13. Elliott PM, Anastasakis A, Borger MA, et al. 2014 ESC guidelines 
on diagnosis and management of hypertrophic cardiomyopathy: 
The Task Force for the Diagnosis and Management of Hypertrophic 
Cardiomyopathy of the European Society of Cardiology (ESC). Eur 
Heart J 2014 Oct 14; 35(39):2733–79

 14. O’Mahony C, Jichi F, Pavlou M, et al. A novel clinical risk prediction 
model for sudden cardiac death in hypertrophic cardiomyopathy 
(HCM risk-SCD). Eur Heart J 2014; 35(30):2010–20.

 15. Maron MS, Maron BJ, Harrigan C, et al. Hypertrophic cardio-
myopathy phenotype revisited after 50 years with cardiovascular 
magnetic resonance. J Am Coll Cardiol 2009; 54(3):220–8.

 16. 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 
1995; 26(7):1699–708.

 17. Maron BJ, Gottdiener JS, Epstein SE. Patterns and significance of 
distribution of left ventricular hypertrophy in hypertrophic cardio-
myopathy. A wide angle, two dimensional echocardiographic study 
of 125 patients. J Am Coll Cardiol 1981; 48(3):418–28.

 18. Rose AG. Evaluation of pathological criteria for diagnosis of hyper-
trophic cardiomyopathy. Histopathology 1984; 8(3):395–406.

 19. Shapiro LM, McKenna WJ. Distribution of left ventricular hyper-
trophy in hypertrophic cardiomyopathy: a two-dimensional 
echocardiographic study. J Am Coll Cardiol 1983; 2(3):437–44.

 20. Wigle ED, Sasson Z, Henderson MA, et al. Hypertrophic cardio-
myopathy. The importance of the site and the extent of hypertrophy. 
A review. Prog Cardiovasc Dis 1985; 28(1):1–83.

 21. Maron BJ, Epstein SE. Clinical significance and therapeutic 
implications of the left ventricular outflow tract pressure gra-
dient in hypertrophic cardiomyopathy. Am J Cardiol 1986; 
58(11):1093–6.

 22. McKenna WJ, Spirito P, Desnos M, Dubourg O, Komajda M. 
Experience from clinical genetics in hypertrophic cardiomyopathy: 
proposal for new diagnostic criteria in adult members of affected 
families. Heart 1997; 77(2):130–2.

 23. Chang S-A, Kim H-K, Lee S-C, et al. Assessment of left 
ventricular mass in hypertrophic cardiomyopathy by real-time three- 
dimensional echocardiography using single-beat capture image.  
J Am Soc Echocardiogr 2013; 26(4):436–42.

 24. Kwon DH, Smedira NG, Popović ZB, et al. Steep left ventricle to aor-
tic root angle and hypertrophic obstructive cardiomyopathy: study 
of a novel association using three-dimensional multimodality imag-
ing. Heart 2009; 95(21):1784–91.

 25. de Gregorio C, Recupero A, Grimaldi P, Coglitore S. Can transtho-
racic live 3-dimensional echocardiography improve the recognition 
of midventricular obliteration in hypertrophic obstructive cardio-
myopathy? J Am Soc Echocardiogr 2006; 19(9):1190.e 1–4.

 26. Maron MS, Olivotto I, Harrigan C, et al. Mitral valve abnormali-
ties identified by cardiovascular magnetic resonance represent a 
primary phenotypic expression of hypertrophic cardiomyopathy. 
Circulation 2011; 124(1):40–7.

 27. Maciver DH. A new method for quantification of left ventricular sys-
tolic function using a corrected ejection fraction. Eur J Echocardiogr 
2011; 12(3):228–34.

 28. Cardim N, Longo S, Ferreira T, et al. Tissue Doppler imaging 
assessment of long axis left ventricular function in hypertensive 
patients with concentric left ventricular hypertrophy: differential 



CHAPTER 42 hypertrophic cardiomyopathy370

 63. Paraskevaidis IA, Panou F, Papadopoulos C, et al. Evaluation of 
left atrial longitudinal function in patients with hypertrophic car-
diomyopathy: a tissue Doppler imaging and two-dimensional strain 
study. Heart 2009; 95(6):483–9.

 64. Roşca M, Popescu BA, Beladan CC, Călin A. Left atrial dysfunction 
as a correlate of heart failure symptoms in hypertrophic cardiomyo-
pathy. J Am Soc Echocardiogr 2010; 23(10):1090–8.

 65. Severino S, Caso P, Galderisi M, et al. Use of pulsed Doppler tissue 
imaging to assess regional left ventricular diastolic dysfunction in 
hypertrophic cardiomyopathy. Am J Cardiol 1998; 82(11):1394–8.

 66. Matsumura Y, Elliott PM, Virdee MS, et al. Left ventricular diastolic 
function assessed using Doppler tissue imaging in patients with 
hypertrophic cardiomyopathy: relation to symptoms and exercise 
capacity. Heart 2002; 87(3):247–51.

 67. Carasso S, Yang H, Woo A, et al. Diastolic myocardial mechan-
ics in hypertrophic cardiomyopathy. J Am Soc Echocardiogr 2010; 
23(2):164–71.

 68. Maron MS, Olivotto I, Betocchi S, et al. Effect of left ventricular 
outflow tract obstruction on clinical outcome in hypertrophic car-
diomyopathy. N Engl J Med 2003; 348(4):295–303.

 69. Levine RA, Vlahakes GJ, Lefebvre X, et al. Papillary muscle dis-
placement causes systolic anterior motion of the mitral valve. 
Experimental validation and insights into the mechanism of sub-
aortic obstruction. Circulation 1995; 91(4):1189–95.

 70. Sharma R, Smith J, Elliott PM, McKenna WJ, Pellerin D. Left ven-
tricular outflow tract obstruction caused by accessory mitral valve 
tissue. J Am Soc Echocardiogr 2006; 19(3):354–8.

 71. Cavalcante JL, Barboza JS, Lever HM. Diversity of mitral valve 
abnormalities in obstructive hypertrophic cardiomyopathy. Prog 
Cardiovasc Dis 2012; 54(6):517–22.

 72. Kizilbash AM, Heinle SK, Grayburn PA. Spontaneous variability of 
left ventricular outflow tract gradient in hypertrophic obstructive 
cardiomyopathy. Circulation 1998; 97(5):461–6.

 73. Lafitte S, Reant P, Touche C, et al. Paradoxical response to exercise 
in asymptomatic hypertrophic cardiomyopathy: a new descrip-
tion of outflow tract obstruction dynamics. J Am Coll Cardiol 2013; 
62(9):842–50.

 74. Maron MS, Olivotto I, Zenovich AG, et al. Hypertrophic cardiomy-
opathy is predominantly a disease of left ventricular outflow tract 
obstruction. Circulation 2006; 114(21):2232–9.

 75. Shah JS, Esteban MTT, Thaman R, et al. Prevalence of exercise-
induced left ventricular outflow tract obstruction in symptomatic 
patients with non-obstructive hypertrophic cardiomyopathy. Heart 
2007; 94(10):1288–94.

 76. Galderisi M, Cardim N, D’Andrea A, et al. The multi-modality car-
diac imaging approach to the Athlete’s heart: an expert consensus of 
the European Association of Cardiovascular Imaging. Eur Heart J 
Cardiovasc Imaging 2015; 16(4):353.

 77. Lancellotti P, Tribouilloy C, Hagendorff A, et al. Recommendations 
for the echocardiographic assessment of native valvular regurgi-
tation: an executive summary from the European Association of 
Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging 2013; 
14(7):611–44.

 78. Liu D, Niemann M, Hu K, et al. Echocardiographic evaluation of 
systolic and diastolic function in patients with cardiac amyloidosis. 
Am J Cardiol 2011; 108(4):591–8.

 79. Phelan D, Collier P, Thavendiranathan P, et al. Relative apical spar-
ing of longitudinal strain using two-dimensional speckle-tracking 
echocardiography is both sensitive and specific for the diagnosis of 
cardiac amyloidosis. Heart 2012; 98(19):1442–8.

 80. Kato TS. Discrimination of nonobstructive hypertrophic cardio-
myopathy from hypertensive left ventricular hypertrophy on the 

 46. Pacileo G, Baldini L, Limongelli G, et al. Prolonged left ventricu-
lar twist in cardiomyopathies: a potential link between systolic and 
diastolic dysfunction. Eur J Echocardiogr 2011; 12(11):841–9.

 47. Schwartzkopff B, Mundhenke M, Strauer BE. Alterations of the 
architecture of subendocardial arterioles in patients with hyper-
trophic cardiomyopathy and impaired coronary vasodilator reserve: 
a possible cause for myocardial ischemia. J Am Coll Cardiol 1998; 
31(5):1089–96.

 48. McKenna WJ, Behr ER. Hypertrophic cardiomyopathy: manage-
ment, risk stratification, and prevention of sudden death. Heart 
2002; 87(2):169–76.

 49. Cortigiani L, Rigo F, Gherardi S, et al. Prognostic implications 
of coronary flow reserve on left anterior descending coronary  
artery in hypertrophic cardiomyopathy. Am J Cardiol 2008; 
102(12):1718–23.

 50. Sicari R, Nihoyannopoulos P, Evangelista A, et al. Stress echocar-
diography expert consensus statement: European Association of 
Echocardiography (EAE) (a registered branch of the ESC). Eur J 
Echocardiogr 2008; 9(4):415–37.

 51. Peteiro J, Bouzas-Mosquera A, Fernandez X, et al. Prognostic value 
of exercise echocardiography in patients with hypertrophic cardio-
myopathy. J Am Soc Echocardiogr 2012; 25(2):182–9.

 52. Spindler M, Saupe KW, Christe ME, et al. Diastolic dysfunction  
and altered energetics in the alphaMHC403/+ mouse model 
of familial hypertrophic cardiomyopathy. J Clin Invest, 1998; 
101(8):1775–83.

 53. Ohsato K, Shimizu M, Sugihara N, Konishi K, Takeda R. 
Histopathological factors related to diastolic function in myocardial 
hypertrophy. Jpn Circ J 1992; 56(4):325–33.

 54. Rakowski H, Carasso S. Quantifying diastolic function in hyper-
trophic cardiomyopathy: the ongoing search for the Holy Grail. 
Circulation 2007; 116(23):2662–5.

 55. Maron BJ, Ferrans VJ, Henry WL, et al. Differences in distribu-
tion of myocardial abnormalities in patients with obstructive and 
nonobstructive asymmetric septal hypertrophy (ASH): light and 
electron microscopic findings. Circulation 1974; 50(3):436–46.

 56. Nishimura RA, Appleton CP, Redfield MM, et al. Noninvasive 
Doppler echocardiographic evaluation of left ventricular fill-
ing pressures in patients with cardiomyopathies: a simultaneous 
Doppler echocardiographic and cardiac catheterization study. J Am 
Coll Cardiol 1996; 28(5):1226–33.

 57. Nagueh SF, Lakkis NM, Middleton KJ, et al. Doppler estimation of 
left ventricular filling pressures in patients with hypertrophic car-
diomyopathy. Circulation 1999; 99(2):254–61.

 58. Geske JB, Sorajja P, Nishimura RA, Ommen SR. Evaluation of 
left ventricular filling pressures by Doppler echocardiography 
in patients with hypertrophic cardiomyopathy: correlation with 
direct left atrial pressure measurement at cardiac catheterization. 
Circulation 2007; 116(23):2702–8.

 59. Nagueh SF, Appleton CP, Gillebert TC, et al. Recommendations for 
the evaluation of left ventricular diastolic function by echocardiog-
raphy. J Am Soc Echocardiogr 2009; 22(2):107–33.

 60. Nistri S, Olivotto I, Betocchi S, et al. Prognostic significance of left 
atrial size in patients with hypertrophic cardiomyopathy (from the 
Italian Registry for Hypertrophic Cardiomyopathy). Am J Cardiol 
2006; 98(7):960–5.

 61. Olivotto I, Cecchi F, Casey SA, et al. Impact of atrial fibrillation on 
the clinical course of hypertrophic cardiomyopathy. Circulation 
2001; 104(21):2517–24.

 62. Yang H, Woo A, Monakier D, et al. Enlarged left atrial volume in 
hypertrophic cardiomyopathy: a marker for disease severity. J Am 
Soc Echocardiogr 2005; 18(10):1074–82.



references 371

for an early diagnosis before and independently of hypertrophy. 
Circulation 2001; 104(2):128–30.

 93. Pacileo G, De Cristofaro M, Russo MG, et al. Hypertrophic car-
diomyopathy in pediatric patients: effect of verapamil on regional 
and global left ventricular diastolic function. Can J Cardiol 2000; 
16(2):146–52.

 94. Sherrid MV, Shetty A, Winson G, et al. Treatment of obstructive 
hypertrophic cardiomyopathy symptoms and gradient resistant 
to first-line therapy with β-blockade or verapamil. Circ Heart Fail 
2013; 6(4):694–702.

 95. Marwick TH, Stewart WJ, Lever HM, et al. Benefits of intraopera-
tive echocardiography in the surgical management of hypertrophic 
cardiomyopathy. J Am Coll Cardiol 1992; 20(5):1066–72.

 96. Morrow AG, Reitz BA, Epstein SE, et al. Operative treatment in 
hypertrophic subaortic stenosis. Techniques, and the results of pre 
and postoperative assessments in 83 patients. Circulation 1975; 
52(1):88–102.

 97. Sasson Z, Prieur T, Skrobik Y, et al. Aortic regurgitation: a common 
complication after surgery for hypertrophic obstructive cardiomyo-
pathy. J Am Coll Cardiol 1989; 13(1):63–7.

 98. Faber L, Ziemssen P, Seggewiss H. Targeting percutaneous 
transluminal septal ablation for hypertrophic obstructive cardio-
myopathy by intraprocedural echocardiographic monitoring. J Am 
Soc Echocardiogr 2000; 13(12):1074–9.

 99. Monakier D, Horlick E, Ross J, et al. Intracoronary myocar-
dial contrast echocardiography in a patient with drug refractory 
hypertrophic obstructive cardiomyopathy revealing extensive myo-
cardium at risk for infarction with alcohol septal ablation. J Invasive 
Cardiol 2004; 16(9):482–4.

100. Lothar Fabera, Seggewissb H, Welgea D, et al. Echo-guided percu-
taneous septal ablation for symptomatic hypertrophic obstructive 
cardiomyopathy: 7 years of experience. Eur J Echocardiogr 2004; 
5(5):347–55.

101. 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 hypertrophic obstructive cardio-
myopathy. J Am Coll Cardiol 2001; 37(1):208–14.

102. Lakkis NM, Nagueh SF, Kleiman NS, et al. Echocardiography-
guided ethanol septal reduction for hypertrophic obstructive 
cardiomyopathy. Circulation 1998; 98(17):1750–5.

103. Posma JL, Posma JL, Blanksma PK, et al. Effects of permanent dual 
chamber pacing on myocardial perfusion in symptomatic hyper-
trophic cardiomyopathy. Heart 996; 76(4):358–62.

basis of strain rate imaging by tissue Doppler ultrasonography. 
Circulation 2004; 110(25):3808–14.

 81. Lever HM, Karam RF, Currie PJ, Healy BP. Hypertrophic cardiomy-
opathy in the elderly. Distinctions from the young based on cardiac 
shape. Circulation 1989; 79(3):580–9.

 82. Krasnow N. Subaortic septal bulge simulates hypertrophic car-
diomyopathy by angulation of the septum with age, independent 
of focal hypertrophy. An echocardiographic study. J Am Soc 
Echocardiogr 1997; 10(5):545–55.

 83. Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P. The upper 
limit of physiologic cardiac hypertrophy in highly trained elite ath-
letes. N Engl J Med 1991; 324(5):295–301.

 84. Maron BJ, Pelliccia 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 hyper-
trophic cardiomyopathy. Circulation 1995; 91(5):1596–601

 85. Vinereanu D, Florescu N, Sculthorpe N, et al. Differentiation 
between pathologic and physiologic left ventricular hypertrophy 
by tissue Doppler assessment of long-axis function in patients with 
hypertrophic cardiomyopathy or systemic hypertension and in ath-
letes. Am J Cardiol 2001; 88(1):53–8.

 86. Cardim N, Oliveira AG, Longo S, et al. Doppler tissue imaging: 
regional myocardial function in hypertrophic cardiomyopathy and 
in athlete’s heart. J Am Soc Echocardiogr 2003; 16(3):223–32.

 87. Richand V, Lafitte S, Reant P, et al. An ultrasound speckle  
tracking (two-dimensional strain) analysis of myocardial defor-
mation in professional soccer players compared with healthy 
subjects and hypertrophic cardiomyopathy. Am J Cardiol 2007; 
100(1):128–32.

 88. O’Mahony C, Elliott P. Anderson-Fabry disease and the heart. Prog 
Cardiovasc Dis 2010; 52(4):326–35.

 89. Burch M, Sharland M, Shinebourne E, et al. Cardiologic abnor-
malities in Noonan syndrome: phenotypic diagnosis and 
echocardiographic assessment of 118 patients. J Am Coll Cardiol 
1993; 22(4):1189–92.

 90. Maron BJ, Seidman JG, Seidman CE. Proposal for contemporary 
screening strategies in families with hypertrophic cardiomyopathy. 
J Am Coll Cardiol 2004; 44(11):2125–32.

 91. Cardim N, Perrot A, Ferreira T, et al. Usefulness of Doppler myo-
cardial imaging for identification of mutation carriers of familial 
hypertrophic cardiomyopathy. Am J Cardiol 2002; 90(2):128–32.

 92. Nagueh SF, Bachinski LL, Meyer D, et al. Tissue Doppler imag-
ing consistently detects myocardial abnormalities in patients 
with hypertrophic cardiomyopathy and provides a novel means 



Contents
Summary 372
Aetiology 372
Echo features 372
Diagnostic criteria 373
Left ventricular systolic function 373
Left ventricular diastolic function 374
Right ventricular function and size 374
Role of stress echocardiography in dilated 
cardiomyopathy 376

Exercise test 376
Dobutamine stress 376
Dipyridamole stress 376
Potential role of stress echocardiography: 
summary 377

Associated findings 378
Mitral regurgitation 378
Left ventricular thrombus 378
Pulmonary hypertension 380
Left ventricular dyssynchrony 380
Risk stratification (ejection fraction, filling 
pattern, and right ventricular function) 381
Follow-up and monitoring 382
Familial dilated cardiomyopathy 382

References 383

CHAPTER 43

Dilated cardiomyopathy
Fausto Rigo, Covadonga Fernández-Golfín, 
and Bruno Pinamonti

Summary
Dilated cardiomyopathy (DCM) is a form of heart disease characterized by left ventricu-
lar (LV) dilatation and LV systolic dysfunction with normal wall thickness in the absence 
of abnormal loading conditions (hypertension, valvular heart disease) or coronary artery 
disease [1]. DCM leads to progressive heart failure (HF), supraventricular and ventricu-
lar arrhythmias, conduction system abnormalities, thromboembolism, and death. The 
true prevalence of DCM in the general population is unknown but it is estimated at 
1:2500, being the third most common cause of HF and the leading cause for heart trans-
plantation. Age of presentation is variable with a predominance in the third and fourth 
decades [1,2].

Aetiology
Most cases of DCM are sporadic with 20–35% of cases being familial [2]. The sporadic 
forms are due to a wide variety of primary and secondary causes (% Box 43.1) [1]. More 
than 20 loci and genes have been described in the familial forms with incomplete and age-
dependent penetrance. However, most cases are inherited in an autosomal dominant way 
being less frequently X-linked autosomal recessive or mitochondrial inheritance. Some of 
the genes involved encode for sarcomeric proteins (the same as described in hypertrophic 
cardiomyopathy) but there are also mutations in other genes encoding cytoskeletal/sar-
colemmal, nuclear envelope (lamin A/C gene), sarcomere, and transcriptional coactivator 
proteins [2,3].

Echo features
Echocardiography plays a key role in the diagnosis of DCM. In the presence of HF, echo-
cardiography is essential not only to assess LV function and guide management of the 
patient but also to rule out alternative HF causes (valvular heart disease, restrictive car-
diomyopathy, and pericardial constriction). Typically, DCM is characterized by a dilated 
LV (increased end-diastolic and end-systolic dimensions) with impaired global contrac-
tility and decreased systolic function. As the disease progresses, the LV becomes more 
spherical [4] (z Video 43.1).
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3D echocardiography doesn’t rely on any geometric model 
and foreshortening of the apex is avoided [9] (% Fig. 43.2;  
z Video 43.5). Other parameters of LV performance are  
dP/dT and stroke volume. The first one is normally used in 
conjunction with EF as an additional LV dysfunction marker. 
The second one provides information on haemodynamic status 
helping in management and providing prognosis information. 
Both tissue Doppler mitral annulus velocity and 2D and more 
recently 3D speckle tracking myocardial deformation are less 

Diagnostic criteria
DCM is defined as the presence of an ejection fraction (EF) 
below 45% and/or a fractional shortening less than 25% and 
a LV end-diastolic dimension of greater than 112% predicted 
value corrected for age and body surface area [5] (z Video 
43.2). A more conservative cut-off value of 117% for LV enlarge-
ment has been proposed for family studies in order to increase 
specificity [6]. Aetiology of DCM is always a challenge. There 
are some echo features that suggest a specific aetiology or even a 
different form of cardiomyopathy and that must be searched for 
in the echocardiographic evaluation: wall motion abnormalities 
in ischaemic heart diseases (z Video 43.3), LV trabeculation in  
LV non-compaction (z Video 43.4), special myocardial tex-
ture in haemochromatosis, endomyocardial hyperechogenicity 
in hypereosinophilic syndrome, or pericardial effusion in 
myocarditis. However, in most cases DCM echo features are 
non-specific [4].

Left ventricular systolic function
Several echocardiographic parameters are used to assess sys-
tolic function: EF, fractional shortening, dP/dT, and cardiac 
output that are load dependent, and tissue Doppler mitral 
annulus velocity and speckle tracking strain, which are less 
load dependent [7]. EF is the most used expression of global 
systolic function. It is the main determinant of symptoms, 
functional class, and prognosis. Among two-dimensional 
(2D) echocardiographic methods, the 2D biplane modified 
Simpson’s rule is the one recommended (% Fig. 43.1). Main 
limitations include poor endocardial definition in up to 15% 
of patients (contrast is recommended in these cases) and vari-
ability, relying on operator experience. The Teichholz method 
for calculation of EF is not recommended in DCM since 
geometric assumptions lead to important inaccuracies [8]. 
Three-dimensional (3D) echocardiography is especially useful 
in DCM patients with large ventricles with altered shape since 

Box 43.1 Causes of sporadic (non-familial) dilated cardiomyopathy

◆  Myocarditis ◆ Tachycardiomyopathy
◆  Kawasaki disease ◆ Toxins
◆  Viral persistence ◆ Chemotherapeutic agents
◆  Drugs ◆ Autoimmune and systemic  

  disorders
◆  Pregnancy ◆ Phaeochromocytoma
◆  Eosinophilic syndrome ◆ Nutritional
◆  Duchenne/Becker and  ◆ Endocrine. 

Emery–Dreifuss muscular  
dystrophies

Fig. 43.1 Modified Simpson’s rule method for ejection fraction 
quantification. End-diastolic and end-systolic tracings in the four-chamber 
view.

LV EF Biplane = 16.4%
LV EDV A4C = 336.4 mL
LV ESV A4C = 270.1 mL

100% 100%

2/18 FRM 10/18 FRM

Fig. 43.2 Left ventricle 3D volume. The three planes for ejection fraction 
calculation are displayed: four chambers, two chambers, and short axis. 
Foreshortening of the apex is avoided.
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since many patients have LA enlargement with normal filling 
pressures [11].

Right ventricular function and size
Right ventricular (RV) dilatation and dysfunction are frequently 
seen in patients with DCM. It is usually due to LV dysfunction 
or biventricular involvement rather than being related to signifi-
cant pulmonary hypertension [4]. Prevalence of RV dysfunction 
ranges from 63% to 76% and correlates with the degree of LV dys-
function. It has prognosis significance and its evaluation should be 
performed in all cases [12]. Two-dimensional echocardiography 
is recommended for RV size assessment. Measurements should be 
performed in the four chambers and/or parasternal views accord-
ing to international recommendations and published cut-off 
values applied to determine the presence and degree of RV dilata-
tion [13] (% Fig. 43.6). Three-dimensional echocardiography has 
emerged as a promising tool in the evaluation of RV volumes. It 
avoids geometric assumptions, which is particularly useful in the 
RV since its complex anatomy has been always a challenge for RV 
volumes and EF estimation. Three-dimensional RV volumes cor-
relate well with those obtained from cardiac magnetic resonance 
with a significant underestimation (z Video 43.6). RV EF esti-
mation is always a challenge. Volumetric and non-volumetric 
approaches are recommended over subjective visual assessment. 
Fractional area change, TAPSE, Doppler tissue imaging systolic 
tricuspid annular velocity, and RV myocardial performance index 
have been widely studied in this population [14] (% Fig. 43.7).  

load dependent and are reduced in patients with LV systolic 
dysfunction (% Fig. 43.3). They provide diagnostic and prog-
nosis information and are useful in the early diagnosis of LV 
systolic dysfunction in patients with different cardiomyopa-
thies. Tissue Doppler mitral annulus velocities are part of the 
echocardiographic examination in most centres in conjunction 
with other parameters, mostly EF [10].

Left ventricular diastolic function
Diastolic dysfunction (DD) is associated with haemodynamic 
impairment, advanced symptoms, and a poor prognosis [4]. 
Different echocardiographic parameters for DD evaluation are 
available and all of them have been studied in patients with DCM. 
Among those most widely studied is transmitral inflow pulse 
Doppler tracing. A short deceleration time (< 150 ms), increased 
E/A ratio (> 2), and increased E velocity (> 50 cm/s) are associated 
with increased filling pressures and worst prognosis (% Fig. 43.4).  
M-mode flow propagation velocity (Vp) is decreased in most 
patients with depressed EF, with a value of the E/Vp ratio of 2.5 
being indicative of high pulmonary capillary pressure. More 
recently, early diastolic tissue Doppler mitral annular velocity 
E′ (% Fig. 43.5) and its relation with mitral early diastolic fill-
ing (E/E′) are being used to estimate filling pressures due to its 
accuracy. In DCM, an increase in E/E′ is associated with increased 
filling pressures and worse outcome and may be used along with 
the above-described methods. Left atrial (LA) enlargement as 
a marker of DD should be used with caution in this population 

Fig. 43.3 Two-dimensional peak global and segmental radial and longitudinal strain in a patient with dilated cardiomyopathy and severe left ventricular systolic 
dysfunction. Both values area decreased.
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Tissue Doppler and more recently speckle tracking echocar-
diography with RV strain and strain rate analysis have shown 
promise in RV systolic function assessment in certain conditions 
[13]. However, lack of references values, reproducibility issues, 
and paucity of clinical data limit its clinical application [11]. As 
mentioned previously, 3D echocardiography is increasingly used  
(% Fig. 43.8).

Fig. 43.4 Pulse Doppler mitral inflow recording showing restrictive filling with increased E wave and short deceleration time in a patient with severe left 
ventricular systolic dysfunction. Mitral regurgitation is also noted.

Fig. 43.5 Lateral mitral annulus tissue Doppler tracing from a four-chamber 
view in a patient with dilated cardiomyopathy. E′ velocity is reduced.

Fig. 43.6 Measurement of right ventricular dimension in the parasternal 
long-axis view, M-mode.
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Exercise test
Exercise stress is very useful and the best physiological stressor. 
Therefore, exercise testing should be performed in patients who 
are physically allowed. Images can be obtained by the use of pre- 
and within 1 minute of post-treadmill upright or supine cycle 
exercise. However, the weakness of SE is that it depends on image 
quality and its use by the occasional user may be associated with 
loss of accuracy [15–18].

Dobutamine stress
Pharmacological stress testing is preferred for patients unable to 
exercise. Use of low-dose dobutamine seems to be the best stress 
method for the assessment of myocardial contractile reserve, 
unless there is a contraindication [19]. The protocol of dobu-
tamine infusions vary among investigators, but the patient usually 
undergo the stress testing using standardized incremental infu-
sions of 5, 10, and 20 mcg/kg/min [19,20]. The safety dose has been 
documented as high as 40 mcg/kg/min and serious complications 
occur in 0.3% [19]. Use of high-dose dobutamine echocardiogra-
phy is not associated with serious complications in DCM, having 
a feasibility of almost 90%. The most common adverse event, 
requiring discontinuation of dobutamine, are complex ventricular 
arrhythmias, noted in 8% of patients [19,20].

Dipyridamole stress
Dipyridamole may be used instead of dobutamine to evoke con-
tractile response, since it is less arrhythmogenic [5] and better 
tolerated [15,19]. Ability of dipyridamole to recruit contractile 
reserve is mediated through an increase in coronary blood flow 
and accumulation of endogenous adenosine [15–19]. Decrease 
in wall motion score index (WMSI) with a variation versus base-
line (Δ) greater than 0.15 during dipyridamole identifies patients 
who are more likely to survive longer than 3 years [5]. Reported 
overall feasibility of dipyridamole stress echo was almost 100% 
[15]. Dobutamine and dipyridamole SE have similar feasibility 
and prognostic accuracy in DCM risk stratification [5]. The worst 
prognostic combination was the presence of restrictive filling pat-
tern at rest in the absence of contractile reserve post dipyridamole 
(Δ WMSI < 0.15) [15–19].

Role of stress echocardiography in 
dilated cardiomyopathy
Stress echocardiography (SE) has a potential role in initial and 
advanced stages of DCM: in fact, in the early stage, with normal 
resting LV function, a reduced inotropic reserve can unmask ini-
tial damage, and in the advanced stage, SE complements resting 
echo findings, identifying a heterogeneous prognostic profile 
which can guide different therapeutic strategies (% Table 43.1) 
[15]. A limitation of SE is that, so far, there is no consensus about a 
standardized protocol to be used in patients with LV dysfunction. 
The selection of evaluation method and stress modality mainly 
depends on the patient’s exercise capacity, the purpose of the 
examination, and medical contraindications.

1 TAPSE = 1.48 cm
2 TAPSE = 1.68 cm

Fig. 43.7 TAPSE measurement in a patient with dilated cardiomyopathy 
showing values in the lower limits of normality.

ESV  85.42 mL
EDV 141.81 mL
SV    56.39 mL
EF     39.77%

Fig. 43.8 Right ventricular 3D volumes and ejection fraction in a patient with 
dilated cardiomyopathy. Right ventricular ejection fraction is reduced.

Table 43.1 Stress echocardiography response and the four stages of 
dilated cardiomyopathy

Class HF Stage Resting LV 
function

Stress finding Coronary 
flow reserve

A Absent Normal Normal Normal

B Initial Normal Blunted 
hyperkinesia

Normal/mild 
reduction

C Overt Abnormal Functional 
recovery

Reduced

D Advanced Abnormal No functional 
recovery

Marked 
reduction
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contrast, an increase in EF from baseline more than 20% during 
SE identifies patients with preserved LV contractile reserve and 
better prognosis [19,20]. Low doses of dobutamine may further 
refine prognosis in DCM with maximal oxygen consumption 
between 10–14 mL/kg/min (grey zone for risk stratification) [25]. 
This finding may be used for prioritization of patients for cardiac 
transplantation [26–28].

In patients with suspected tachycardiomyopathy, improvement 
of contractile function induced by low-dose dobutamine has a 
prognostic significance, being predictive of recovery of LV func-
tion after treatment of the arrhythmia [26].

Differentiation between ischaemic and non-ischaemic 
dilated cardiomyopathy
Several echocardiographic clues have been proposed in differ-
entiating ischaemic from non-ischaemic DCM such as akinetic 
segments, LV elliptical shape, a smaller compromised RV, and 
larger stress-induced wall motion abnormalities during the stress 
test. Encouraging results have also been reported with dobu-
tamine or exercise stress echo, highlighting the biphasic response 
in at least two segments and/or the extensive ischaemic response 
[5,6]. Of note, however, is that sensitivity and specificity of this test 
are not absolute, particularly in those with persistence of severe 
LV dysfunction and extensive fibrosis [15].

Coronary flow reserve
In patients with DCM, CFR is often reduced, with a substan-
tial individual variability, and it is well related to the functional 
class and the oxygen consumption, markers of prognosis in these 
patients [28–30]. SE using dipyridamole (0.84 mg/kg in 6 min-
utes) offers the possibility of assessing CFR (% Fig. 43.9) on left 

Potential role of stress echocardiography: 
summary

The potential role of stress echocardiography can be summarized 
in the following points:
◆  contractile reserve
◆  differentiation between ischaemic and non-ischaemic DCM
◆  coronary flow reserve (CFR) as a prognostic marker
◆  RV function.

Contractile reserve
Myocardial contractile reserve measured by stress testing has 
been defined as a difference of LV function at rest and under load. 
To date, the assessment of myocardial contractile reserve limit-
edly applied to evaluate the myocardial viability exclusively in 
patients with LV dysfunction and coronary artery disease. Since 
β-receptor down-regulation and desensitization is a marker of 
progressive impairment of LV systolic function, it is expected that 
improvement in contractility during low-dose dobutamine infu-
sion is greater in patients with preserved β-receptor function who 
will subsequently improve [15,16]. At low doses (≤ 10 mcg/kg/
min), dobutamine selectively stimulates β-1 myocardial receptors, 
determining a mild sustained inotropic stimulation in preserved 
left ventricular systolic function. The contractile reserve can be 
identified through wall motion index improvement (> 0.20) or 
increase of EF, reduction of end-systolic volume, and increase 
of end-systolic pressure/volume ratio during stress [16–24]. 
The dobutamine infusion protocol is similar to that employed 
in patients with ischaemic heart disease, and a lack of increase  
in LV systolic function is associated with higher mortality [25]. In 

Fig. 43.9 Coronary flow reserve.
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advanced HF [33]. Preserved RV contractile reserve (measured 
by pressure–area relations) induced by dobutamine was associ-
ated with a good 30-day outcome in patients with New York Heart 
Association (NYHA) class IV HF [34]. Fractional area change 
greater than 9% identifies patients with more favourable outcome. 
Tissue velocities of the RV free wall have clinical relevance and 
should be measured, especially when a decision for a LV assist 
device has to be made.

Associated findings
Mitral regurgitation
In DCM, mitral regurgitation (MR) is usually functional and 
related to LV dilation and dysfunction by a vicious cycle.

Assessment of functional MR comprises evaluation of MV 
morphology, quantification of annulus dimensions and systolic 
leaflet retraction, together with a polyparametric estimation 
of MR severity (% Fig. 43.13; z Video 43.9) [35]. All these 
aspects can be better evaluated with transoesophageal and 3D 
echocardiography. In particular, 3D dedicated software cur-
rently allows for 3D quantification of annulus size, MV leaflet 
surface area, tenting volume, aorto-mitral angle, and papillary 
muscle geometry [36]. In addition, 3D echocardiography per-
mits the direct planimetry of the effective regurgitant orifice 
area (EROA), which is generally elliptical in functional MR  
(% Fig. 43.14).

Left ventricular thrombus
The incidence of intracardiac thrombi in DCM has been reported 
to be between 4% and 16% [37]. Spontaneous echo contrast and 
LV thrombi can develop in the setting of severe LV dilation and 
dysfunction (% Fig. 43.15; z Video 43.10). Specifically, LV EF is 
the major factor associated with LV thrombi formation in DCM 

anterior descending artery (LAD) (z Videos 43.7a,b), given  
by the hyperaemic/rest diastolic flow velocity ratio (normal value  
> 2.5). The reduction of CFR at a very early clinical stage, with 
absent or minimal LV dysfunction at baseline, could predict the 
outcome of these patients and guide a more appropriate therapeu-
tic strategy [31,32]. In patients with DCM, the prognosis is worse in 
patients affected with CFR on LAD less than 2 [32] (% Fig. 43.10). 
Reduced CFR combined with absence of inotropic reserve (identi-
fied as a Δ WMSI post dipyridamole > 0.25) have additive value in 
predicting a worse prognosis [15,32]. Combined evaluation of con-
tractile reserve and CFR in DCM is currently recommended [19]  
(% Figs 43.11 and 43.12; z Videos 43.7a,b and 43.8a,b).

Dynamic performance of right ventricle
In one study, an increase in RV EF to more than 35% during exer-
cise was the only independent predictor of event-free survival in 

Fig. 43.10 Survival curve in patients with dilated cardiomyopathy 
stratified according to normal (CFR > 2) or abnormal (< 2) CFR at Doppler 
echocardiography. The worst survival is observed in patients with dilated 
cardiomyopathy and abnormal CFR.
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Fig. 43.12 Clinical case: DCM, 
coronary artery disease.

LAD
CFR=1,4

Dipyiridamole SE: LAD-CFR= 1,6

PeakRest

Fig. 43.13 DCM case with severe functional MR. Upper left panel: MV annulus is dilated (3.65 cm) and there is significant systolic leaflet retraction (coaptation 
depth 1.49 cm; tenting area 3.25 cm2). Colour Doppler evaluation of MR severity displays a jet area of 14.4 cm2 and a ‘vena contracta’ of 0.8 cm (upper right 
panel); EROA calculated with PISA method = 0.2 cm2 (lower panels). Continuous wave Doppler examination of the MR jet shows low velocity and a triangular 
morphology (lower right panel). DCM, dilated cardiomyopathy; EROA, effective regurgitant orifice area; MR, mitral regurgitation; MV, mitral valve; PISA, proximal 
isovelocity surface area.
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the degree of pulmonary hypertension in DCM patients before 
and after optimized medical therapy [41]. Furthermore, it was 
shown that patients with ‘restrictive’ or pseudo-normal mitral 
flow patterns had a higher pulmonary artery systolic pres-
sure, and the improvement towards impaired relaxation was  
accompanied by a significant reduction of pulmonary artery 
pressure [41].

Left ventricular dyssynchrony
LV mechanical dyssynchrony in DCM patients with HF, severe LV 
dysfunction, and left bundle branch block demonstrated an inde-
pendent predictive value for response to cardiac resynchronization 
therapy (CRT) and long-term survival [42]. LV dyssynchrony 
assessment is challenging and should take into account several 
parameters (z Video 43.12) [43]. In clinical practice, qualitative 
evaluation of the rocking movement of the LV apex (‘apical rock-
ing’) is often employed [44], together with M-mode parameters, 
as ‘septal flash’ [45] and septal to posterior wall motion delay, and 
tissue Doppler imaging (TDI)-derived indices that measure the 
contraction delay between opposite LV segments (through the 
peak systolic velocity or the TDI-derived longitudinal strain and 

Fig. 43.14 Three-dimensional quantification of functional MR from a colour 
Doppler full volume acquisition. The vena contracta is displayed in two 
perpendicular planes (upper panels) and the elliptical effective regurgitant 
orifice area is quantified by planimetry (lower panels). MR, mitral regurgitation.

Fig. 43.15 Massive apical thrombosis (white arrows) in a case of advanced 
DCM. AO, aorta; DCM, dilated cardiomyopathy; LV, left ventricle; RV, right 
ventricle.

LV

AO

RV

Fig. 43.16 Case of DCM with severe biventricular dilation and dysfunction. There is severe functional TR ((a) colour Doppler evaluation of the TR jet) and 
pulmonary hypertension ((b) continuous wave Doppler trace of the TR jet). The peak TR velocity, combined with inferior vena cava assessment, permits the 
pulmonary artery systolic pressure to be derived. DCM, dilated cardiomyopathy; TR, tricuspid regurgitation.

(a) (b)

[38] and the risk of systemic thromboembolism increases in case 
of a LV EF less than 20% [37]. Interestingly, it has been proven that 
the presence of severe MR may have a protective role against LV 
thrombi development [38].

Pulmonary hypertension
Functional tricuspid regurgitation (TR) and pulmonary hyper-
tension are quite frequent in DCM patients, particularly in the 
presence of RV dilation and dysfunction (% Fig. 43.16; z Video 
43.11) [39]. While the degree of LV systolic dysfunction did not 
show an independent relation with pulmonary hypertension, a 
strong correlation was displayed by the severity of functional 
MR and DD [40]. In particular, mitral and pulmonary venous 
flow Doppler-derived indices were found to be predictors of 
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minimum systolic regional volume of each LV segment in the car-
diac cycle (% Fig. 43.19) [49], and on the assessment of 3D speckle 
tracking strain [50].

Importantly, besides LV dyssynchrony, other aspects of note 
when predicting CRT response are the identification of scar tis-
sue, the presence of viability, and the availability of coronary veins 
for optimal LV lead position [51].

Moreover, inter-ventricular dyssynchrony (i.e. the time delay 
between the LV and RV ejections) should be evaluated in DCM 
patients, as it was shown that the presence of significant inter-
ventricular dyssynchrony was associated with higher probability 
of favourable response to CRT [52].

Risk stratification (ejection fraction, filling 
pattern, and right ventricular function)
Several echocardiographic parameters, measured both at baseline 
and at follow-up, are valuable for prognostic stratification of DCM 
patients.

The amount of LV dilation is correlated with the severity of the 
disease and with prognosis [53]. Furthermore, low LV EF and 
severely increased LV dimensions (LV end-diastolic diameter  
≥ 38 mm/m2) are predictors for sudden death (SD) in this pop-
ulation [54,55]. Implanted cardiac defibrillator indications for 
primary prevention of SD in DCM currently include LV EF as the 
echocardiographic parameter to be taken into account (i.e. LV EF 
≤ 35%), in association with NYHA functional classes II or III, after 
3 or more months of optimal medical treatment [56].

LV reverse remodelling, documented at follow-up in patients 
under optimal pharmacological treatment, is an independent 
predictor of favourable long-term prognosis, reflecting a lesser 
myocardial impairment at baseline and a higher likelihood of 
improvement after treatment [57].

Assessment of LV diastolic function adds further prognostic 
information in DCM patients. The LV ‘restrictive’ filling pattern 
(RFP) reflects a more advanced clinical stage of the disease, being 
generally accompanied by severe LV dilation and systolic dysfunc-
tion, LA dilation, RV involvement, and functional MR [58], and 
it is a strong marker of increased risk of death and need for heart 

strain rate) (% Fig. 43.17) [46]. However, especially in advanced 
DCM cases with wide areas of akinesis, these markers show low 
feasibility and reproducibility.

Speckle-tracking strain imaging might provide better LV 
dyssynchrony evaluation in this population, by calculating 
the time difference in peak strain values between opposing LV 
 segments (usually the anteroseptal and posterolateral walls)  
(% Fig. 43.18) [47]. The Speckle Tracking and Resynchroniza-
tion study found that radial and transverse LV strain were 
significantly associated with EF response and long-term out-
come after CRT [48].

In addition, 3D echocardiography has developed newer indi-
ces potentially applicable in DCM patients for LV dyssynchrony 
quantification, based on the analysis of the time dispersion to 

(a) (b)

224 ms74 ms

Fig. 43.17 Assessment of LV dyssynchrony by TDI imaging, measuring the time from QRS onset to the peak systolic velocity at the basal segments of the 
septum (a) and the basal lateral LV wall (b) in the apical four-chamber view (white arrows). The contraction delay between the basal septum and the basal lateral 
wall is 150 ms, consistent with significant LV dyssynchrony (cutoff ≥ 65 ms). DCM, dilated cardiomyopathy; LV, left ventricle; TDI, tissue Doppler imaging.

Fig. 43.18 Two-dimensional speckle tracking strain applied for left 
ventricular dyssynchrony assessment, computed as the time difference in 
peak circumferential strain between two opposing segments, that is, mid 
anteroseptal (MAS, yellow line) and mid inferolateral (MIL, purple line). There 
is significant left ventricular dyssynchrony (time difference = 130 ms). MA, mid 
anterior; MAL, mid anterolateral; MAS, mid anteroseptal; MI, mid inferior; MIL, 
mid inferolateral; MIS, mid inferoseptal.

130 ms

Ceppo G.C. = –10 %

SAX M 1/1
11:43:45
HR = 54 bpm
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Follow-up and monitoring
Re-evaluation of echocardiographic parameters during the disease 
course under optimal medical therapy has not only a prognostic 
value, but it is also valuable, in association with the clinical assess-
ment, for tailoring medical treatment and confirming indications 
for invasive treatments at follow-up (% Fig. 43.20) [57,69,70].

Familial dilated cardiomyopathy
Familial screening is an important tool for early diagnosis of 
DCM in asymptomatic patients and can influence the prog-
nosis [71]. Consequently, familial screening including clinical 
interview, physical examination, electrocardiography, and echo-
cardiography, should be carried out on all probands, also in 
sporadic cases, and on their first-degree relatives from puberty 
to 50 years of age.

The diagnosis of familial DCM is made in the presence of two 
or more affected individuals in a single family or in the presence 
of a first-degree relative of a DCM patient with well-documented 
unexplained SD at under 35 years of age. Moreover, there are 
‘major’ and ‘minor’ criteria that distinguish affected, possibly 
affected, and non-affected family members [6].

The diagnosis should rule out secondary causes of LV dysfunc-
tion, including systemic arterial hypertension, coronary, valvular 
or congenital heart disease, alcohol abuse, sustained and rapid 
supraventricular arrhythmias, myocarditis, systemic diseases, and 
cardiotoxicity of anticancer drugs.

transplantation [58]. LV filling pattern monitoring during inva-
sive treatment indicated that a RFP reversibility correlates with 
better long-term outcome [59,60].

RV dysfunction has been recognized as a strong negative prog-
nostic factor in DCM and it is associated with more advanced 
LV failure and considerably worse functional class and outcome 
[61]. A tricuspid annular proximal systolic excursion (TAPSE) 
value less than 14 mm has proven to be an adverse prognos-
tic value in DCM [61]. In addition, initial studies have applied 
speckle tracking and 3D echocardiography for RV function 
assessment in DCM patients and demonstrated that reduced RV 
strain and 3D RV EF were related to decreased exercise capacity 
in this population [62,63].

Furthermore, biventricular dilation is known to carry a worse 
prognosis compared to isolated LV dilation [64]. Moreover, LA 
dilation is also a negative prognostic factor in DCM patients older 
than 70 years [65].

Functional MR is another echocardiographic marker of worse 
prognosis [57], and higher degrees of MR are connected with 
adverse clinical state and reduced survival [66]. Several studies 
have demonstrated the adverse prognostic value of severe MR 
using the cut-off of EROA greater than 0.20 cm2 [67]. Pulmonary 
hypertension and TR are also predictors of morbidity and mortal-
ity in DCM [39].

Finally, SE can also play a part in risk stratification, assessing 
contractile reserve and LAD flow reserve. The presence of viability 
at dobutamine stress testing is related to better survival and higher 
probability of LV function improvement [68].

Fig. 43.19 Three-dimensional echocardiography for left ventricular dyssynchrony evaluation. There is a dispersion in the time each segment reaches its 
minimum volume (lower panel, red dots); the systolic dyssynchrony index (i.e. the standard deviation of the time to minimum systolic regional volume using a 
16-segment model) suggests significant left ventricular dyssynchrony (= 12.03%).
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CHAPTER 44

Restrictive cardiomyopathy 
and arrhythmogenic right 
ventricular cardiomyopathy
Perry Elliott, Kristina H. Haugaa,  
Pio Caso, and Maja Cikes

Restrictive cardiomyopathy
Definition
The term restrictive cardiomyopathy describes a group of heart muscle disorders char-
acterized by an abnormally steep rise in intraventricular pressure in response to small 
increases in volume in the presence of normal or decreased diastolic left ventricular (LV) 
volumes and normal ventricular wall thickness [1]. Restrictive cardiomyopathy is the 
least frequent cardiomyopathy subtype.

Aetiology
Rarity and variation in the definition of restrictive cardiomyopathy make precise esti-
mates of the prevalence of different aetiologies difficult, but in adults undergoing cardiac 
transplantation, the commonest (in descending order) are idiopathic, amyloidosis, sar-
coidosis, and radiation/chemotherapy (% Table 44.1) [2]. In non-transplant populations, 
restrictive cardiomyopathy is often an autosomal dominant genetic trait [3]. The most 
frequent mutations occur in cardiac sarcomere protein genes—in particular, troponin 
I and β-myosin heavy chain—with a smaller number in the gene encoding desmin, an 
intermediate filament protein with important structural and functional roles within skel-
etal and cardiac myocytes, that are often associated with skeletal myopathy and cardiac 
conduction system abnormalities [4].

Endomyocardial fibrosis and eosinophilic cardiomyopathy  
(Löffler endocarditis)
Restrictive ventricular pathophysiology can be caused by endocardial diseases (fibro-
sis, fibroelastosis, and thrombosis). These are usually subclassified into endomyocardial 
diseases with hypereosinophilia (or hypereosinophilic syndromes (HES)) and endomyo-
cardial disease without hypereosinophilia (e.g. endomyocardial fibrosis) [5,6]. Parasitic 
infection, drugs, inflammatory, and nutritional factors are implicated in acquired forms 
of endomyocardial fibrosis.

Endomyocardial fibrosis without hypereosinophilia is endemic in tropical and sub-
tropical parts of Africa, India, Asia, and South and Central America but is rare outside the 
tropics. Adolescents and young adults are most frequently affected and disease onset is 
usually insidious, with progressive biventricular failure and a high mortality.
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remains a common cause of cardiovascular deaths worldwide in the 
second and third decades of life. The importance of cardiomyopathy 
in primary haemochromatosis is less certain, as prognosis seems 
largely determined by the presence of cirrhosis and diabetes rather 
than cardiomyopathy. Regardless of its cause, excessive cardiac iron 
deposition is characterized by a restrictive cardiomyopathy with 
prominent early diastolic dysfunction, which nearly always pro-
gresses to dilated cardiomyopathy unless successfully treated.

Several rare metabolic disorders cause restrictive cardiomyo-
pathy (see % Table 44.1). In some, including lysosomal storage 
disorders such as mucopolysaccharidoses [12] and Anderson–
Fabry disease [13], hypertrophic cardiomyopathy is a more 
common complication.

Inflammatory disorders
Sarcoidosis can rarely present with restrictive cardiomyopathy 
progressing to systolic impairment in its chronic phase. In this late 
phase, diagnostic tests for sarcoidosis (elevated serum angioten-
sin-converting enzyme levels and the presence of non-caseating 
granuloma on endomyocardial biopsy) may be normal.

Pathology
The macroscopic features of restrictive cardiomyopathy include 
biatrial dilatation, a small ventricular cavity, and normal LV wall 
thickness. Mild ventricular hypertrophy with increased heart 
weight and mild ventricular dilatation without hypertrophy can 
be present and there is often thrombus in the atrial appendages 
and patchy endocardial fibrosis [14,15]. The histological features 
of idiopathic restrictive cardiomyopathy are non-specific with 
patchy interstitial fibrosis and fibrosis of the sinoatrial and atrio-
ventricular nodes. Myocyte disarray is not uncommon in patients 
with genetic forms of restrictive cardiomyopathy, even in the 
absence of macroscopic ventricular hypertrophy. In patients with 
infiltrative and metabolic cardiomyopathies, there are findings 
appropriate to the underlying disorder [16].

Echocardiographic features of restrictive 
cardiomyopathy
Typically, restrictive cardiomyopathy is characterized by marked 
dilatation of both atria, in the presence of normal or mildly 
reduced radial LV systolic function, and a non-hypertrophied, 
non-dilated LV [17–19] (z Video 44.1). While LV ejection 
fraction can be normal in early disease, abnormalities in the ven-
tricular long-axis and torsion (detectable with tissue Doppler and 
speckle tracking imaging) are frequent, even when radial frac-
tional shortening is still preserved. In advanced disease, there 
may be severe impairment of global LV systolic function.

The typical pattern of mitral inflow pulsed wave Doppler sig-
nals is that of increased early diastolic filling velocity, decreased 
atrial filling velocity, an increased ratio of early diastolic filling to 
atrial filling, a decreased E wave deceleration time, and decreased 
isovolumic relaxation time (% Fig. 44.1). By convention, a restric-
tive filling pattern is defined by a transmitral E/A ratio greater 

Table 44.1 Aetiology of restrictive cardiomyopathy

Familial/genetic disease Non-familial/non-genetic disease

Sarcomeric protein mutations:
◆	 Troponin I
◆	β-myosin heavy chain
◆	 Essential myosin light chain
Familial amyloidosis:
◆	 Transthyretin (hereditary 

ATTR)
◆	 Apolipoprotein
Desminopathy
Primary haemochromatosis
Anderson–Fabry disease
Glycogen storage disease

Idiopathic
Amyloidosis:
◆	 Light chain associated (AL)
◆	 Senile (TTR-wild type)
Inflammatory diseases:
◆	 Sarcoidosis
◆	 Scleroderma
Endomyocardial fibrosis:
◆	 Hypereosinophilic syndrome
◆	 Idiopathic
◆	 Drugs (serotonin, methysergide, 

ergotamine, mercurial agents, busulfan)
Carcinoid heart disease
Metastatic cancers
Radiation
Chemotherapy

Amyloidosis
The term amyloidosis refers to a group of disorders caused by 
extracellular deposition of insoluble misfolded proteins that share 
a common structure. The two main types of cardiac amyloidosis 
are light-chain amyloidosis (AL) caused by deposition of mono-
clonal light chains and transthyretin amyloidosis (ATTR) in which 
either normal (wild-type) or mutant transthyretin is deposited in 
the myocardium [7,8]. Cardiac amyloidosis has been associated 
with a very poor prognosis with a median survival of less than 
1 year after the onset of heart failure symptoms, but advances in 
therapy for AL have improved survival dramatically, particularly 
when the disease is diagnosed early. Hereditary cardiac amyloi-
dosis is caused by mutations in the transthyretin gene (TTR). 
The frequency and type of cardiac involvement relates to the spe-
cific TTR mutation, the geographic area, the type of aggregation 
(endemic/non-endemic), and other genetic and environmental 
factors. One mutation, transyrethin Ile122Val occurs in up to 4% 
of elderly black people. Senile or wild-type TTR amyloidosis is 
predominantly a disease of men over the age of 65 years.

Storage disorders associated with restrictive 
cardiomyopathy
Primary haemochromatosis (hereditary or idiopathic) is a com-
mon inherited disorder in which excessive iron accumulation 
occurs in various tissues including the heart [9–11]. Type 1 pri-
mary haemochromatosis is an autosomal recessive disorder 
caused by mutations of the HFE gene, which is involved in con-
trolling gastrointestinal absorption of iron. Several other types of 
primary haemochromatosis (types 2, 3, and 4) are linked to muta-
tions in various other proteins involved in iron metabolism.

Secondary iron overload occurs in patients with hereditary 
anaemias including alpha thalassaemia, beta thalassaemia, and 
sickle cell anaemia and is caused by repeated blood transfusions 
and increased gastrointestinal iron absorption in the setting of inef-
fective erythropoiesis. Chelation therapy is widely used for treating 
iron overload, but secondary iron-overload cardiomyopathy 
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diseases can usually be made using clinical examination and 
multiparametric imaging [22, 23] (% Fig. 44.4). Echo Doppler 
parameters that favour pericardial constriction are as follows:

1. Exaggerated and reciprocal variation in Doppler velocities 
between the ventricles. Constrictive pericarditis is character-
ized by increased ventricular interdependence, as the heart is 
enclosed within a relatively fixed volume. Ventricular interde-
pendence is seen in the two-dimensional echocardiogram as a 
movement of the ventricular septum toward the LV with inspi-
ration and toward the RV in expiration in short-axis view and 

than 2, E wave deceleration time less than 150 ms, and isovolumic 
relaxation time less than 70 ms.

Pulmonary vein and hepatic vein pulsed wave Doppler veloci-
ties demonstrate higher diastolic than systolic velocities, increased 
atrial reversal velocities, and an atrial reversal duration greater 
than mitral atrial filling duration. Tissue Doppler imaging shows 
reduced diastolic annular velocities, and an increased ratio of early 
diastolic tissue Doppler annular velocity to mitral early diastolic 
filling velocity, reflecting elevated LV end-diastolic pressures. 
Early diastolic tissue Doppler velocities are able to distinguish 
between non-cardiac amyloidosis, cardiac amyloidosis without 
heart failure, and cardiac amyloidosis with heart failure in asymp-
tomatic patients with normal ejection fraction [20].

Additional features may be present in patients with amyloidosis, 
including thickening of the right atrial wall, inter-atrial septum, 
and atrioventricular valves and pericardial effusion (% Fig. 44.2; 
z Video 44.2). LV ejection fraction can be normal in early dis-
ease, but abnormalities in the ventricular long axis and torsion 
(detectable with tissue Doppler and speckle tracking imaging) are 
frequent [21], even when radial fractional shortening is still pre-
served. Strain and strain rate of the ventricular myocardium are 
usually severely depressed except for the LV apex, which is often 
spared (% Fig. 44.2).

In hypereosinophilic disease, endocardial thickening involv-
ing the inflow and apical portions of both ventricles is typical 
(% Fig. 44.3; z Video 44.3a,b). The postero-basal portion of the 
LV may be thickened with limited motion of the posterior leaflet 
of the mitral valve and the ventricular apices may contain clot and 
layered thrombus. Systolic function is usually preserved. Typically, 
fibrous endocardial lesions in the right ventricular (RV) and/or LV 
inflow tract cause atrioventricular valve regurgitation.

Differentiation from constrictive pericarditis
Doppler signals in constrictive pericarditis and restrictive car-
diomyopathy can be very similar but differentiation of the two 

(a) (b)

E/A ≥ 2 DT ≤ 150ms IVRT ≤ 70ms

Fig. 44.1 Restrictive cardiomyopathy. Transmitral 
pulsed wave Doppler in a patient with idiopathic 
restrictive cardiomyopathy showing increase E/A 
ratio, short E-wave deceleration time (b), and a 
short isovolumic relaxation time (a).

(a)

(c)

(b)

Fig. 44.2 Cardiac amyloidosis. (a) Two-dimensional echocardiogram from 
apical four-chamber view showing thickening of the interventricular septum 
with sparkling appearance. (b) Pulsed wave Doppler mitral flow showing 
restrictive left ventricular filling. (c) M-mode of left ventricle showing 
hypertrophy of the left ventricular septal and posterolateral walls and a 
posterior pericardial effusion. (d) Bull’s eye representation of three-dimensional 
global longitudinal strain of the same patient, which is markedly reduced 
(average GS: −5%) except at the left ventricular apex.
Courtesy of Dr S. Padula, Naples.
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apical views. Doppler markers of increased ventricular interde-
pendence include:

●	 respiratory variation in the velocity of early diastolic velocity 
of transmitral inflow with respiration of greater than 25%

●	 an increase in the tricuspid Doppler velocity and a decrease 
in the mitral velocity during inspiration

●	 respiratory variation of more than 25% in pulmonary vein 
early diastolic velocity

●	 diastolic flow reversal in hepatic venous flow during 
expiration.

2. Normal or increased early diastolic mitral annular velocity. As 
myocardial function is impaired in restrictive cardiomyopa-
thy but not in isolated constrictive cardiomyopathy, the early 
diastolic mitral annular velocity is decreased in restrictive car-
diomyopathy, but is usually normal in pericardial constriction. 
Similarly, Doppler tissue imaging velocity and strain in lateral LV 
wall and lateral RV wall are normal in constrictive pericarditis 
but impaired in restrictive cardiomyopathy. Using tissue Doppler 

Fig. 44.3 Eosinophilic endocarditis. Two-
dimensional echocardiogram showing apical 
three-chamber view. There is endocardial thickening 
and thrombus on apical and posterolateral wall ((a), 
marked with arrows) and mitral regurgitation on 
colour flow Doppler (b).
Courtesy of Dr L. Ascione, Naples.

(a)

EOSINOPHILIC CARDIOMYOPATHY: LOEFFLER’S ENDOCARDITIS

(b)

Fig. 44.4 Restrictive versus constrictive 
physiology. Upper left: absent respiratory variation 
of mitral inflow pattern in a patient affected by 
restrictive cardiomyopathy. Upper right: increased 
respiratory variation of mitral inflow pattern in a 
patient affected by constrictive pericarditis (INS, 
inspiration), EXP, expiration). Bottom left: reduction 
of myocardial early diastolic velocity (4 cm/s) in 
restrictive cardiomyopathy. Bottom right: preserved 
myocardial early diastolic velocity (12 cm/s) in 
constrictive pericarditis. 
Courtesy Dr A. R. Martiniello, Naples.

RESTRICTION

Respiratory
Variation

DTI
Velocoties

E’ velocity: 4cm/sec E’ velocity: 12cm/sec

INS EXP

CONSTRICTION

echocardiography, an early velocity of longitudinal expansion 
(Ea) of greater than 8.0 cm/s suggests constriction [23].

Arrhythmogenic right ventricular 
cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy (ARVC) or 
arrhythmogenic cardiomyopathy (AVC) is a progressive heart 
muscle disorder characterized by ventricular arrhythmia, heart 
failure, and sudden cardiac death. It is defined by structural and 
functional abnormalities of the RV, but LV involvement is also 
present in many patients [24,25]. ARVC has an estimated preva-
lence of between 1:1000 and 1:5000 of the general population, and 
is a major cause of sudden cardiac death in athletes and the young 
[25]. Its defining histological feature is replacement of cardiomyo-
cytes by adipocytes and fibrosis [25].

ARVC is usually inherited as an autosomal dominant trait caused 
by mutations in genes encoding for desmosomal proteins [26]. 
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Rare recessive forms include Carvajal syndrome and Naxos dis-
ease, which also present with a cutaneous phenotype. Mutations 
in five desmosomal genes (plakoglobin (JUP), desmoplakin 
(DSP), plakophilin-2 (PKP2), desmoglein-2 (DSG2), desmocol-
lin-2 (DSC2) account for 50% of disease. Non-desmosomal genes 
that cause disease include transforming growth factor beta-3 
(TGFβ3), the transmembrane protein 43 (TMEM43), titin (TTN), 
lamin A/C gene, phospholamban, catenin (cadherin-associated 
protein), and alpha 3 (CTNNA3).

Pathology
Histologically, ARVC is characterized by fibrofatty replacement 
of myocardium mainly in the apex, the RV inflow tract and the 
RV outflow tract (‘the triangle of dysplasia’). Initially there were 
considered to be two different morphological patterns of ARVC, 
the fatty form and the fibrofatty form, but fatty infiltration of the 

RV is common in normal controls and the diagnosis should only 
made when there is also myocyte loss with fibrous replacement 
[25]. Quantitative diagnostic parameters have been incorporated 
into the recent ARVC diagnostic criteria to increase the specificity 
of histopathological diagnosis of ARVC at biopsy (% Table 44.2).

Diagnostic criteria for ARVC
As most of the clinical findings in ARVC are non-specific, the 
clinical diagnosis of ARVC is based on a multiparametric approach 
using information from electrocardiography (ECG), cardiac imag-
ing, histology, and genetic analysis (% Table 44.2) [27]. Based on 
these criteria, the diagnosis is classified as definite diagnosis (two 
major, or one major and two minor criteria; or four minor criteria 
from different categories); borderline (one major and one minor cri-
teria; or three minor criteria from different categories); and possible 
(one major criteria or two minor criteria from different categories).

• Shows anterior RVOT in its long-
axis view with infundibular
segment. The pulmonary valve
and main PA are also visible.

• Used to measure pulmonary
annular dimension and to assess
pulmonary valve.

• Used for measurement of RV
enlargement, RV wall thickness
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on transducer angulation and the
rib interspace position from which
it was obtained. Therefore it
should not be the sole view to
evaluate RVOT size.

• Mid-level of anterior, inferior and
lateral RV walls are shown in this
view.

• A crescent shape of RV is well
appreciated in this view.

• Septal flattening in systole or
diastole form RV volume or
pressure overload is also clearly
seen in this view.

• Valuable for initial assessment of
RV size, but cannot be used for
assessment of RV systolic function
due to the asymmetric nature of
RV contraction.

• Useful view for demonstrating
RV/RA size, shape and function.

• Used to measure RV maximal long-
axis distance, minor distances at
base and mid-level, RV area and
RV fractional area change. RA
major and minor axis dimensions,
RA area and volume are
commonly measured here.

• RV inflow, TR jet by Doppler,
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measured in this view provided
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• Useful view for demonstrating

RV/RA size, shape and function,
with enhanced visualization of the
RV free wall.

• TR jet parameters can be
measured in this view provided
the TR jet is parallel to the U/S
beam.

• This modified 4-chamber view
provides information about a
portion of the lateral RV wall and
oblique plane of the RA.

• It should not be used
quantitatively to assess RA due to
its foreshortened and oblique
image angle and should not be
used for measurement of RV
dimensions

• It can be used to measure RV
inflow paramenters and TR
parameters provided the TR jet is
parallel to the ultrasound beam.

• ASD and PFO flow can be assessed
with 2D and color Doppler

• Modified view to visualize the
anterolateral RV wall.

• The moderator band is best
visualized in this view.

• TR jet parameters can be
measured in this view provided
the TR jet is parallel to the U/S
beam.

• Modified view to visulaize
posterolateral RV wall.

• The coronary sinus is best
visualized in this view.

• TR jet parameters can be
measured in this view provided
the TR jet is parallel to the U/S
beam.

• Important view to assess
anterior/inferior RV wall and
anterior/posterior tricuspid valve
leaflets.

• Anterior and posterior papillary
muscles, chordal attachment, and
ostium of inferior vena cava
including the Eustachian valve are
visible. The coronary sinus (not
shown) may also be seen in this
view.

• TR jet parameters can be
measured in this view provided
the TR jet is parallel to the U/S
beam.

• Shows the basal anterior RV wall,
RVOT, tricuspid valve, pulmonary
valve and RA.

• Normally used to measure RVOT
dimension in diastole.

• TR jet parameters can be
measured in this view provided
the TR jet is parallel to the U/S
beam.

• Used to assess the interatrial
septum for shunts (particularly
patent foramen ovale flow just
posterior to the aortic root

• Used to assess the pulmonary
valve, pulmonary artery and its
branches.

• Used for measuring pulmonary
annulus dimension, pulmonary
artery size and for Doppler
measurement of the
infundibulum, pulmonary valve
and pulmonary artery.

• Proximal and distal RVOT
segments are also visible.

• Basal level of anterior, inferior and
lateral RV walls.

• A crescent shape of RV is well
appreciated in this view.

• Septal flattening in systole or
diastole from RV volume or
pressure overload is often best
appreciated in this view.

• Valuable for initial assessment of
RV size, but cannot be used for
assessment of RV systolic function
due to the asymmetric nature of
RV contraction.
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• Base of the RV wall including RV
inflow, RV outflow, pulmonary
valve, pulmonary artery and its
branches are well visualized.

• RVOT dimension can also be
measured in this view.

• Used for Doppler measurement of
the influndibulum, pulmonary
valve and pulmonary artery

• The RV wall thickness is best
measured in this view.

• It is useful for evaluation of the
RV/RA wall inversion/collapse in
diagnosing patients with cardiac
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Doppler.
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Fig. 44.5  Views used to perform comprehensive evaluation of the right heart. Each view is accompanied by uses, advantages, and limitations of that particular view. Ao, aorta; ASD, 
atrial septal defect; CS, coronary sinus; EF, ejection fraction; EV, Eustachian valve; LA, left atrium; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; PFO, patent foramen ovale; PM, 
papillary muscle; RA, right atrium; RV, right ventricle; RVOT, right ventricular outflow tract; U/S, ultrasound.  
Rudski JG, Lai WW, Afilalo J, Hua L 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 2010; 23:685–713.
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Table 44.2 Revised Task Force criteria for the diagnosis of arrhythmogenic right ventricular cardiomyopathy

2010 task force criteria

I. Global or regional dysfunction and 
structural alterations 
Major

By 2D echo:
◆ Regional RV akinesia, dyskinesia, or aneurysm
◆ and 1 of the following (end diastole):
◆ PLAX RVOT ≥ 32mm (corrected for body size [PLAX/BSA] ≥ 19mm/m2

◆	 PSAX RVOT ≥ 36mm (corrected for body size [PSAX/BSA] ≥ 21mm2)
◆	 Or fractional change ≤ 33%
By MRI:
◆	 Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
◆	 and 1 of the following:
◆	 Ratio of RV end-diastolic volume to BSA ≥ 110/m2 (male) or ≥ 100 mL/m2 (female)
◆	 Or RV ejection fraction ≤ 40%
By RV angiography:
◆	 Regional RV akinesia, dyskinesia, or aneurysm

Minor By 2D echo:
◆	 Regional RV akinesis or dyskinesia
◆	 and 1 of the following (end diastole):
◆	 PLAX RVOT ≥ 29 to < 32 mm (corrected for body size [PLAX/BSA] ≥ 16 to < 19 mm/m2

◆	 PSAX RVOT ≥ 32 to < 36 mm (corrected for body size [PSAX/BSA] ≥ 18 to < 21 mm/m2

◆	 or fractional area change > 33% to ≤ 40%
By MRI:
◆	 Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
◆	 and 1 of the following:
◆	 Ratio of RV end-diastolic volume to BSA ≥ 100 to < 110 mL/m2 (male) or ≥ 90 to < 100 mL/m2 (female)
◆	 Or RV ejection fraction > 40% to ≤ 45%

II. Tissue characterization of wall 
Major

◆	 Residual myocytes < 60% by morphometric analysis (or < 50% if estimated), with fibrous replacement of the RV 
free wall myocardium in ≥ 1 sample, with or without fatty replacement of tissue on endomyocardial biopsy

Minor ◆	 Residual myocytes 60% to 75% by morphometric analysis (or 50% to 65% if estimated), with fibrous replacement of 
the RV free wall myocardium in ≥ 1 sample, with or without fatty replacement of tissue on endomyocardial biopsy

III. Repolarization abnormalities 
Major

◆	 Inverted T waves in right precordial leads (V
1
, V

2
, and V

3
) or beyond in individuals > 14 years of age (in the 

absence of complete right bundle-branch block QRS ≥ 120 ms)

Minor ◆	 Inverted T waves in leads V
1
 and V

2
 in individuals >14 years of age (in the absence of complete right bundle-

branch block) or in V
4,
 V

5
 or V

6
- Inverted T waves in leads V

1
, V

2
, V

3
, and V

4
 in individuals > 14 years of age in the 

presence of complete right bundle-branch block

IV. Depolarization/conduction 
abnormalities Major

◆	 Epsilon wave (reproducible low-amplitude signals between end of QRS complex and onset of the T wave) in the 
right precordial leads (V

1
 to V

2
)

Minor ◆	 Late potentials by SAECG in ≥ 1 of 3 parameters in the absence of a QRS duration of ≥ 110 ms on the standard ECG
◆	 Filtered QRS duration (fQRS) ≥ 114 ms
◆	 Duration of terminal QRS < 40 μV (low-amplitude signal duration) ≥ 38 ms
◆	 Root-mean-square voltage of QRS ≥ 55 ms measured from the nadir of the S wave to the end of the QRS, 

including R’, in V
1
, V

2
, or V

3
, in the absence of complete right bundle-branch block

V. Arrhythmias 
Major

◆	 Non-sustained or sustained ventricular tachycardia of left bundle-branch morphology with superior axis 
(negative or indeterminate QRS in leads II, III, and aVF and positive in lead aVL)

Minor ◆	 Non-sustained or sustained ventricular tachycardia of RV outflow configuration, left bundle-branch block 
morphology with inferior axis (positive QRS in leads II, III, and aVF and negative in lead aVL) or of unknown axis

◆	 500 ventricular extrasystoles per 24 hours (Holter)

VI. Family history 
Major

◆	 ARVC/D confirmed in a first-degree relative who meets current Task Force criteria
◆	 ARVC/D confirmed pathologically at autopsy or surgery in a first-degree relative
◆	 Identification of a pathogenic mutation categorized as associated or probably associated with ARVC/D in the 

patient under evaluation

Minor ◆	 History of ARVC/D in first-degree relative in whom it is not possible or practical to determine whether the family 
member meets current Task Force criteria

◆	 Premature sudden death (< 35 years of age) due to suspected ARVC/D in a first-degree relative
◆	 ARVC/D confirmed pathologically or by current Task Force Criteria in second-degree relative

Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B et al. Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: proposed modification of the Task Force Criteria. 
Eur Heart J 2010; 31:806–14.
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Fig. 44.6 Arrhythmogenic right ventricular 
cardiomyopathy. (a) ARVC. Apical view of RV 
showing an aneurysm of right lateral wall (arrow). 
(b) Apical heavy trabeculation of right ventricular 
apex; (c) Two-dimensional strain of right lateral 
wall showing reduction of global longitudinal strain 
(GS: −13.5%). 
Courtesy of S. Comenale, Naples.

(a) ARRHYTHMOGENIC RIGHT VENTRICULAR CARDIOMYOPATHY:
DYSKINETIC RIGHT VENTRICULAR LATERAL WALL

(b) (c)

ARRHYTHMOGENIC RIGHT VENTRICULAR CARDIOMYOPATHY

APICAL FOUR-CHAMBER VIEW SPECKLETRACKING OF RIGHT VENTRICULAR WALL

Echocardiographic imaging in ARVC
Imaging techniques such as echocardiography, angiography, and 
cardiac magnetic resonance have all been used to detect LV and 
RV abnormalities, but RV angiography is now seldom performed 
in most centres.

The normal RV is thin walled and has a pyramidal and crescent 
shape that wraps around the LV. During systole, the RV free wall 
thickens and shortens from apex to RV outflow tract. Standardized 
image acquisition and analysis protocols for the RV are described 
elsewhere [28,29] (% Fig. 44.5). Accurate assessment of RV mor-
phology and function requires multiple echocardiographic views, 
including parasternal long- and short-axis, RV inflow, apical four-
chamber, and subcostal projections. Where possible, routine RV 
assessment should include quantification of RV cavity size, global 
and regional function, and wall thickness, but this can be challeng-
ing due to the complex geometry of the ventricle, poor endocardial 
definition caused by near-field artefact and trabeculation of the 
apical endocardial border, lung disease, and obesity (% Fig. 44.6; 
z Videos 44.4, 44.5a,b). Measures of RV global systolic perfor-
mance that are not dependent on endocardial definition include 
tricuspid annular plane systolic excursion (TAPSE), velocity of 
lateral tricuspid annulus motion, dP/dt on tricuspid regurgitation 

jet, isovolumic myocardial acceleration, myocardial performance 
index, and ratio of pre-ejection to ejection duration.

Echocardiography is still the first-line test used to screen, diag-
nose, and monitor disease progression in patients and families 
with suspected ARVC, but poor visualization of the complex mor-
phology of the RV presents some challenges [30–32]. Moreover, 
the RV may be structurally normal in the early stages of disease.

RV systolic regional function can be enhanced using intrave-
nous contrast cavity opacification. Whenever RV cavity dilatation 
and/or systolic dysfunction are detected, differential diagnoses 
including intracardiac shunt and pulmonary embolism should be 
considered.

Conclusion
The diagnosis of restrictive and arrhythmogenic RV cardiomyopa-
thies requires a high index of suspicion and integration of clinical, 
ECG, and cardiac imaging parameters. When used systematically, 
echocardiography is the principal method for diagnosing restric-
tive cardiomyopathy and is the initial screening tool in patients 
with ARVC. In both diseases, echocardiography provides impor-
tant diagnostic clues to the differential diagnosis.
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CHAPTER 45

Isolated ventricular 
non-compaction
Frank Weidemann, Gilbert Habib,  
and Clara Vazquez

Summary
Isolated ventricular non-compaction (IVNC) in adults is a rare congenital cardiomyopa-
thy characterized by the presence of prominent myocardial trabeculations in ventricular 
chambers with deep intertrabecular recesses in communication with the ventricular 
cavity [1] but not the coronary circulation. IVNC is categorized as an ‘unclassified’ car-
diomyopathy in the contemporary classification of cardiomyopathies [2].

During normal embryonic development, the majority of the myocardial tissue in the 
ventricle is a loose meshwork of interwoven myocardial fibres. These loose meshwork 
structures gradually become significantly compacted towards the epicardial surface 
between weeks 5 and 8 of embryonic life, proceeding from the base of the ventricle to the 
apex [3,4]. This physiological process is particularly apparent in the left ventricle (LV) as 
compared to the right ventricle (RV). IVNC is thought to be caused by arrest of normal 
myocardial development during embryogenesis, resulting in the persistent presence of 
prominent non-compacted myocardium with deep intertrabecular recesses in communi-
cation with both the ventricular cavity and partly the coronary circulation [4,5].

The LV is mainly affected in IVNC; however, biventricular or RV non-compaction has 
also been described [5–7].

The prevalence of IVNC in the general population is not known but has been described 
among patients undergoing echocardiography. The estimated prevalence of IVNC in 
adults ranges from 0.01% to 0.27% according to echocardiographic studies [8,9] with an 
annual incidence in children of 0.1 per 100 000 [10].

The clinical findings of IVNC are not special and are highly variable, ranging from 
no symptoms to refractory heart failure, thromboembolic events, supra- and ventricular 
arrhythmias, and sudden death [1,11].

To date, it remains unclear whether IVNC is a separate cardiomyopathy, or merely a 
congenital or acquired morphological trait shared by many phenotypically distinct car-
diomyopathies [2]. In some patients a gene mutation can be detected [12,13]. There is no 
clear genetic or laboratory test for the diagnosis of IVNC.

Echocardiographic features
Echocardiography is considered the most useful technique for the diagnosis of IVNC. 
Although all definitions attempt to describe the morphology of the condition, they 
differ substantially in their approach. Jenni et al. (% Box 45.1) [14] have proposed 
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variants. A similar finding could also be expected in patients 
with remodelling after myocarditis [20]. Therefore, besides typi-
cal echocardiographic performance, medical history is also of key 
importance to establish the diagnosis of IVNC.

Because the process of trabecular compaction is not complete 
in the RV during normal development, prominent trabecula-
tions can be frequently seen in the apex of normal RV. Therefore, 
diagnosis of RV non-compaction by echocardiography is not rec-
ommended [21].

Role of contrast echocardiography
IVNC is recognized as a distinct morphological appearance of 
the ventricular myocardium. The diagnosis of IVNC is not dif-
ficult in typical cases through conventional echocardiography. 
However, conventional echocardiography has some diagnostic 
limitations in obese patients or patients with lung disease who 
have poor acoustic windows. In this case, the diagnosis is often 
missed because of the limitations of imaging quality especially 
in the more apical region of the heart. Echo contrast imaging 
with various contrast agents enhances the endocardial border 
definition and could improve the detection of this rare type of 
cardiomyopathy, which could otherwise be misdiagnosed [22,23]. 
Therefore, when conventional echocardiographic images are poor 
or diagnosis is uncertain, contrast echocardiography can be help-
ful (z Video 45.3).

a method that relies on the detection of two myocardial layers, 
compact and non-compact, in short-axis views of the LV in end-
systole. IVNC, in this instance, is defined by the ratio between 
the two layers.

By definition IVNC occurs in the absence of other coexisting car-
diac structural abnormalities. Predominant or multiple (at least four) 
myocardial trabeculations with deep intertrabecular recesses com-
municating with the ventricular cavity are demonstrated in IVNC 
(% Fig. 45.1; z Video 45.1). A maximal end-systolic ratio between 
the non-compacted endocardial layer and the compacted layer 
greater than 2 is consistent with IVNC. Colour Doppler imaging 
shows that intertrabecular recesses are perfused from the ventricu-
lar cavity. The apical and mid segments of the inferior and lateral 
walls are involved in more than 80% of patients. The affected seg-
ments are often hypokinetic in symptomatic patients. Interestingly, 
basal and mid-septal segments are usually not involved.

In paediatric patients most of the criteria previously described 
are applied, with the exception of the absence of congenital heart 
disease and differences on non-compaction to compaction ratio. 
An association between Ebstein anomaly with LV non-compac-
tion and mutations in the MYH7 gene encoding β-myosin heavy 
chain has been reported. In these hearts it is not infrequently 
found that both ventricles are involved [15,16] (% Fig. 45.2; 
z Video 45.2).

Recent studies suggest that deformation imaging could reveal 
subclinical systolic impairment in patients with IVNC, even in those 
with preserved LV ejection fraction [17,18]. In addition, a tissue 
Doppler-derived strain rate study demonstrated a distinct deforma-
tion pattern in IVNC with significantly higher longitudinal systolic 
strain rate and strain in the basal segments than in the apex, which 
could help to differentiate IVNC from dilated cardiomyopathy [19].

Important differential diagnosis of IVNC includes dilated car-
diomyopathy, apical hypertrophic cardiomyopathy, or normal 

Box 45.1 Echocardiographic diagnostic criteria by Jenni et al. 

1. Absence of coexisting cardiac abnormalities (other than crite-
ria 2–4 in this list). 

2. Typical two-layered structure of the myocardium with a thin, 
compacted outer (epicardial) band and a much thicker, non-
compacted inner (endocardial) layer consisting of trabecular 
meshwork with deep endocardial spaces; a maximal end-
systolic ratio between the non-compacted endocardial layer 
and the compacted layer > 2.

3. Non-compacted myocardium is predominantly (> 80%) 
found in the apical and mid-ventricular areas of both the 
inferior and the lateral wall.

4. Colour Doppler echocardiographic evidence of deeply per-
fused intertrabecular recesses. 

Reproduced from Heart, Jenni R, Oechslin EN and van der Loo B. 93:11–5, 
2006, with permission from BMJ publishing group.

Fig. 45.1 Representative echocardiography from apical four-chamber view in 
a patient with isolated ventricular non-compaction cardiomyopathy (21-year-
old male). Note that prominent trabeculations (white arrows) are seen in the 
apical and mid segments of the lateral wall. LV, left ventricle.

compact layer

Hypertrabeculation

LV
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Fig. 45. 2 Two-dimensional echocardiography 
images from apical four-chamber view in a 
patient with association of non-compaction 
cardiomyopathy with Ebstein’s anomaly. Asterisks 
indicate apical displacement of the tricuspid septal 
leaflet. Colour Doppler imaging demonstrated 
deep recesses between prominent trabeculations 
(arrows). LA, left atrium; LV, left ventricle; RA, right 
atrium; RV, right ventricle.
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CHAPTER 46

Takotsubo syndrome
Rodolfo Citro, Laurent Davin, and  
Daniel Rodriguez Muñoz

Definition
Takotsubo cardiomyopathy (TTC), also known as stress cardiomyopathy, left ventricular 
(LV) apical ballooning syndrome, or broken heart syndrome, is a unique cardiac syn-
drome characterized by transient LV systolic dysfunction and reversible heart failure 
often mimicking the clinical picture of acute myocardial infarction (AMI). It is usually 
prevalent in postmenopausal women and precipitated by acute emotional and/or physi-
cal stress. TTC distinctive features include (a) the presence of transient LV wall motion 
abnormalities (WMAs) in the left and/or right ventricle; (b) the absence of atherosclerotic 
culprit coronary artery disease; (c) new and reversible electrocardiographic abnormali-
ties (ST-elevation, ST-depression, left bundle branch block, T-wave inversion, and/or QTc 
prolongation); (d) mild elevation of troponin or other cardiac enzymes suggesting myo-
cardial necrosis; and (e) rapid improvement of LV systolic function within a few days or 
weeks [1,2] (% Fig. 46.1).

Pathophysiology
The development of TTC most likely reflects the cardiac response to a surge in serum 
catecholamines often triggered by a stressful event. A number of additional mechanisms 
have been proposed to explain the classical apical dysfunction observed in TTC. These 
include multivessel coronary vasospasm, acute left ventricular outflow tract obstruction 
(LVOTO), acute coronary microcirculation dysfunction, or direct catecholamine-medi-
ated neurogenic myocardial stunning [3]. However, the exact pathophysiology of TTC 
remains to be clearly defined.

Echocardiographic features
Left ventricular systolic function
LV ejection fraction (EF) is reduced in TTC patients in the acute phase and recovers after 
resolution of myocardial stunning [1]. The degree of EF decrease varies according to the 
severity of myocardial impairment, presence of comorbidities, and age [2]. Generally, a 
discrepancy between the magnitude of myocardial dysfunction and a modest elevation in 
troponin levels can be appreciated [1].
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disease at coronary angiography, in case of persistent WMAs at 
mid or long-term follow-up, cardiac magnetic resonance (CMR) 
may be useful to rule out myocardial necrosis [7,8].

Morphological patterns
In the acute phase, standard TTE allows detection of the differ-
ent LV morphological patterns according to the localization of 
WMAs [6,9]. In the majority of cases, WMAs typically involve 
the apical and midventricular segments, which appear akinetic 
or dyskinetic (defined as ‘apical ballooning’) in contrast to the 
basal segments that are hyperkinetic. Several variant forms, such 
as ‘midventricular’ or ‘inverted’ TTC, have also been described 
[6,9]. Midventricular TTC is characterized by akinesis of the 
midventricular segments, mild hypokinesis, or normal contrac-
tion of the apical segments and hypercontractility of the base. 
Inverted TTC is characterized by two different forms: the first one 
is defined as ‘apical sparing’ with preserved apical function and 
severe hypokinesis of the remaining walls, and the second one is 
defined as ‘basal or reverse’ TTC with hypokinesis confined to the 
basal segments.

Left ventricular diastolic function
LV diastolic dysfunction, as evidenced by increased E/e′ ratio, has 
been observed in some patients during the early phase of TTC [6]. 
Early diastolic untwisting rate, which occurs during LV relaxa-
tion, is transiently diminished in TTC [6], suggesting that at least 
regional diastolic dysfunction is present. Given that diastolic dys-
function is transient and reversible, the improvement in E/e′ ratio 
at follow-up may be considered as an additional useful indicator 
of LV function recovery. Keeping in mind that acute heart  failure 
is the most common early complication of TTC, the E/e′ ratio 
should be assessed early and systematically in TTC patients [4].

Left ventricular outflow tract obstruction
LVOTO may result from basal hypercontractility, as occurs in the 
typical apical forms of TTC, and may be precipitated or augmented 

A systematic review of 28 case series of TTC patients reported a 
marked depression of LV EF on admission followed by a substan-
tial improvement within about 3 weeks [1]. However, in clinical 
practice, in most cases a significant though incomplete recovery 
can be detected even after a few days from symptom onset. A 
marked reduction in LV EF on admission with improvement at 
short-term follow-up was also reported in the Tako-tsubo Italian 
Network (TIN) registry (EF 37.5 ± 5.2% vs 55.5 ± 7.1%) [4].

Regional wall motion abnormalities
In patients with TTC, LV dysfunction extends beyond the terri-
tory of a single coronary artery distribution. In fact, topography 
of WMAs tends to involve the apical and midventricular myocar-
dial segments circumferentially in contrast to AMI, where only 
the territories supplied by the ‘culprit’ coronary artery are primar-
ily involved [5]. Such ‘circumferential pattern’ of LV myocardial 
dysfunction characterized by symmetrical WMAs involving the 
midventricular segments of the anterior, inferior, and lateral walls 
can be appreciated by visual assessment of contractility during 
transthoracic echocardiography (TTE) [5,6]. It should be consid-
ered ‘peculiar’ of TTC and included in the differential diagnosis 
between TTC and acute coronary syndrome.

During the acute phase deformation imaging by two-dimen-
sional strain with speckle-tracking echocardiography confirms a 
circumferential impairment of the apical and mid-longitudinal 
strain in typical TTC, with a base to apex gradient of strain, as 
well as a circular injury of mid-radial strain [6]. Given its higher 
sensitivity in detecting subtle abnormalities compared to more 
traditional parameters such as LV EF and wall motion score 
index, speckle-tracking echocardiography can display altered LV 
mechanics at the base of the heart, highlighting that myocardial 
impairment extends beyond the segments of WMAs even in typi-
cal TTC [6].

Moreover, real-time three-dimensional echocardiography 
was shown to provide superior qualitative analysis of pathologi-
cal regional wall motion pattern as well as advanced quantitative 
analysis of the course of recovery of regional WMAs in TTC [6]. 
Despite the absence of significant obstructive coronary artery 

Fig. 46.1 Postmenopausal woman with TTC triggered by emotional stress. (a) Electrocardiogram at presentation. Note the slight ST-segment elevation that 
contrasts with extensive myocardial dysfunction appreciable by echocardiography in a systolic frame (b) from apical four-chamber view. (c) Typical LV apical 
ballooning resembling a Japanese takotsubo pot with narrow neck (arrow) due to basal hyperkinesis obtained by real-time three-dimensional echocardiography 
in the same patient. LV, left ventricle; RV, right ventricle.

(a) (b)

LV

apcial
ballaaning

RV
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transient increments of pulmonary artery systolic pressure and 
clinical signs of heart failure [12].

Stress echocardiography
Myocardial viability assessment
Low-dose dobutamine stress echocardiography has the potential 
to demonstrate myocardial viability in suspected TTC. Strain 
and strain-rate analysis, during low-dose dobutamine infusion, 
showed reduced systolic deformation followed by normalized 
postsystolic shortening (a marker of myocardial viability) in the 
apical segments of a small cohort of TTC patients. This pattern 
of regional myocardial contractility is consistent with the pres-
ence of stunned viable myocardium [6]. However, owing to the 
possibility of exacerbating or inducing LVOTO with increased 
risk of haemodynamic instability, catecholamines should be 
administered with caution or even avoided in the early phase.

Coronary flow reserve
In stable patients with typical TTC, in whom no underlying sig-
nificant coronary narrowing is expected, non-invasive coronary 
flow reserve (CFR) measured in the distal left anterior descending 
and the posterior descending artery is impaired during the acute 
phase of the disease and improves significantly by nearly 40% at 
follow-up (which is far above the 10% of intra-individual variabil-
ity of CFR) [14]. This implies that there is reversible dysfunction of 
the coronary microcirculation in the regions of WMA, as well as 
in areas free of WMA. The recovery of CFR in TTC correlates with 
the improvement of LV systolic function [14]. Myocardial con-
trast echocardiography (MCE), albeit technically complex, is also 
useful to assess coronary microcirculation in the setting of acute 
coronary syndrome and TTC [6,8]. Perfusion defects are observed 
earlier in most segments with WMA in TTC. Of note, MCE is also 
helpful for LV opacification in patients with poor echogenicity, as 
well as for improving the coronary flow Doppler signal in difficult 
cases [6,8].

Prognostic stratification
TTC patients have generally a good short-term prognosis, with 
rapid improvement of LV systolic function within a few days or 
weeks [1]. Nevertheless, a variety of life-threatening complications 
may occur in the acute phase of the disease, such as acute heart 
failure, cardiogenic shock, or malignant ventricular arrhythmias 
[1,2,10]. Rarely, perforation of the LV free wall or the interven-
tricular septum has been described. In large studies, in-hospital 
mortality was observed in about 2% of patients with TTC [1]. It is 
noteworthy that echocardiography provides useful parameters for 
risk stratification such as LV EF, E/e′ ratio, transient LVOTO, mod-
erate to severe reversible MR, mural or pedunculated thrombi, 
and RV involvement [4].

by catecholamine administration [10]. Postmenopausal women 
with small LVs and septal bulge seem to be predisposed to develop 
this complication. Echocardiographic evidence of significant 
LVOTO (defined as an intraventricular gradient ≥ 25 mmHg) in 
TTC patients has important therapeutic implications, in particu-
lar for patients with advanced systolic heart failure [4,11].

The prevalence of LVOTO is low, ranging from 12.8% to 25%. 
However, more attention should be paid in such a cohort of TTC 
patients because of the occurrence of life-threatening arrhythmias 
and fatal LV wall rupture [12]. The degree of reversible LVOTO is 
variable and depends on loading conditions that should also be 
monitored by echocardiography [6].

Reversible mitral regurgitation
Moderate or severe reversible mitral regurgitation (MR) has been 
demonstrated in about one-fifth of TTC patients [13]. The mech-
anisms underlying MR in TTC are not completely elucidated. 
Systolic anterior motion (SAM) has been reported in 33% to 50% 
of TTC patients with significant MR [13]. The occurrence of SAM, 
especially in case of an intraventricular pressure gradient, further 
worsens LV pump failure and often induces LVOTO. Significant 
reversible MR has also been described in patients with severe 
reduction in LV EF and higher LV volumes in the absence of SAM. 
These findings suggest that a symmetric tethering of the mitral 
leaflets secondary to papillary muscle displacement in a dilated 
and dysfunctional apical LV may have a role in the genesis of MR 
in this subset of patients [13].

Right ventricular involvement
Right ventricular (RV) involvement by visual assessment of the 
RV silhouette during TTE has been reported in about one-fifth of 
TTC patients [6]. In order to overcome the intrinsic limitations 
of conventional echocardiography in assessing the complex RV 
anatomy, multiple echocardiographic windows and even off-axis 
views should be acquired. However, compared to CMR, its real 
incidence is probably underestimated by using echocardiography 
[7]. In patients with ‘biventricular ballooning’, the pattern of RV 
contraction mirrors that of LV walls [6]. This is the opposite of 
the classic echocardiographic appearance of RV apical hyperkine-
sis and basal akinesis, known as McConnell’s sign, that typically 
occurs in patients with acute and massive pulmonary embolism. 
Conversely, the peculiar pattern of RV involvement in TTC has 
been defined as ‘reverse McConnell’s sign’ [6]. RV dysfunction 
represents an additional finding that can assist in differentiating 
TTC from anterior AMI.

Owing to hyperkinesis of the basal RV segments, serial evalu-
ation of two echocardiographic indexes commonly used in daily 
practice, such as tricuspid annulus plane systolic excursion 
(TAPSE) and tissue Doppler velocity of the tricuspid annulus, 
could fail to detect impairment of RV function [6]. Besides MR, 
also reversible moderate to severe tricuspid regurgitation can 
be detected in approximately one-quarter of TTC patients [13]. 
Significant tricuspid regurgitation is usually associated with 
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Familial cardiomyopathies
Fausto Rigo, Covadonga Fernández-Golfín, 
and Bruno Pinamonti

Friedreich’s ataxia
Friedreich’s ataxia (FA) is an inherited neurodegenerative disorder associated with cardio-
myopathy and impaired glucose tolerance. The genetic basis for FA is a GAA trinucleotide 
repeat expansion in the first intron of the X25 gene, which encodes the protein frataxin, an 
important mitochondrial inner membrane protein. This abnormality leads to a reduced 
iron chelating capacity in the mitochondria, iron overload, and oxidative damage [1,2]. 
Hypertrophic cardiomyopathy develops in more than 50% of patients. Myocarditis, myo-
cardial fibrosis, cardiac enlargement, progressive cardiac failure, tachycardias, and heart 
block may also be seen. Cardiac arrhythmia and congestive heart failure contribute to 
a significant number of deaths in patients with FA [1]. The most common echocardio-
graphic abnormality is asymmetrical left ventricular (LV) hypertrophy and thickening of 
the papillary muscles, although the range of abnormalities appears to be wide. Myocardial 
velocity gradients by tissue Doppler imaging (TDI) in systole and during rapid ventricu-
lar filling phase of early diastole are reduced in patients with FA who are without cardiac 
symptoms [3].

Steinert disease
Myotonic dystrophy (MD) is the most common adult form of muscular dystrophy, inher-
ited in an autosomal dominant pattern. There are two recognized forms of MD, type 1 
(Curschmann–Steinert disease) where there is a reduced myosin kinase in the muscle and 
type 2, recently described and less common but with a similar phenotypic appearance. 
The classical form of MD type 1 presents between 20 and 40 years of age with symptom 
of ptosis and facial and distal limb weakness [4]. Cardiac involvement is common in 
MD 1, being an important cause of death mainly due to conduction defects and tachyar-
rhythmia [4,5]. Structural heart disease is less frequent. LV hypertrophy and dilatation 
as well as LV systolic and diastolic dysfunction have been reported with a prevalence 
ranging from 7% to 21% [4–8]. Increasing age, male sex, arrhythmias, and the presence of 
electrocardiogram abnormalities have been associated with LV systolic dysfunction [2]. 
Echocardiographic assessment should include LV systolic and diastolic evaluation as rec-
ommended. Since LV non-compaction has been described in patients with MD 1, special 
evaluation of LV apex is mandatory. LV non-compaction should be ruled out in all cases 
and contrast administration is recommended in borderline cases or with poor image 
quality. Recently, the true prevalence of structural heart disease in MD 1 is being ques-
tioned since early cardiac involvement can be detected with modern echocardiographic 
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can be normal, while initial cardiac involvement can be detected 
with dobutamine stress echocardiography [11], TDI [12,13], and 
ultrasound tissue characterization [5]. In particular, a depressed 
LV contractile reserve detected by dobutamine stress echocardi-
ography can have a role in unmasking subclinical heart failure in 
Duchenne muscular dystrophy patients [11]. Furthermore, early 
segmental LV involvement can be revealed by decreased radial and 
longitudinal peak systolic strain as well as reduced early diastolic 
myocardial velocities [14]. In Becker muscular dystrophy patients, 
pulsed TDI diastolic and systolic indices were demonstrated to 
be lower in both patients and female carriers with normal LV 
ejection fraction [14]. Regional wall motion abnormalities can 
develop subsequently and can be detected by standard echocardi-
ography, typically in the posterolateral and posterobasal regions. 
In later phases of the disease, with further extension of myocar-
dial fibrosis, LV dilation and dysfunction become evident. Mitral 
regurgitation due to the involvement of the posterior papillary 
muscle can also occur.

techniques. Reduced global longitudinal strain and strain rate 
along with increased values of myocardial performance index 
have been reported [6–9].

Duchenne and Becker muscular 
dystrophies
Duchenne and Becker muscular dystrophies are X-linked inher-
ited diseases characterized by progressive muscular weakness and 
cardiac involvement, namely dilated cardiomyopathy [10]. The 
mutation of the dystrophin gene determines cellular death and 
consequent fibrosis in all striated muscles as well as in the myocar-
dium. In Duchenne muscular dystrophy the dystrophin is lacking, 
whereas in Becker muscular dystrophy it is reduced; therefore in 
Duchenne muscular dystrophy the disease is generally more severe 
and progressive. In a preclinical stage, standard echocardiography 
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CHAPTER 48

Right ventricular dilatation 
and function
Petros Nihoyannopoulos, Gustavo Restrepo 
Molina, and André La Gerche

Summary
Often overlooked and considered the poor relative of the left ventricle (LV), there is 
increased interest in the right ventricle (RV) and its role in symptoms of right heart 
failure, exercise intolerance, and arrhythmias. It is becoming increasingly clear that RV 
function is a critical determinant of global cardiac function and clinical outcomes. Not 
only is RV function an important determinant of outcomes in pathologies affecting the 
pulmonary circulation [1], but it is also an important prognostic marker in conditions 
that have traditionally been regarded as primarily LV pathologies such as congestive heart 
failure [2,3] and acute myocardial infarction [4,5]. This is likely due to the fact that the 
RV sits ‘upstream’ of the pulmonary circulation, left atrium, LV, and systemic circulation 
such that the afterload of the RV is an accumulation of increased filling pressures from 
any of these components. In addition to this ‘in series effect’ by which vascular pressures 
are transmitted up the chain, RV function can be impaired as a result of direct ventricular 
interaction. RV function may be impaired as a result of pressure or volume overload, 
often secondary to left heart valve or muscle pathology. Coronary artery disease may also 
lead to RV dysfunction when the right coronary artery is occluded. In congenital heart 
malformations, the RV may also be affected, particularly in conditions that have the RV 
supporting the systemic circulation. Finally, right-to-left shunting may lead to RV dilata-
tion and overload.

Imaging the RV by echocardiography is challenging because of the very particular 
crescent shape wrapping around the LV but it is important and ought to be part of the 
standard echocardiographic examination of the heart.

Role of echocardiography in assessing the right 
ventricle
Determining right ventricular size and function
Here it is essential to describe whether the RV is dilated or not, if it is pressure or volume 
loaded, and to assess the ventricular septal motion (D-shape deformation during systole 
or diastole). In the first instance, this assessment is qualitative but various quantitative 
methods have also been described and recommendations have been issued.
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from this projection is the moderator band, which links the ven-
tricular septum to the parietal wall.

Right ventricular inflow tract
From this projection (% Fig. 48.2), the apex is rarely captured. 
Internal landmarks are the oblique position of the anterosupe-
rior and mural (posterior) tricuspid leaflets in the centre of the 
image, dividing a ‘spade-shape’ RV inlet, from the right atrium. 
The Eustachian valve may be imaged from this plane, immediately 
behind the mural leaflet.

Right ventricular outflow tract
Two of the three pulmonary leaflets are visualized as two very 
thin but highly mobile structures, similar to the aortic leaflets (see  
% Fig. 48.3). Beyond the pulmonary valve is the pulmonary trunk 
(main pulmonary artery (PA)) and further away, the bifurcation of 
the pulmonary trunk into left and right PAs.

Short-axis views
Serial short-axis planes display the crescent shape of the RV (see  
% Fig. 48.4). Sweeping from the base of the LV (% Fig. 48.4a) to 

Quantifying right ventricular function
Although detailed quantification may not be necessary in each 
patient, there are a number of parameters that have been rec-
ommended by the joint American and European Societies of 
echocardiography [6].

The list of RV quantification is ever expanding and can be 
divided into three categories; those that require detailed imaging 
(M-mode, two (2D)- and three-dimensional (3D) echocardiog-
raphy), Doppler including tissue Doppler imaging (TDI), and 
speckle tracking techniques (% Box 48.1).

The views
Because of the complex shape of the RV, triangular from the fron-
tal aspect and crescent, using 2D echocardiography it is necessary 
to image the RV from several projections, each characterized by 
specific anatomical landmarks [7,8].

The parasternal long-axis view
The parasternal long-axis view (% Fig. 48.1) displays the RV out-
flow tract, which is usually a third of the size of the normal left 
ventricle. A standard normal structure that needs to be recognized 

Box 48.1 Methods of assessing the right ventricle

Imaging

◆	 RV free wall thickness (parasternal long-axis view)
◆	 RV outflow diameter (parasternal long-axis view)
◆	 RA volumes (apical four-chamber view)
◆	 Factional area change (apical four-chamber view)
◆	 RV ejection fraction (apical four-chamber view)
◆	 LV eccentricity index (parasternal short-axis view)
◆	 TAPSE (apical four-chamber view)
◆	 3D RV volumes using 3D echocardiography (full volume).

Doppler

◆	 Pulsed wave (PW) tricuspid annular velocity (apical four-
chamber view)

◆	 PW RV outflow acceleration time (RV outflow view)
◆	 Continuous wave (CW) Doppler tricuspid regurgitant jet 

(apical or subcostal projections)
◆	 Myocardial performance index (using PW Doppler and TDI)
◆	 PW Doppler E/A ratio (apical four-chamber view)
◆	 Doppler E/e′ ratio (apical four-chamber view)
◆	 PW E-wave deceleration time (apical four-chamber view).

Speckle tracking

◆	 Speckle tracking assessment of regional and global RV func-
tion (four-chamber view).

RVO

LV

LA

Ao

Fig. 48.1 Parasternal long-axis view demonstrating the relative size of the 
right ventricular outflow tract compare to that of the LV. Ao, aorta; LV, left 
ventricle; LA, left atrium; RVO, right ventricular outflow.
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Apical four-chamber projections
From the apical window, the four-chamber view is best for 
morphological assessment of the RV as well as measurement 
of tricuspid valve and annular size and RV dimension (see  
% Fig. 48.5). The tricuspid annular size correlates with RV size 
in this view.

From this projection, the crux of the heart is also well seen with 
the respective atrioventricular connections. A slightly modified api-
cal view is commonly used for 3D echocardiography acquisitions 
of the RV in order to incorporate its integrity within the sector. A 
window slightly lateral of the cardiac apex often enables a complete 
view of the RV inclusive of the apex, anterior wall, and RV outflow 
regions, which can be challenging to obtain from a single view.

Apical long- and two-chamber views
From these views the RV is not visualized and they add little to RV 
assessment.

Subcostal views
The subcostal approach is important as it shows the diaphrag-
matic wall of the RV, the right atrium, and the inferior vena cava 
(see % Fig. 48.6). The main utility of this projection is to visual-
ize the atrial septum (arrow), which is imaged perpendicularly. 
Thus atrial septal defects (ASDs), patent foramen ovale (PFO), 
and other atrial pathologies can readily be identified from these 
projections. Equally important is the visualization of the inferior 
vena cava, which needs to be observed throughout inspiration and 

the level of the papillary muscles (% Fig. 48.4b) and further down 
to the apex (% Fig. 48.4c), the shape of the septum may be assessed 
throughout the cardiac cycle and inferences made of systolic pres-
sure and diastolic volume overload in the RV.

RVI

RA

PTL

ATL

Fig. 48.2 Parasternal long-axis of the right ventricular inflow tract view 
showing the presence of the tricuspid leaflets in the centre of the image. ATL, 
anterior tricuspid leaflet; PTL, posterior tricuspid leaflet; RA, right atrium; RVI, 
right ventricular inflow tract.

PV

0

5

10

RVOT

MPA

Fig. 48.3 Parasternal long-axis of the right 
ventricular outflow tract view showing the 
pulmonary valve in the centre of the image MPA, 
main pulmonary artery; PV, pulmonic valve; RVOT, 
right ventricular outflow tract.
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It is used in assessing the atrial septum, the superior and infe-
rior vena cavae, as well as septal defects that can be associated  
with them.

Assessing right ventricular function
The right ventricular size and function has been a main focus of 
echocardiographers for many years as it can be affected directly 
but also following left heart pathology. While most often the RV 
size is compared to the left in relative terms, normal RV values 
have previously been published for both thickness and dimen-
sions and are still valid today [8].

Owing to its widespread availability, echocardiography is used 
as the first-line imaging modality for the assessment of RV size, 
RV function, and RV pressures.

Assessment of RV function can be addressed in two ways: quali-
tatively and quantitatively.

Qualitative assessment
This is by far the commonest way to estimate RV size and function 
during a routine echocardiographic examination.

In the first instance, the RV size should be compared to the 
LV size from the parasternal long-axis and apical four-chamber 
views. The normal RV is approximately one-third of the size 
of the LV. If the RV appears larger than the LV, RV dilatation 
may be present (% Fig. 48.7). This will need to be confirmed 
from other views to avoid false-positive results. From short-axis 
projections, the RV should be smaller than the LV while the LV 
shape should have a circular geometry both during systole and 
during diastole.

From the parasternal long-axis view, the systolic thick-
ening of the RV free wall should be assessed. With careful 
near-field gain settings, this can be well evaluated and systolic 
thickening or lack of it may be addressed. In some instances, new-
generation transvenous ultrasound contrast agents may be used  

expiration to look at the reduction in its diameter during inspira-
tion, which will help to estimate RA pressures.

Transoesophageal projections
The transoesophageal approach can give four- or five-chamber 
planes and planes that display the RV outflow tract longitudinally. 

Fig. 48.4 Serial parasternal short-axis views of the right ventricle showing the crescent shape of the right ventricle from the base (a) thought to the papillary 
muscles (b) and to the left ventricular apex (a). RV, right ventricle.

(a) (b)

RV RV
RV

(c)

Fig. 48.5 Apical four-chamber view showing the relative size of the right 
ventricle compared to that of the left. RV, right ventricle.

RV
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Right ventricle contracts well

Once the RV is dilated (more than one-third of the size of the LV) 
and the free wall is clearly seen contracting well, then the one con-
dition that needs to be considered is RV volume overload.

Right ventricular volume overload

There are three conditions that can produce RV volume overload:
◆	 tricuspid regurgitation (TR)
◆	 pulmonary regurgitation (PR)
◆	 atrial septal communication that includes secundum ASD.

to enhance image quality and better appreciate RV free wall 
contraction.

From parasternal short-axis projections, the shape of the 
ventricular septum throughout the cardiac cycle should be ascer-
tained. The normal circular shape may be altered during systole or 
during diastole (% Fig. 48.8).

Finally, from apical four-chamber projections the relative size 
of the RV compared to the LV will be assessed (% Fig. 48.9).

In practical terms, based on the RV size and function as  
assessed above, there are four clinical scenarios that can be dis-
tinguished according to the contractility of the right ventricle.

Fig. 48.6 Subcostal views demonstrating (a) the atrial septum (arrow) and (b) the inferior vena cava. IVC, inferior vena cava; RA, right atrium; RV, right ventricle.

RV

RA

IVC

(a)

(b)

Fig. 48.7 Parasternal long-axis views 
from a normal heart (a) and a patient 
with pulmonary hypertension with 
a markedly dilated right ventricular 
outflow tract (b). Ao, aorta; LV, left 
ventricle; LA, left atrium; RVO, right 
ventricular outflow.

Normal RV

RVO
RVO

LV

(a) (b)

LA

Ao

Dilated RV
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Pulmonary regurgitation
Again here the PR may be related to a structural abnormality of 
more often functional secondary to a dilated PA:
◆	 Acquired:

●	 rheumatic

●	 carcinoid

●	 endocarditis

●	 functional

◆	 Congenital:

●	 bicuspid, dysplastic.

Atrial septal communications
Those may be of several types that need carefully to be looked at. 
By far the commonest is the secundum ASD that can be better 
assessed from subcostal projections. However, other defects such 
as the sinus venosus defect and unroofed coronary sinus may also 
be present.

The signs of RV volume overload are (1) dilated RV, (2) diastolic 
D-shape deformation of the ventricular septum, and (3) vigorous 
RV contraction (best appreciated from the parasternal long-axis 
and apical four-chamber views).

Tricuspid regurgitation

This may be related to structural leaflet abnormalities or more fre-
quently functional, secondary to tricuspid annular dilatation. The 
aetiologies of TR are:

◆	 Acquired:

●	 rheumatic

●	 carcinoid

●	 traumatic

●	 endocarditis

●	 functional

◆	 Congenital:

●	 Ebstein’s.

Diastole

(a) (b)

Systole

Fig. 48.8 Parasternal short-axis 
views in diastole (a) and systole (b) 
showing the marked ventricular septal 
deformation, most prominent during 
systole, suggestive of right ventricular 
pressure overload. A small pericardial 
effusion is also noted.

Fig. 48.9 Apical four-chamber view 
from a normal individual (a) and from 
a patient with a markedly dilated right 
ventricle (b).

Normal RV

(a) (b)

Dilated RV
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used with the Valsalva manoeuvre as occasionally with PFOs no 
passage can be identified without the manoeuvre.

4. Use Doppler to assess TR and/or PR (% Fig. 48.10). Almost 
every individual will have some degree of TR, which most of 
the time is negligible and should not even be reported as such. 
However, it may be very useful to measure the maximal velocity 
using CW Doppler and from that to estimate the RV systolic 
pressures by adding the RA pressure (see below). In order to 
estimate RV pressures, however, the Doppler waveform needs 
to be well circumscribed otherwise there is a risk to underesti-
mate the RV pressures. Normal TR velocities are between 2 and 
2.8 m/s. Velocities less than 2 m/s will imply failure to visualize 
the maximal velocity and should not be reported. In the pres-
ence of severe TR, measurements of RV systolic pressure will be 
invalid due to the rapid equalization of RV and RA pressures.

5. From subcostal projections look at the atrial septum for pos-
sible ASDs. This can be seen using colour Doppler (% Fig. 
48.11a) or after a saline injection with a Valsalva manoeuvre  
(% Fig. 48.11b).

An important cause of RV volume overload is the presence of 
partial anomalous pulmonary venous drainage. This can easily be 
missed by standard 2D echocardiography and needs to be sus-
pected when the RV is volume loaded and no other reason can be 
identified. Here, cardiac magnetic resonance imaging (MRI) may 
be very helpful in identifying all four pulmonary veins [9].

Practical tips for exploring the right ventricle

1. Use the parasternal long-axis view to assess the 1/3 to 2/3 rela-
tion of RV outflow over LV size.

2. Move to the parasternal short-axis views to observe the ven-
tricular septal motion. In RV volume overload, there is diastolic 
D-shape deformation (flattening) of the septum, often best seen 
at mid LV views.

3. Apical four-chamber view to assess RV size relative to the LV. 
Attention should be paid to optimize this view focusing on the 
RV. Here a saline contrast injection should be used if there is no 
detection of valve regurgitation yet the RV is volume loaded to 
look for atrial septal communications. The contrast should be 

Fig. 48.10 Continuous wave Doppler recording from a patient with pulmonary hypertension. Maximal tricuspid regurgitant velocity is 4.8 m/s corresponding to 
an instantaneous peak gradient of 92.2 mmHg.

(a) (b)

(a) (b)

RA

LA LA

RA

Fig. 48.11 Subcostal projections 
demonstrating the presence of a 
small atrial septal defect using (a) 
colour flow Doppler and (b) using 
saline injection into a left forearm vein 
during the Valsalva manoeuvre. LA, 
left atrium; RA, right atrium.
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with an approximate ratio of 3:1. ARVC/D accounts for 11–22% of 
cases of sudden cardiac death in the young athlete patient popula-
tion. It is characterized by the replacement of myocytes by adipose 
and fibrous tissue and leads to RV failure, arrhythmias, and sud-
den cardiac death.

Twelve genes have been identified which are linked to ARVC/D, 
encoding several components of the cardiac desmosome.

Diagnosis
Diagnosis is based on the finding of a combination of character-
istic abnormalities in family history, electrocardiography (ECG), 
cardiac imaging, as well as endomyocardial biopsy (Task Force 
criteria) [10,11]. ARVC/D should be suspected in a young patient 
with palpitations, syncope, or aborted sudden cardiac death. 
Ventricular tachycardia with left bundle branch block morphol-
ogy is the classic presentation, but ventricular tachycardia with 
right bundle branch block may be present if the LV is involved. 
The original 1994 Task Force criteria were subsequently modi-
fied to include first-degree relatives in early stages of the disease 
and were revised again in 2010 in an attempt to increase sensi-
tivity with the addition of quantitative information of RV size 
and volumes, by either 2D echocardiography or cardiac MRI. 
Interestingly, the depiction of myocardial fibrosis by cardiac mag-
netic resonance (CMR) is not part of the Task Force diagnostic 
criteria. The diagnosis is based on a combination of major and 
minor criteria, which are classified into six categories.

Echocardiography
Echocardiography reveals RV dilation and the presence of akine-
sia, dyskinesia, or aneurysms, an increased RV volume, and/or 
reduced RV ejection fraction (% Fig. 48.13).

Cardiac magnetic resonance
CMR is widely used for the diagnosis of ARVC/D. As with echo-
cardiography, CMR identifies global or regional ventricular 

Right ventricle is not contracting well (hypo- or akinetic)

In this situation the RV is dilated but the RV free wall is not con-
tracting well and three possible scenarios need to be explored.

Right ventricular pressure overload

The RV may be dilated to a variable extend. First use the paraster-
nal long-axis with zoomed view on the RV outflow and optimize 
the gains. The RV free wall can usually be seen. Then use the 
parasternal short-axis view to look at the movement of the ven-
tricular septum. If RV pressure overload is present, there will be 
septal deformation in systole (D-shape) indicative of elevated RV 
systolic pressures (% Fig. 48.12). It is important here to look at the 
pulmonic valve to rule out any pulmonary valve stenosis.

From four-chamber projections the relative size of the RV com-
pared to the LV can be ascertained. The tricuspid annulus may be 
dilated and Doppler studies will aim to capture any possible TR 
and measure the maximal velocity.

Any maximal velocity beyond 3 m/s is abnormal and will imply 
elevated RV systolic pressures.

Cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy/dysplasia
Arrhythmogenic right ventricular cardiomyopathy/dysplasia 
(ARVC/D) is a genetic form of cardiomyopathy that primarily 
affects the RV and is often referred to the echo department as a 
screening for a relative who either died suddenly or had an out-of-
hospital ventricular fibrillation arrest. Biventricular involvement 
with LV fibrofatty replacement and involvement have been found 
as many as 70% of ARVC/D patients. For this reason this condi-
tion is best referred to as ‘arrhythmogenic cardiomyopathy’ but 
the term ‘right ventricular arrhythmogenic cardiomyopathy’ is 
still widely used.

The prevalence of ARVC/D in the general population ranges 
from 1:2000 to 1:5000 affecting men more frequently than women, 

Normal

(a)

RV Pressure Overload

(Systolic and Diastolic)

(b)

Fig. 48.12 Short-axis projections from a normal individual (a) and a patient with pulmonary hypertension (b) demonstrating the systolic D-shape deformation 
of the ventricular septum.
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drug hypersensitivity, systemic vasculitis, or idiopathic hypere-
osinophilic syndromes. Eosinophilic myocarditis has been rarely 
reported in the literature, reflecting the under-recognition of 
the disease. If untreated, eosinophilic myocarditis leads to the 
formation of mural thrombus and scarring on myocytes; pro-
gressive eosinophilia leads to endomyocardial fibrosis (EMF) 
and restrictive cardiomyopathy in the advanced stage. Clinical 
manifestations of eosinophilic myocarditis may vary from early 
necrosis to EMF. Underdiagnosis of eosinophilic myocardi-
tis may result in heart failure, arrhythmias, and sudden death. 
Essential diagnostic features include blood eosinophilia greater 
than 500/μL, cardiac symptoms, elevated cardiac enzymes, ECG 
changes, and abnormal echocardiography, in the setting of normal 
coronary angiography [12].

EMF is a devastating disease in the tropical regions with an esti-
mated 10 million people affected and continues to be an important 
and disabling disease in many parts of Africa [13]. The underlying 
cause and mechanisms of EMF remain unclear. The pathophysiol-
ogy involves eosinophil infiltration of cardiac tissue and release of 
toxic mediators resulting in endocardial damage and formation of 
platelet thrombi.

Three stages of pathophysiology—necrosis, thrombosis, and 
fibrosis—are usually identified. EMF (Loeffler’s disease) is the 
most characteristic cardiovascular abnormality, which occurs as a 
result of the idiopathic hypereosinophilic syndrome.

EMF is characterized by thickening of the ventricular endocar-
dium with dense and white fibrous tissue that often extends to the 
inner third of the myocardium, causing cavity obliteration and 
restriction of RV and LV filling. Endocardial fibrosis involves pre-
dominantly the ventricular apices and the atrioventricular valves, 
usually the mitral, which is tethered by the papillary muscles, 
leading to valve regurgitation. Myocardial fibrosis increases the 
stiffness of the heart, resulting in restrictive physiology and atrial 
enlargement. EMF often affects both ventricles. Predominance 
of right-sided lesions is the most common form of clinical pres-
entation [14]. Pericardial effusion is present in 40% of cases of 
childhood EMF, aggravating the restrictive cardiomyopathy.

Echocardiography evaluation
Two-dimensional and Doppler examination are usually 
enough to make a diagnosis. The typical diagnostic findings are 

dilation, dysfunction, intramyocardial adipose tissue, aneurys-
matic dilation, and fibrosis (% Fig. 48.14). Delayed gadolinium 
enhancement for the detection of myocardial fibrosis has been 
proposed for the diagnosis of ARVC/D with sensitivity of 66%, 
specificity of 100%, predictive positive value of 100%, and negative 
predictive value of 81%. The detection of fatty infiltration of the 
RV is not diagnostic of ARVC/D.

Differential diagnosis
RV outflow tachycardia is one of the main differential diagnosis 
of ARVC/D, often accompanied by a normal RV function. Other 
conditions that should be differentiated from ARVC/D are Uhl’s 
anomaly, cardiac sarcoidosis, Brugada syndrome, and pre-excited 
AV re-entry tachycardia [3,4]. (A more comprehensive review of 
ARVC/D is provided in Chapter 44 in this textbook.)

Eosinophilic myocarditis/endomyocardial fibrosis

Eosinophilic myocarditis is a condition resulting from increased 
eosinophilic counts, either as a result of helminth infection, 

(a) (b)

Fig. 48.13 Apical four-chamber 
views from a patient with 
arrhythmogenic right ventricular 
cardiomyopathy in systole (a) and 
diastole (b).

Fig. 48.14 Cardiac MRI from a patient with arrhythmogenic cardiomyopathy 
demonstrating a localized aneurysm (arrow) at right ventricular outflow.
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deep and plateau pattern, and pulmonary hypertension is found, 
usually damped by important RV disease. Angiography of both 
ventricles shows obliteration of the apex, mitral or tricuspid 
regurgitation, amputation of the apex, and abnormal contractil-
ity and systolic function depending on the sites and severity of 
endocardial fibrosis.

Differential diagnosis
EMF must be differentiated from medical conditions such as 
rheumatic heart valve disease, dilated cardiomyopathy, constric-
tive pericarditis, tuberculous pericarditis, congenital endocardial 
fibroelastosis, Ebstein disease, neoplastic infiltration of the myocar-
dium, haemochromatosis, amyloidosis, apical type of hypertrophic 
cardiomyopathy, and myocardial sarcoidosis.

Right ventricular infarction

The RV can be involved in myocardial infarction but isolated RV 
infarction is uncommon. Most commonly the RV is affected in 
association with inferior LV infarction caused by occlusion of 
the right coronary artery (RCA). Although somewhat variable, 
the acute marginal branch of the RCA supplies the majority  
of the anterolateral wall of the RV whilst the posterior descend-
ing artery supplies the inferior wall. More proximal RCA lesions 
carry a greater risk of significant RV infarction, although there is 
often substantial collateral supply from the left-sided coronary 
circulation, which can minimize the ischaemic insult. The diag-
nosis of RV infarction remains challenging due to the fact that 
global measures of RV function are greatly influenced by ven-
tricular interaction and elevations in PA pressures, which may 
complicate infarction even in the absence of direct RV involve-
ment. Nonetheless, the presence of RV infarction portends a 
poor prognosis and recent imaging advances including strain 
echocardiography and CMR imaging may enhance our ability 
to detect RV infarcts [16,17]. Strain echocardiography provides 
a means of identifying hypokinesis independent of global influ-
ences on cardiac motion whilst delayed enhancement imaging 
with CMR can provide anatomic definition of fibrotic regions of 
RV myocardium.

The detection of RV ischaemia during clinical stress test-
ing rarely occurs in isolation and is not commonly assessed 
[16]. However, RV ischaemia should be suspected when there is 
evidence of RCA territory ischaemia. The clinical impact of iden-
tifying RV hypokinesis during stress testing is probably relatively 
limited.

Quantitative assessment
The quantitative assessment of RV size and function is often dif-
ficult, because of the complex anatomy of the RV. Nevertheless, 
when used in a qualitative fashion, 2D echocardiography can 
easily obtain valuable information about RV size. Importantly, 
echocardiography and Doppler is considered the most accurate 
non-invasive imaging modality for the assessment of RV pressure 
and is therefore an ideal tool for the evaluation and screening of 
pulmonary hypertension [18].

apical obliteration by thrombotic material that packs the apices  
(% Fig. 48.15). This, despite a well-contracting myocardium in is 
direct contrast with apical thrombus after a myocardial infarction, 
whereby the cardiac apex is akinetic. Additional findings include 
severe dilatation of the atria, tricuspid and mitral regurgitation, 
restrictive filling pattern of the mitral valve (E/A ratio > 2), and 
presence of pericardial effusion [15].

Magnetic resonance imaging
MRI is also useful for the diagnosis of EMF. The detection of sub-
endocardial fibrosis has good histopathological correlation and 
first-pass myocardial perfusion scans confirm the existence of 
avascular structures (calcification, thrombus) and areas that cor-
respond to fibrosis.

Multi-detector computed tomography
Multi-detector computed tomography can also depict the mor-
phological features of EMF, through direct visualization of fibrosis.

Cardiac catheterization
The diagnosis of EMF is usually obtained by non-invasive meth-
ods. Occasionally, cardiac catheterization and angiography 
may be necessary to assess the haemodynamics or restrictive 
physiology in patients in whom an accurate echocardiographic 
evaluation cannot be made and perform myocardial biopsies. In 
RV EMF, there are equal pressures in the right atrium, RV, and 
PA. In LV EMF, there is high LV end-diastolic pressure with a 

Fig. 48.15 Apical four-chamber view from a typical patient with 
endomyocardial fibrosis due to hypereosinophilic syndrome. Note that both 
apices (arrow) are packed with thrombotic material.
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area × 100, is a linear measure of RV systolic function and has 
been correlated with RV ejection fraction by CMR imaging [21]. 
It is obtained by tracing the RV endocardium in diastole and 
in systole excluding all trabeculations. Calculation of ejection 
fraction by 2D echocardiography is not usually recommended 
because of the heterogeneity of methods available based on vari-
ous geometric assumptions. However, with recent developments 
of 3D echocardiography and analysis software, this is now fea-
sible (% Fig. 48.17) and has shown to correlate well with CMR 
[22].

Eccentricity index of the left ventricle
Normally the LV is circular throughout the cardiac cycle. With 
RV overload, there is systolic and/or diastolic D-shape deforma-
tion of the ventricular septum, which reflects higher RV pressures 
(in systole) of volumes (in diastole) than those of the LV (see  
% Fig. 48.18). The degree of septal displacement is reflected by a 
major axis parallel to the septum and a minor axis perpendicular 
to the septum from short-axis projections so that the higher the 
major over the minor axis ratio is, the worse the RV function will 

While in routine clinical practice the RV is assessed qualita-
tively, there are several methods that can be used to quantitate RV 
function [9]. These are:

The tricuspid annular plane systolic excursion
The tricuspid annular plane systolic excursion (TAPSE) estimates 
RV systolic function by measuring the level of systolic excur-
sion of the lateral tricuspid valve annulus towards the apex in the 
four-chamber view (% Fig. 48.16) and represents the longitudinal 
function of the RV. A good correlation between TAPSE and ejec-
tion fraction has been reported [19]. It has also been shown to be 
reproducible and to have a good correlation with outcome data 
[20]. A cut-off value of less than 16 mm is considered abnormal 
[6]. The disadvantage is that it is load dependent and it assumes 
that the displacement of the basal RV segment represents the 
function of a complex 3D structure.

Fractional area change, ejection fraction (Simpson’s)
The percentage of RV fractional area change, defined as (end-
diastolic area − end-systolic area) divided by the end-diastolic 

Fig. 48.16 An M-mode line is directed towards the right ventricular free wall from four-chamber projections recording the tricuspid annular plane systolic 
excursion (TAPSE).

TAPSE



CHAPTER 48 right ventricular dilatation and function414

segments of the RV and this may prove a significant development 
in quantification of the RV function (% Fig. 48.19).

Three-dimensional speckle tracking may emerge as the tech-
nique of choice because there is no slice-plane limitation and it 
derives vectorial data in three orthogonal to each-other planes 
from one analysis [30]. All strain vectors were significantly 
reduced in pulmonary hypertensive patients with strong asso-
ciations for area strain (which is the sum of the longitudinal and 
circumferential strain) and circumferential strain with RV ejec-
tion fraction, and with lesser, but still significant, correlations for 
radial strain and longitudinal strain [30].

Timing indices
Tissue Doppler imaging for assessment of right ventricular 
function

Using PW Doppler, the sample volume is positioned at the tri-
cuspid annulus to measure the longitudinal function of the RV. 
Three waveforms are recorded, one forward systolic, the S′ wave 
and two diastolic, the E′ and A′ (% Fig. 48.20). Because this tech-
nique uses Doppler, care must be taken to ensure optimal image 
orientation to avoid the underestimation of velocities. TDI is a 

be. This was related to clinical outcomes in pulmonary arterial 
hypertension [23].

Strain imaging for the assessment of right ventricular 
function: speckle tracking

Strain analysis of the RV can be performed on the longitudinal 
direction because of the fact that the RV free wall is best visualized 
from apical projections and avoids transverse strain directions 
because of its thin cross-section. This has been justified because of 
the predominant longitudinal arrangement of myocardial fibres 
and the assumption that longitudinal motion is the predominant 
contributor to RV systolic function.

Unlike the LV, the superficial, obliquely arranged subepicar-
dial fibres create an inwards wave-like contraction (radial axis), 
whereas the deeper, longitudinally arranged subendocardial 
fibres produce a wave-like base-to-apex (longitudinal) contrac-
tion. Strain and strain rate values have been studied in a number 
of conditions affecting the right heart, including arrhythmogenic 
RV dysplasia [24], pulmonary embolism [25], pulmonary hyper-
tension [26], systemic RV [27], and cardiac amyloidosis [28,29]. 
Regional and global strains can now be derived from all six 

Fig. 48.18 Calculation of the eccentricity index during diastole (a) and systole (b). D2 is the major diameter parallel to the septum and D1 is the minor diameter 
perpendicular to the septum.
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Fig. 48.17 Right ventricular three-
dimensional acquisition (a) and display 
with automatic volume calculations (b).
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Myocardial performance index

TDI allows quantitation of global RV function, both systolic and 
diastolic by evaluating the myocardial performance index (MPI)  
(% Fig. 48.20). The principle is similar to what is used to calculate 
the LV MPI (Tei index) [33]. The regions of the tricuspid annulus are 
evaluated with PW TDI from four-chamber projections to line up 
parallel to the beam. Three waveforms will be recorded: one systolic, 
the S′ wave, and two diastolic, the E′ and A′ waves. The tricuspid 
valve closure (TCO) and opening times will encompass the isovolu-
mic contraction time, ejection time (ET), and isovolumic relaxation 
time. The MPI will be then calculated as: MPI = (TCO – ET)/ET.

very reproducible way to assess RV function and can be recorded 
throughout the cardiac cycle so that all time intervals can be 
measured from the same RR intervals.

The isovolumic relaxation time (IVRT) can be useful as an indi-
rect measure of RV function (% Fig. 48.20). Increases in IVRT 
reflect pathological prolongation of RV contraction against 
heightened afterload [31]. The IVRT period is extremely brief or 
non-existent in normal subjects and an increase beyond 30 ms 
may be considered abnormal [32]. The isovolumic contraction 
time (IVCT) is prolonged as a result of impaired force generation 
within the RV.

AVC

GLS - 7%

Fig. 48.19 Speckle tracking 
echocardiography of the right 
ventricle. Note the six-region 
segmentation with their respective 
curves (left). The global longitudinal 
strain (GLS) is calculated at −7% 
together with each individual regional 
strains. AVC, aortic valve closure.

ICT = sovolumetric contraction time
IRT = sovolumetric relaxation time
ET = Ejection

MPI = ICT+IRT/ET

Normal RV MPI <0.32 Cut O�: S' <11.5 cm/s

= a – b/b

ICT ET

b

a

E' A'

S'

IRT

Fig. 48.20 Tissue Doppler imaging 
with the sample volume positioned 
at the level of the tricuspid annulus 
laterally demonstrating the different 
time intervals measured in msec 
and the calculated myocardial 
performance index (MPI). A′, annular 
A-wave velocity; E′, annular E-wave 
velocity; S′, annular systolic velocity.
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The estimate of RA pressure is made by looking at the patient’s 
jugular venous pressure and adding the level of its eleva-
tion. In case this is not visible, it can be assumed that it is 10 
or 15 cm, which can then be added to the pressure gradient  
(% Fig. 48.21).

Alternatively, and perhaps most commonly is to look at the 
inspiratory collapse of the IVC (% Fig. 48.22).

Practical tips:

◆	 The CW beam needs to be parallel to the jet direction to avoid 
underestimates of maximal velocities and to visualize.

◆	 Make sure that the entire Doppler envelope is visualized with 
the characteristic bullet-shape form.

◆	 Do not measure peak velocities if the jet is not fully formed.
◆	 Velocities under 2 m/s may indicate that the peak is missed.
◆	 Velocities greater than 3 m/s may indicate elevated RV SP.
◆	 Do not estimate RV pressures when severe TR is present.

End-diastolic and mean pulmonary artery pressures

These are particularly important in patients with pulmonary 
hypertension and heart failure patients. The mean PA pressure can 
be measured after estimating first the PA diastolic pressure from 
the maximal velocity of pulmonary regurgitant jet in end-diastole 

MPI is generally unaffected by heart rate, loading conditions, 
or the presence and the severity of TR and is an estimate of both 
systolic and diastolic RV function.

Isovolumic acceleration during isovolumic contraction

Isovolumic acceleration (IVA) is defined as the peak isovolumic 
myocardial velocity divided by time to peak velocity and is typi-
cally measured for the RV by TDI at the lateral tricuspid annulus 
[34]. The advantage of IVA is that it is relatively load independent 
but there are limited data available and there may be problems 
with reproducibility.

Haemodynamic assessment of the right ventricle
Estimates of right ventricular systolic pressure

The most common and perhaps useful addition to the func-
tional assessment of RV function is the ability to estimate RV 
systolic pressure (SP) non-invasively. This is performed using 
the presence of a TR jet and measures the maximal velocity with 
CW Doppler. Using the Bernoulli equation below, an estimate 
of right atrial (RA) pressure is added to the peak instantaneous 
gradient between RV and RA so that an estimate of RV SP can 
be made:

RV SP = 4(V)2 + RA (mmHg)

Fig. 48.21 Calculation of right 
ventricular systolic pressure. From 
apical four-chamber projections the 
continuous wave Doppler signal is 
directed parallel to the jet direction 
(left) and the maximal velocity can be 
derived. Using the Bernoulli equation, 
the peak instantaneous gradient 
is derived. An estimate of the right 
atrial pressure is then made in order 
to derive the right ventricular systolic 
pressure (see text for details).

Fig. 48.22 Subcostal projections to 
image the inferior vena cava diameter 
(a) and record any change during 
inspiration using M-mode recording 
(b). In this example, the diameter 
remains unchanged suggestive of an 
elevated right atrial pressure of greater 
than 20 mmHg.

(a) (b)
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pulmonary hypertension is not endorsed by international guide-
lines regarding the diagnosis of pulmonary hypertension, there 
is relatively robust evidence relating measures obtained during 
exercise to outcomes in patients with pulmonary hypertension 
due to primary pulmonary vascular pathology or resulting from 
left heart disease [36]. When compared with direct invasive gold 
standards, PA pressure estimates derived from tricuspid valve 
regurgitation velocities are reliable at rest and during exercise. 
Similarly, quantitative measures of RV function, such as RV 
fractional area change, are relatively accurate at rest and dur-
ing exercise when compared with CMR-derived RV ejection 
fraction [37]. Assessment of the RV during exercise has the 
potential to enable earlier and potentially more accurate diag-
nosis of pathology in patients with exertional breathlessness in 
whom the RV function can be of great importance but is often 
overlooked.

(% Fig. 48.23) using the Bernoulli equation adding the estimated 
RA pressure as described above. Once the PA SP and PA diastolic 
pressure (DP) are known, the mean pressure can be calculated as 
follows:

Mean PA pressure = 1/3(SPAP) + 2/3(PADP)

The mean PA pressure can also be calculated from the PA accel-
eration time using PW Doppler from the following formula  
(% Fig. 48.24) [35]:

Mean PA pressure = 79 − (0.45 × AT)

Right ventricular assessment during exercise

There is evolving interest in assessment of the RV during exer-
cise as a means of assessing pulmonary vascular function and RV 
contractile reserve. Although the concept of exercise-induced 

Fig. 48.23 Doppler echocardiographic determination of pulmonary artery end-diastolic and mean pulmonary arterial pressures using the right ventricular 
outflow tract view. Care should be taken to have well-defined borders for velocity measurements.

PA end-diastolic pressure = 4(PR VED)2 + estimated mean RA pressure

Fig. 48.24 Calculation of right ventricular 
outflow acceleration time. See text for details. AT, 
acceleration time; ET, ejection time.
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protocols. Several new echocardiographic techniques, includ-
ing TDI, strain, and 3D and contrast echocardiography, may 
further enhance our capability of assessing RV function. CMR 
imaging is highly accurate for the assessment of RV func-
tion, however availability is still limited and data analysis is 
time-consuming.

Conclusion

RV function is an important determinant in cardiac disease. 
Two-dimensional echocardiography can be used to assess RV 
dysfunction as long as it is performed according to standardized 
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CHAPTER 49

Pericardial disease
Bernard Paelinck, Aleksandar Lazarević,  
and Pedro Gutierrez Fajardo

Summary
The diagnosis of pericardial disease was one of the first applications of echocardiography. 
Today, multimodality echocardiographic signs allow accurate diagnosis of pericardial 
disease. In this chapter echocardiographic features of different pericardial diseases and 
their pathophysiology are reviewed.

Normal pericardial anatomy
The pericardium is a double-layered sac surrounding the heart: the visceral layer (serous) 
and the parietal (fibrous) layer. The visceral pericardium reflects back into itself at the 
base of the heart at the level of the great arteries to form the parietal layer. There are two 
blind-ending pockets or recesses: the sinus transversus (behind the great arteries) and 
the sinus obliquus (behind the left atrium). Normally, the pericardial sac contains a small 
amount of pericardial fluid (< 15–35 mL of serous plasma filtrate), which is seen most 
easily in the posterior atrioventricular junction at systole as a small echo-free space (see 
% Fig. 49.1). The pericardium can be evaluated by M-mode, two-dimensional, and three-
dimensional echocardiography.

Pericarditis
Pericarditis or inflammation of the pericardium may result from a variety of patho-
logical conditions: inflammatory disease (viral, less commonly bacterial infection, 
autoimmune diseases, myocarditis, myocardial infarction, cardiac surgery, chemo-
therapy, mediastinal radiation), traumatic disease (chest trauma, aortic dissection, 
myocardial free wall rupture), and others (neoplastic, uraemic, thyroid, other meta-
bolic disorders).

Pericardial effusion
Pericardial effusion is an abnormal fluid accumulation (pericardial fluid volume > 35 mL) 
in the pericardial space. The physiological consequences of pericardial effusion depend not 
only on the amount of the effusion, but also on the rate of accumulation. Echocardiography 
is a powerful technique for the diagnosis of pericardial effusion, the assessment of its 



pericardial effusion 421

Differential diagnosis
From pleural effusion

The reflection of the pericardium around the pulmonary veins 
limits the amount of pericardial effusion behind the left atrium. 
Therefore, a fluid collection behind the left atrium is more 
likely pleural than pericardial. In the parasternal long-axis view 
(% Fig. 49.3), an echo-free space anterior to the descending aorta 

haemodynamic impact including the potential underlying mech-
anisms, and for the guidance of pericardiocentesis.

Detection
If non-localized, pathological pericardial effusion is seen as an 
echo-free space circumferentially around the heart and persists 
throughout the cardiac cycle (see % Fig. 49.2).

Fig. 49.1 Parasternal long-axis view showing parietal pericardium (arrows) and a normal small amount of pericardial fluid which is most easily seen posterior and 
during systole as an echo-free space.

Fig. 49.2 M-mode showing moderate non-localized pericardial effusion 
(arrows).
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Fig. 49.3 Parasternal long-axis view of large pericardial effusion (PE) anterior 
to descending aorta and pleural effusion (posterior to descending aorta).

pleural effusion

PE
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echocardiographic window (parasternal, apical, and subcostal) to 
diagnose/exclude localized pericardial effusion.

Diagnosis of tamponade
Cardiac tamponade occurs if the intrapericardial pressure exceeds 
the pressure in cardiac chambers (first lower-pressure chambers 
(atria), second high-pressure chambers (ventricles)) resulting in 
impaired cardiac filling (decreased preload) and decreased car-
diac output. The haemodynamic impact of pericardial effusion 
depends not only on the amount of the pericardial effusion, but 
also on the rate at which the effusion occurs. The limits of peri-
cardial stretch are more easily reached in rapid (acute) than in 
slow (chronic) pericardial effusion. The compressive effect of the 
pericardial fluid is most obvious in the phase of the cardiac cycle 
when intracardiac pressure is lowest: right atrial systolic collapse/
inversion (duration > 1/3 systole) and right ventricular diastolic 
collapse (% Figs 49.6 and 49.7; z Videos 49.2 and 49.3).

is typically pericardial effusion, whereas an echo-free space poste-
rior to the descending aorta is usually pleural effusion. However, 
the differentiation between pericardial and pleural effusion is 
sometimes difficult. In the presence of a left-sided pleural effusion, 
ultrasound imaging of the heart is possible from the back.

From epicardial fat
Epicardial fat is located anteriorly to the heart and frequently 
increases with age and obesity. Fat has a brighter echogenicity 
as compared with pericardial effusion (% Fig. 49.4), but dif-
ferentiation is sometimes difficult. In case of doubt, computed 
tomography or nuclear magnetic resonance may be necessary to 
differentiate between epicardial fat and chronic dense or clotted  
haemorrhagic pericardial effusion. An echogenic pericardial 
effusion (blood and/or clots in the pericardial space after cardiac 
surgery, as a complication of aortic dissection or free wall rupture 
(see % Fig. 49.5), organized fluid, or pericardial tumour (see z 

Video 49.1)) is sometimes difficult to diagnose and to differentiate 
from other mediastinal structures. Air in the pericardium (pneu-
mopericardium) inhibits ultrasound imaging of the heart.

Quantification
The amount of pericardial effusion can only be evaluated to some 
degree and semiquantitatively. Without wide clinical use, different 
severity scales have been proposed (from physiological to large 
pericardial effusion). Three-dimensional echocardiography may 
determine quantitatively the pericardial fluid volume. In non-
localized pericardial effusion, an end-diastolic echo-free space 
of less than 0.5 cm is considered small (estimated volume < 100 
mL), up to and equal to 1 cm moderate (estimated 100–500 mL), 
and greater than 1 cm large (estimated > 500 mL). Use every 

Fig. 49.4 Pericardial fat (arrows) has a higher echogenicity as compared with 
pericardial fluid. Pericardial fat is usually seen anterior and in the posterior 
atrioventricular groove.

Fig. 49.5 Echogenic pericardial effusion with collapse of the right heart in 
haemopericardium.

LV
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Fig. 49.6 Large pericardial effusion causing right atrial collapse (arrows).
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Echocardiography is required to confirm the presence of 
pericardial effusion, to assess its haemodynamic impact, and to 
establish the cause of tamponade.

Echocardiographic features
In the normal situation, with inspiration, intrathoracic pressure 
decreases, resulting in increased venous return (greatest from 
abdominal cavity), increased filling of right cardiac cavities, and 
augmented right ventricular stroke volume. Therefore with inspi-
ration, pulmonary venous return, filling of left cardiac cavities, 
and left ventricular stroke volume decreases slightly.

In cardiac tamponade, increased intrapericardial pressures (and 
thus increased intracardiac pressures), occur together with a rela-
tively fixed cardiac volume (due to pericardial effusion), resulting 
in significant reciprocal respiratory changes of right ventricular 
and left ventricular filling (increased ventricular interdepend-
ence): increased filling of the right heart together with decreased 
filling of the left heart with inspiration. Opposite changes occur at 
expiration.

These reciprocal respiratory changes are visible as changes 
in right and left ventricular size (interventricular septum 
moves to the left with inspiration, and to the right with expi-
ration) using M-mode (% Fig. 49.8) and two-dimensional 
echocardiography.

Additional echocardiographic features of tamponade are right 
atrial collapse or inversion during systole (time of collapse/time 
of cardiac cycle with a ratio of > 0.34 improves specificity), right 
ventricular diastolic collapse (most easily seen in parasternal 
long-axis view and subxiphoidal), inferior vena cava dilation with 
blunted respiratory changes (% Fig. 49.9), and swinging heart 
motion (free-floating cardiac movement in a phasic manner in 
large circumferential effusion).

In localized tamponade (e.g. clots), the diagnosis of pericardial 
tamponade may be difficult.

Fig. 49.7 Subcostal view in pericardial tamponade showing non-localized large pericardial effusion (a) and collapse (b) of the right ventricle (arrows).

(a) (b)

Fig. 49.8 Inspiratory shift (arrows) of the interventricular septum to the left 
in pericardial tamponade. Respirometer trace at bottom of image.
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Fig. 49.9 Plethora of the inferior vena cava with absent respiratory changes.
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Doppler

Doppler findings in pericardial tamponade also reflect reciprocal 
respiratory variation in cardiac filling, but are more sensitive than 
two-dimensional and M-mode findings. An inspiratory increase 
(> 25%) and expiratory decrease of tricuspid valve inflow E-wave 
velocities, is the earliest feature of cardiac tamponade. Left ven-
tricular filling is characterized by inspiratory decrease (> 15%) 
and expiratory increase of mitral valve inflow E-wave velocities 
(% Fig. 49.10) and respiratory variation of outflow velocities (> 
10%). To visualize respiratory Doppler variations clearly, it is rec-
ommended to decrease sweep speed to around 25 m/s and to use 
respirometer tracing.

Echo-guided pericardiocentesis
Pericardiocentesis is life-saving in cardiac tamponade. 
Echocardiography is essential to determine distribution, depth 
of the effusion, optimal puncture site (subcostal, apical, or par-
asternal), and to guide direction of needle (before puncture), to 
confirm pericardial access (visualization of the tip of the needle, 
eventually microbubbles) and decrease of pericardial volume 
(during pericardiocenthesis), and to assess completeness of fluid 
removal (after pericardiocentesis).

Constrictive pericarditis
Constrictive pericarditis occurs when a thick, rigid, non-com-
pliant inflamed, fibrotic, and/or calcified pericardium limits 
cardiac distensibility and prevents full transmission of respiratory 
intrathoracic pressures changes to cardiac cavities, impairing car-
diac filling consequently.

Frequently constrictive pericarditis is misdiagnosed, but should 
be suspected in case of heart failure, normal systolic left ventricu-
lar function, and predisposing factors. Pericardial calcifications 
may be seen on chest radiography, but decrease echogenicity.

Fig. 49.10 Cardiac tamponade. Inspiratory decrease and expiratory increase 
of mitral E-wave velocity. Respirometer tracing at the bottom of image.
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Aetiology
Constrictive pericarditis may result from prior infectious peri-
carditis (viral, bacterial, tuberculosis), mediastinal radiation, 
uraemic pericarditis, systemic disease (rheumatoid arthritis, 
systemic lupus erythematosus, granulomatosis with polyangiitis 
(formerly Wegener’s granulomatosis)), or cardiac surgery, or may 
be idiopathic.

Echo-Doppler diagnosis
Thickened pericardium and increased echogenicity of the peri-
cardium (% Fig. 49.11) can be visualized on M-mode and 
echocardiographic recordings. However, it remains difficult to 
distinguish thickened from normal pericardium. The sensitivity of 
transoesophageal echocardiography is higher when demonstrating 
a thickening of the pericardium of 3 mm or more, but suspected 
constrictive pericarditis is not an indication for transoesophageal 
examination. Computed tomography and nuclear magnetic reso-
nance are more sensitive to measure pericardial thickness. However, 
a subset of patients with haemodynamically and surgically proven 
constrictive pericarditis could have normal pericardial thickness.

The atria may be of normal size. Usually, the size of the left ven-
tricle is normal and the global systolic function of the left ventricle 
preserved. A flattened motion of the posterior wall can be seen 
in diastole. Hepatic congestion as apparent from dilated inferior 
caval vein and hepatic veins is common.

The diagnosis of constrictive pericarditis needs demonstra-
tion of high ventricular filling pressures, dissociation between 
intrathoracic and intracardiac pressures, and an exaggerated ven-
tricular interdependence in diastolic filling.

Although the pathophysiology of cardiac tamponade and constric-
tive pericarditis are different (cardiac filling inhibited by pericardial 

Fig. 49.11 Localized pericardial effusion and thick inflamed parietal 
pericardium (arrows) in effusive constrictive pericarditis.
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Besides hepatic vein congestion, respiratory flow variation is 
present in hepatic and pulmonary veins. Hepatic vein forward 
flow markedly increases with inspiration and decreases with 
expiration, together with prominent holodiastolic flow reversal 
(% Fig. 49.15).

Limitations and pitfalls
Chronic obstructive pulmonary disease

Respiratory variation in transmitral flow can be seen in other 
clinical situations such as chronic obstructive pulmonary disease, 
acute heart dilatation, pulmonary embolism, right ventricular 
infarction, and pleural effusion.

Besides the clinical picture in chronic obstructive pulmonary 
disease, transmitral flow is usually not restrictive, the highest 
mitral E-wave velocity occurs at the end of expiration, and the 
superior vena cava flow is exaggerated with inspiration.

Localized constriction
If the distribution of the constrictive process in constrictive 
pericarditis is variable in thickness and calcification, localized per-
icardial constriction may result, leading to constriction of some 
cavities more than others. Non-uniform constrictive pericardi-
tis may lead to intracavitary gradients, usually at the right-sided 
heart chambers.

Irregular rhythm
Significant, but reduced respiratory variation in transmitral 
E-wave velocity is present in constrictive pericarditis.

Differential diagnosis versus restrictive 
cardiomyopathy
The differentiation between constrictive pericarditis (pericardial 
diastolic heart failure) and restrictive cardiomyopathy (myo-
cardial diastolic heart failure) is often challenging, since both 

effusion in tamponade and by thick non-compliant pericardium in 
constrictive pericarditis), the respiratory variation in cardiac filling 
is similar. In addition, in tamponade the resistance of ventricular 
filling is present during the complete duration of diastole, while in 
constrictive pericarditis the early filling is preserved. In constrictive 
pericarditis the thick pericardium prevents transmission of intratho-
racic respiratory pressure changes to intracardiac cavities.

With inspiration, intrathoracic pressure (and therefore the pres-
sure in all intrathoracic structures) drops, facilitating venous return 
and increasing filling of right cardiac cavities. Transtricuspid E-wave 
velocity increases by 25% or more. Owing to the fixed cardiac vol-
ume, the septum shifts to the left (septal bounce) (% Fig. 49.12) 
limiting left ventricular filling. In addition, with inspiration, the 
left ventricular filling gradient (or the gradient between pulmonary 
veins and left ventricular diastolic pressure) decreases, because 
intrathoracic pressure drop is not (fully) transmitted to the left ven-
tricular cavity. With expiration, reciprocal changes in cardiac filling 
occur, displaying a transmitral E-wave velocity increase of 25% or 
more. Owing to pericardial constraint, ventricular filling pressures 
increase rapidly during early filling and flow decelerates abruptly. 
Therefore, transmitral and transtricuspid flow display a restrictive 
pattern with high E-wave velocity, short E-wave deceleration time 
(≤ 160 ms), and small A-wave velocity (E/A ratio > 2) (% Fig. 49.13). 
The lack of respiratory variation in transmitral E-wave velocities 
should not rule out the diagnosis of constrictive pericarditis. In some 
patients, preload reduction (head-up tilt, sitting, nitrates) is neces-
sary to unmask respiratory flow variation in very elevated left atrial 
pressure. Additional information for the diagnosis of constrictive 
pericarditis is given by tissue Doppler imaging. Since lateral expan-
sion during cardiac filling is prohibited and despite high ventricular 
filling pressures, mitral E/E′ is low (annulus paradoxus), because 
early diastolic septal annulus velocity (E′) is normal (≥ 8 cm/s) 
due to exaggerated longitudinal cardiac motion (% Fig. 49.14). E′ 
usually is higher with expiration than with inspiration. Despite con-
strictive pathophysiology, E′ may be low in regional left ventricular 
dysfunction and annular calcification.

Fig. 49.12 M-mode displaying septal bounce (arrows) in constrictive 
pericarditis.
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Fig. 49.13 Respiratory changes in transmitral E-wave velocities in constrictive 
pericarditis. Respirometer tracing at the bottom of images.

120

80

40

cm/
s

–40

50mm/s



CHAPTER 49 pericardial disease426

pathologies display similar clinical and haemodynamic profiles 
with preserved systolic left ventricular function and elevated 
filling pressures. Although underlying pathophysiological mecha-
nisms are different, diastolic filling is limited in both pathologies 
resulting in diastolic heart failure. Doppler findings are displayed 
in % Table 49.1.

Pericardial thickening and septal bounce support constrictive 
pericarditis, while atrial dilatation and left ventricular hypertro-
phy support restrictive cardiomyopathy. Using speckle-tracking 
imaging, significantly reduced net twist and torsion is present 
in constrictive pericarditis compared with restrictive cardio-
myopathy. Deformation of the left ventricle is constrained in the 

Fig. 49.14 Despite restrictive mitral filling pattern, 
early mitral septal annulus velocity (E′) is normal in 
constrictive pericarditis.
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Fig. 49.15 Pulsed wave Doppler recordings 
of hepatic vein flow in constrictive pericarditis: 
inspiratory increase of forward flow and expiratory 
increase of diastolic flow reversal (arrow). 
Respirometer tracing at the bottom of image.
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Table 49.1 Differential diagnosis: constrictive pericarditis and 
restrictive cardiomyopathy

Constrictive 
pericarditis

Restrictive 
cardiomyopathy

Transmitral flow Respiratory Δ E ≥25% No respiratory Δ E

Transtricuspid flow Respiratory Δ E ≥35% Respiratory Δ E ≤15%

Mitral annulus E′ ≥8 cm/s E′ < 8 cm/s

Flow propagation 
velocity

> 55 cm/s Reduced

Hepatic vein flow ↑ expiratory diastolic 
reversal

↑ inspiratory reversal
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Partial absence: diagnostic findings
In partial absence of the pericardium, possible herniation of a 
portion of the heart (e.g. left or right atrial appendage) may be 
present. Congenital absence of the left pericardium may result in 
reduced left ventricular torsion.

Congenital absence of the pericardium is usually associated 
with other congenital abnormalities, such as atrial septum defect, 
bicuspid aortic valve, and bronchogenic cysts.

Conclusion
Echocardiography provides an integrative morphological and 
functional approach to pericardial disease. It allows differential 
diagnosis (pericardial effusion vs pleural effusion, constrictive 
pericarditis vs restrictive cardiomyopathy) and bedside guiding of 
pericardiocentesis.

Further reading
Galiuto L, Badano L, Fox K, Sicari R, Zamarona JL. The EAE Textbook of 

Echocardiography. New York: Oxford University Press; 2011.
Maisch B, Seferović PM, Ristić AD, et al. European Society of Cardiology 

guidelines: diagnosis and management of the pericardial diseases. 
Executive summary. Eur Heart J 2004; 25:587–610.

Oh JK, Seward JB, Tajik JA.The Echo Manual, 3rd ed. Philadelphia, PA: 
Lippincott Williams and Wilkins; 2006.

Ristić AD, Imazio M, Adler Y, et al. Triage strategy for urgent manage-
ment of cardiac tamponade: a position statement of the European 
Society of Cardiology Working Group of Myocardial and Pericardial 
Diseases. Eur Heart J 2014; 35 (34):2279–84.

Tabata T, Kabbani SS, Murray RD, Thomas JD, Abdalla I, Klein AL. 
Difference in respiratory variation between pulmonary venous and 
mitral inflow Doppler velocities in patients with constrictive pericarditis 
with and without atrial fibrillation. J Am Coll Cardiol 2001; 37:1936–42.

circumferential direction in constrictive pericarditis and in the 
longitudinal direction in restrictive cardiomyopathy. Sometimes 
both constrictive pericarditis and restrictive cardiomyopathy may 
exist in the same patient.

Pericardial cyst
A pericardial cyst is a benign, usually asymptomatic lesion con-
sisting of delineated insulated pericardial portion.

Diagnosis
Incidental finding of a thin-walled, echo-free (no colour Doppler 
flow), usually round or elliptical structure located near the 
heart (most commonly the right anterior cardiophrenic angle) 
(% Fig. 49.16).

Congenital absence of pericardium
Total absence: diagnostic findings
Absence of the pericardium is an uncommon and benign con-
genital abnormality affecting mainly men. Usually the heart 
is shifted to the left (extreme levorotation) and hypermobile 
(exaggerated cardiac motion) with an apparent right ventricu-
lar enlargement and an abnormal ventricular septum movement 
(mimicking right ventricular overload), but echocardiographic 
findings are variable. Additional imaging is needed to confirm 
the diagnosis (computed tomography or nuclear magnetic 
resonance).

Fig. 49.16 Pericardial cyst seen as a round, thin-walled, echo-free structure in the right costophrenic angle.
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CHAPTER 50

Cardiac transplant patients
Río Aguilar Torres, Luigi P. Badano,  
and Dimitrios Tsiapras

Summary
Heart transplantation (HT) is currently a well-established treatment for selected patients 
with end-stage heart failure. Despite technical advances, survival after HT is limited 
mainly by the development of cardiac allograft acute rejection (AAR), cardiac allograft 
vasculopathy (CAV), and by the adverse effects of immunosuppressive drugs, showing a 
survival rate of only 50% of patients at 10 years [1,2]. Echocardiography is the single most 
useful imaging modality in patients with a HT.

Intraoperative and early postoperative periods
The echocardiographic appearance of heart after orthotopic HT depends on the surgical 
procedure performed:
◆	 Biatrial surgical approach: donor cardiectomy involves only partial atrial resection. An 

anastomosis is made between the residual recipient atrial tissue and the donor atria. 
This technique is simpler and decreases ischaemic time; however, it may be associated 
with suboptimal post-HT haemodynamics.

◆	 Bicaval anastomosis: this technique preserves better atrial morphology and function, 
decreasing problems from oversized post-transplant atria.

Intraoperative echocardiography during heart transplantation
Intraoperative transoesophageal echocardiography (TOE) during HT is recommended 
because it may detect early complications that are potentially lethal and responsible for 
early mortality in the post-transplant period [2,3]

Immediate postoperative period
Early allograft dysfunction after HT is a major cause of morbidity and mortality. 
Haemodynamic instability within the first 24 postoperative hours is usually associated 
with hypotension or difficult weaning of vasopressors and may have multiple causes.

Hyperacute allograft rejection
Hyperacute allograft rejection (HAR) is a rare subtype of allograft injury that can occur 
within minutes to hours after HT with an approximate mortality rate of 70%. HAR is medi-
ated by recipient preformed anti-human leucocyte antigen antibodies that cause widespread 
haemorrhage and thrombosis within the allograft. According to guidelines, diagnosis of 



CHAPTER 50 cardiac transplant patients432

(aorta, pulmonary artery, and both cavae) present a suture line 
within the vessels. Stenosis should be ruled out by two-dimen-
sional (2D) colour Doppler and by continuous wave Doppler.

Normal features of the transplanted 
heart
Since the allograft is smaller than the recipient’s dilated heart, the 
former is located more medially in the mediastinum and tends 
to be rotated clockwise. Therefore, standard TTE views are often 
obtained from non-standard transducer positions, with large 
variability from patient to patient. In patients who underwent 
biatrial procedure, the atria are enlarged and the anastomotic 
suture lines can be identified in both parasternal and apical views 
(% Fig. 50.1; z Video 50.1). The volume of the atria during fol-
low-up is inversely correlated with survival [8]. The anastomoses 
to the pulmonary artery and to the aorta can be visualized as 
well (% Fig. 50.2). In normal HT, Doppler flow velocities at the 
aortic and pulmonic level are usually normal. At the level of the 
suture lines, the proximal pulmonary artery may show a ‘pseudo-
narrowing’ due to a mismatch between the recipient and donor 
vessel size but usually there is no significant gradient at Doppler.

HAR should be performed by means of endomyocardial biopsy 
(EMB) and aggressive treatment started as soon as possible [2].

Primary graft failure
Primary graft failure (PGF) is still the most common cause of death 
in the first 30 days after HT. This syndrome manifests in the first  
48 hours after HT as cardiogenic shock due to acute systolic dys-
function of the left ventricle (LV) or both ventricles as assessed by 
visual inspection in the operating room or measuring a LV ejection 
fraction (EF) less than 45% by transthoracic echocardiography 
(TTE) or TOE. A diagnosis of PGF should only be made in the 
absence of rejection or other obvious causes of graft dysfunction.

Isolated right ventricular failure
This is defined as right ventricular (RV) systolic dysfunction as 
assessed by visual inspection in the operating room or defined by 
TTE or TOE performed during the first 48 hours after surgery. 
Echocardiographic criteria to diagnose RV dysfunction are a lateral 
tricuspid annulus plane systolic excursion (TAPSE) less than 15 mm 
or a RV EF less than 45% together with normal or near-normal LV 
systolic performance, in the absence of other obvious causes of graft 
dysfunction. Despite advances in the perioperative management, 
RV failure causes almost 20% of deaths in the early period after 
HT. Several factors may have effects on RV function and contrib-
ute to its acute failure, like donor organ preservation, pre-existing 
and underestimated pulmonary hypertension of the recipient, and 
perioperative increase in pulmonary vascular resistances [4,5].

Pericardial effusion
Pericardial effusion (PE) is commonly observed after HT. It can be 
related to donor–recipient heart size mismatch, loss of lymphatic 
drainage, and side effects of some immunosuppressive drugs. Most 
cases of early PE are, at least partially, resolved by 30 days after HT [6].

Other early postoperative complications
TOE is very useful to evaluate surgical anastomoses in the 
post-transplantation period. After standard surgical technique, 
increased atrial size, suture lines, and atrial dyssynchrony con-
tribute to suboptimal haemodynamics with abnormal LV filling 
patterns that predispose to atrial thrombus formation. Modified 
bicaval technique has been associated with reduced incidence of 
blood stasis and LA thrombi [7]. The main vascular anastomoses 

Fig. 50.2 Transthoracic echocardiogram. Parasternal short-axis view (SAX): 
anastomosis to the pulmonary artery (arrows). AO, ascending aorta; PA, 
pulmonary artery; PV, pulmonic valve; RVOT, right ventricular outflow tract.
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Fig. 50.1 Transthoracic 
echocardiogram. Parasternal long-
axis view (LAX): suture line (arrow) 
between residual recipient left atrium 
(LAr) and donor heart left atrium. 
Four-chamber apical view, suture lines 
in both atria are visualized (arrows).
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neither reliable nor specific enough for detecting rejection. TDI 
allows better estimation of LV filling pressures by recording mitral 
annulus velocities and calculating E/e′ ratio [11]. The persistence 
or recurrence of LV restrictive filling pattern within 6 months after 
HT may be caused by hypertrophy or rejection, and has been asso-
ciated with a reduced late survival [10].

Valvular function after heart transplantation
During the first weeks after HT, mild or even moderate degrees 
of functional mitral, aortic, and pulmonic regurgitation are 
common; however, structural abnormalities of these valves are 
uncommon. In contrast, significant tricuspid regurgitation (TR) 
is very frequent after HT. Early postoperative TR is usually related 
to elevated pulmonary vascular resistances (PVR) in the recipi-
ent as well as to right atrial geometry deformation. Nevertheless, 
TR is rarely of clinical significance and, in most cases, it improves 
spontaneously during the first weeks after HT [12]. According 

Left ventricle
In the early postoperative period, both LV wall thickness and mass 
are usually increased, most likely from myocardial oedema of the 
donor heart. Moreover, the thickness of the LV wall increases in 
the first year after HT depending on multiple factors like systemic 
hypertension, very common in patients receiving ciclosporin and 
corticosteroids. Acute increase in myocardial thickness may also 
occur later as a sign of AAR [8].

Conventional assessment of LV systolic function is commonly 
used to monitor graft function, but like volumes, EF tend to be 
stable over time and it is not sensitive enough to detect occur-
rence of biopsy-proven rejection or time in HT [9]. In ‘normal’ 
HT patients, tissue Doppler imaging (TDI)-derived velocities are 
usually abnormal in the early post-transplant period and although 
they increase in the first year after HT, they remain lower than 
those measured in the general population [10]. Generally, values 
of s′ greater than 11 cm/s are considered normal. However, since 
each HT patient should be their own control, routine measurement 
of S velocity is recommended, and values should be compared to 
those obtained during the baseline echocardiographic study of 
each HT patient that usually is recorded 6 months after HT.

LV diastolic function evaluation after HT is challenging due 
to different factors: (1) sinus tachycardia of the denervated heart 
often induces merging of E and A waves; (2) in patients operated 
with the biatrial technique both the donor’s and recipient’s sinus 
nodes remain intact, with two P waves at the electrocardiogram 
(ECG) up to 3 weeks after surgery, and both remaining atria 
may show mechanical activity which affect the transmitral flow 
(% Figs 50.3 and 50.4); (3) recordings of pulmonary venous (PV) 
flow are technically demanding because PV velocities are altered 
by the recipient’s residual atrial contraction. Thus, after HT mitral 
inflow and PV Doppler measurements are not reliable indexes 
of LV filling pressure. Diastolic dysfunction, which is a frequent 
finding in the early postoperative period, may be caused by many 
factors other than allograft rejection, like alterations in LV relaxa-
tion and compliance, loading conditions, and atrial contractility. 
In this context, the standard evaluation of LV diastolic function is 

Fig. 50.3 Left panel: ECG detail showing P waves from both recipient’s remnant atria (red arrows) and donor P wave (blue arrow). Right panel: pulsed wave 
Doppler of mitral inflow showing the E and A waves and also early diastolic contraction produced by recipient residual left atrium (green arrows).

Fig. 50.4 Pulsed wave Doppler tracing of mitral inflow tract showing the 
merging of E and A waves and variability of flow velocities.

E E
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correlation with RV filling pressures and seems adequate for fol-
low-up purposes [14].

Pericardium
PE is frequently present during the early phase after HT and its 
size and haemodynamics should be monitored by TTE [15] 
(% Fig. 50.6; z Videos 50.4 and 50.5). Postoperative PE rarely 
evolves to cardiac tamponade and most of them disappear over 
time. Moreover, as in other postsurgical scenarios, characterized 
by an ‘open’ pericardium, after HT the size of PE and its haemo-
dynamic impact have a poor correlation, therefore frequent 
echocardiographic monitoring is recommended until resolution 
is documented [8].

Acute rejection
Acute allograft rejection (AAR) is the one of the most frequent 
causes of death in the first month after HT [2]. Conversely, serious 
AAR episodes are uncommon 6 weeks after HT. Since it is usually 

to guidelines, moderate or severe (> 2+) TR identified intraop-
eratively should be re-evaluated by TTE or TOE and closely 
monitored during the first postoperative days [2]. Predictors of no 
resolution of TR include an elevated PVR and/or structural abnor-
malities of the tricuspid apparatus as well as those produced by 
injuries caused by repeated EMBs.

Right ventricle
In response to increased PVR, usually the RV dilates immediately 
after surgery and during the first month after HT (% Fig. 50.5; 
z Videos 50.2 and 50.3). Usually, RV returns to its perioperative 
dimensions as soon as PVR declines to normal levels. Persistence 
of significant RV enlargement, weeks after HT, should prompt 
a revaluation of pulmonary systolic pressure and to exclude 
significant TR which may cause volume overload. Irreversible 
pulmonary hypertension is the most likely cause of RV failure 
immediately after HT [13]. Even when global RV systolic func-
tion appears normal, more subtle dysfunction can be unmasked 
by measuring S velocity at the tricuspid annulus using TDI. 
Similar to what happens on the left side, E/e′ shows the best 

Fig. 50.5 Early (a, b) and mid-term 
follow-up (c, d) studies after heart 
transplantation. Four-chamber apical 
views. Enlargement of the right 
ventricle (RV) is a common finding 
at early study, Three months later, 
RV returns to normal preoperative 
dimensions (see Videos 50.2 and 50.3).
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Fig. 50.6 Early postoperative 
pericardial effusion (PE) arrow. (a) 
Two-dimensional parasternal long-axis 
view. (b) M-mode tracing (see also 
Videos 50.4 and 50.5).
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Myocardial velocities and deformation 
parameters

Despite decreases of early diastolic velocity at the mitral annu-
lus (e′) in comparison with baseline values being associated with 
AAR, similar changes may also occur at a very early perioperative 
stage [11,16,17]. As a consequence, only EMB can be relied on to 
diagnose rejection especially in the first 6 weeks after HT.

Myocardial deformation parameters, strain, and strain rate, 
either TDI derived or obtained with 2D speckle tracking echocar-
diography, have been evaluated to detect AAR. Despite normal EF, 
in HT patients with no complications, regional myocardial defor-
mation is frequently impaired [16,17,18]. Preliminary experiences 
have suggested that strain and strain rate values (when compared 
with baseline values) are sensitive parameters for the early detec-
tion of AAR episodes [19,20] (% Fig. 50.7).

Transplant coronary artery 
vasculopathy
Chronic allograft rejection, or cardiac allograft vasculopathy 
(CAV), is an accelerated form of coronary artery disease char-
acterized by progressive fibrous proliferation with concentric 
luminal narrowing of the epicardial and intramural coronary 
arteries of the transplanted heart. CAV represents a manifesta-
tion of antibody-mediated responses, but its progression also 
depends on non-immune mechanisms. CAV is an important 
cause of mortality beyond the first year of HT, and its incidence 
and morbidity have not decreased despite improvements in 
immunosuppression.

Coronary angiography and intravenous 
ultrasound
Since CAV usually develops in otherwise asymptomatic 
patients, it may only be diagnosed by routine surveillance 

asymptomatic, regular rejection surveillance is mandatory, by 
performing programmed EMBs.

Morphological features suggesting acute 
allograft rejection
AAR is characterized by mononuclear cell infiltrate, interstitial 
oedema, and myocyte necrosis, which provoke increases in myo-
cardial echogenity, LV mass, and LV wall thickness, that have 
shown in the past to be related to AAR [6,8]. However, after the 
introduction of ciclosporin, less myocardial oedema is present in 
AAR episodes resulting in subtle changes in relative wall thick-
ness, making 2D echo parameters to detect AAR less specific 
(z Videos 50.6 and 50.7). Late recurrences or increases in PE 
size are associated with a higher incidence of AAR. However, 
PE is a common postoperative finding in HT patients and its 
presence has low diagnostic accuracy for the diagnosis of AAR 
episodes [6,15].

Classic assessment of left ventricular systolic 
and diastolic function
Owing to advances in immunosuppression, overt LV systolic 
dysfunction rarely occurs, even in histologically proven AAR. 
Although global LV systolic function parameters are insensitive 
markers of AAR, monitoring of LV global and regional func-
tion is important in patients with suspected or proven AAR. 
In fact, the presence of global LV dysfunction or wall motion 
abnormalities are indicative for a more aggressive management 
[9,10].

Since AAR is associated with altered myocardial compliance, 
the development of LV restrictive filling patterns, with a decrease 
of at least 15% in the mitral deceleration or the isovolumic relaxa-
tion time and a 20% increase in the E-wave peak velocity were 
proposed as sensitive markers of AAR occurrence [8]. However, 
Doppler parameters are difficult to use in clinical practice [6,16] 
and the presence of LV restrictive filling, as commented earleir, is 
not specific for early AAR.

Fig. 50.7 Acute allograft rejection 
(AAR), same case as shown in Videos 
50.6 and 50.7. Two-dimensional 
speckle tracking imaging: global 
longitudinal strain is severely 
decreased (7.5%) predominantly at 
mid and basal septum.
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HT; (2) interpretation of CFR values is difficult, as resting coro-
nary flow is increased after HT; and (3) generally, CFR provides 
selective assessment in limited territories, but conclusions are 
extrapolated to all coronary territories. In addition, most studies 
correlated CFR with epicardial CAV using IVUS or angiogra-
phy, which are debatable gold-standards for microcirculatory 
dysfunction.

Right ventricular endomyocardial 
biopsy
Despite its limitations, mainly related to diagnostic yield and risk 
of complications, EMB remains the primary diagnostic method 
of rejection surveillance in HT recipients. According to guide-
lines, in adult HT recipients, periodic biopsies are recommended 
during the first 6–12 months after HT [2]. After the first year, the 
frequency of biopsies varies widely, from centres that perform an 
EMB every 6 months to centres that do not repeat the EMB if esti-
mates of risk of AAR are low [25]. The use of routine EMB after 5 
years from HT is optional, depending on clinical judgement and 
the risk for late AAR. EMB may be guided and monitored either 
by fluoroscopy or TTE, with a rate of complication below 6% in 
most case series. Life-threatening complications like RV perfora-
tion during EMB ranges from 1% to 3%. The most frequent late 
sequelae related to EMB are:

with coronary angiography. As CAV is morphologically char-
acterized by diffuse and concentric lesions, angiography has 
been reported to underestimate both the extension and the 
severity of the disease and intravascular ultrasound (IVUS) 
has been proposed as the gold standard for CAV diagnosis. 
According to current guidelines, annual or biannual coronary 
angiography should be considered to detect the development 
of CAV [2].

Resting echocardiography
LV systolic dysfunction late after HT is often related to CAV and 
is associated with a poor prognosis. New wall motion abnor-
malities (WMAs) detected at the follow-up are uncommon but 
they are very specific for the diagnosis of CAV [21]. In the late 
follow-up, LV myocardial systolic velocity (s′) of 10 cm/s or less 
has been found to be associated with a 97% likelihood for CAV 
whereas s′ values of greater than 11 cm/s exclude CAV with 90% 
probability [18].

Pharmacological stress echocardiography
Pharmacological stress echocardiography is safe and well tolerated 
in HT recipients. Dobutamine is the preferred stressor, mainly 
because denervation of the graft increases the responsiveness to 
chronotropic stimulation. Several studies have studied the accu-
racy of dobutamine stress echocardiography (DSE) in predicting 
adverse cardiac events and in detecting CAV in HT recipients 
[22,23]. Regional WMAs induced by DSE have been shown to be 
associated with moderate to severe coronary intimal thickening 
as evaluated by IVUS. DSE showed a sensitivity of 72–86% and 
specificity of near 90% for CAV [23]. The prognostic value of DSE 
is also comparable to that of IVUS. Moreover, cardiac events in the 
long-term follow-up are more frequent in patients with worsening 
WMAs at serial DSE tests [24]. A normal DSE is a very powerful 
predictor of an uneventful clinical course with a negative pre-
dictive value of 90–95% (z Videos 50.8–50.10). Although CAV 
detection and prediction of cardiac events have been evaluated 
less extensively with dipyridamole stress echo, some studies sug-
gest that it may be useful especially when microvascular disease is 
suspected.

Coronary flow reserve
Coronary flow reserve (CFR) has been proposed as a test for 
microvascular dysfunction assessment. TTE Doppler assess-
ment of the left anterior descending artery (LAD) CFR using 
adenosine and cut-off point values of 2.6 to 2.7 or less has shown 
82–91% sensitivity, 62–87% specificity, and 85% accuracy for 
angiographically proven CAV (% Fig. 50.8). In addition, non-
invasive CFR has been demonstrated to be a reliable predictor 
of CAV-related major cardiac adverse events. However, CFR 
presents several limitations: (1) due to the medial displace-
ment of the graft and its exaggerated translational motion, TTE 
Doppler assessment of LAD flow is technically demanding in 

Fig. 50.8 Transthoracic adenosine coronary flow reserve (CFR) of the distal 
left anterior descending (LAD) branch of left coronary artery. Upper panel: 
resting coronary flow velocity. Lower panel: flow velocity after adenosine. 
The ratio is clearly less than 2.5, very suggestive of abnormal CFR in the LAD 
territory raising the suspicion of chronic allograft vasculopathy

PRE

CFR < 2.5

POST



right ventricular endomyocardial biopsy 437

Table 50.1 Recommended measurements to be reported (recommended acquisition technique) in echocardiographic studies obtained from 
heart transplant patients

Cardiac structure Mandatory measurements Compulsory measurements

Left ventricle End-diastolic, end-systolic volumes (2D biplane)
Ejection fraction (2D biplane)
Interventricular septum and infero-lateral wall thicknesses (2D or 2D guided M-mode)
Lateral S and e′ wave velocities (tissue Doppler imaging)
Global longitudinal strain

End-diastolic, end-systolic volumes (3D)
Ejection fraction (3D)
Mass (3D)
Myocardial performance index (Doppler)

Right ventricle TAPSE (M-mode)
Fractional area shortening (2D)
Free wall thickness
Free wall S wave velocity (tissue Doppler imaging)
Free wall longitudinal strain

End-diastolic, end-systolic volumes (3D)
Ejection fraction (3D)
Myocardial performance index

Mitral valve E and A wave velocities (pulsed wave Doppler)
Semi- and quantitative assessment of severity of regurgitation (vena contracta diameter, 
E wave velocity, pulsed wave pulmonary veins, PISA)

Mitral annulus (3D)

Left/right atrium Volume (2D)
Pulmonary vein velocity (pulsed wave)

Volume (3D)

Aorta Root diameter (2D)
Diameter at the suture line (2D)
Ascending aorta diameter (2D)
Aortic arch diameter (2D)

Tricuspid valve Semiquantitative assessment of severity of regurgitation (vena contracta, PISA radius)
Systolic atrioventricular gradient (continuous Doppler)

Morphology (3D)
Annulus size (3D)

Inferior vena cava Expiratory diameters and respiratory collapse (2D)

Pericardium Presence and semiquantitative assessment of severity and extent of effusion

Source date from Badano LP, Miglioranza MH, Edvardsen T, et al. European Association of Cardiovascular Imaging/Cardiovascular Imaging Department of the Brazilian Society of 
Cardiology Recommendations for the use of cardiac imaging to assess and follow patients after heart transplantation. Eur Heart J Cardiovasc Imaging 2015; 16(9):919–48.

Fig. 50.9 Echocardiography 
monitoring of right ventricular 
endomyocardial biopsy. Four-chamber 
apical views (a, b) the tip of the 
bioptome (arrow) crossing the 
tricuspid valve is clearly visualized 
in the right ventricular (RV) cavity 
without touching the subvalvular 
apparatus. (c) Right contact with the 
interventricular septum. (d) The tip of 
the bioptome at the apical RV free wall 
can be also confirmed or denied (see 
Video 50.11).

(a) (b)

(c) (d)

◆	 Tricuspid valve injuries: after repeated biopsies the tricuspid 
leaflets may be injured, sometimes resulting in significant TR 
that may be symptomatic in up to 23% of patients.

◆	 EMB-related coronary fistula: most of these fistulas communi-
cate directly with the RV. They are usually diagnosed by coronary 
angiography and have no haemodynamic significance.

Fluoroscopic-guided endomyocardial biopsy
When fluoroscopy is used, controlling directionality of the tip of 
the bioptome may be problematic. In addition, soft tissues like the 
valvular apparatus cannot be visualized, increasing the risks of 
tricuspid valve injury. As the free wall of the RV cannot be visual-
ized with fluoroscopy, biopsy samples should be taken from the 
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the graft (usually 3–6 months after HT) it is important to perform 
a complete TTE, including all the parameters about dimensions, 
geometry, and function (% Table 50.1). This TTE study will estab-
lish the baseline parameters of each HT patient to be used for 
comparison during follow-up. The use of serial echocardiograms 
and their comparison to the baseline state may be very helpful in 
the early suspicion of complications, the definition of patterns of 
risk for rejection, and also to monitor changes in graft function in 
response to therapy.

Conclusions
Echocardiography may significantly contribute to the evalua-
tion of HT patients at various stages. Non-invasive recognition 
of acute allograft dysfunction is a major objective in the periop-
erative period. In the early postoperative period, TTE provides 
assessment of the normal changes in cardiac anatomy and physi-
ology after HT. Echo Doppler-derived parameters are used as an 
adjunct rather than a replacement for EMB that is still the gold 
standard for surveillance of AAR. In patients who survive the 
first 2 years after HT, DSE has been proven to accurately identify 
CAV and to predict adverse cardiac events. Finally, echocardio-
graphic monitoring during EMB is preferred by many groups 
because it avoids repeated X-ray exposure, permits visualization 
of soft tissues, and safer performance of biopsies of different RV 
regions.

interventricular septum in order to decrease the risk of perfora-
tion. After several EMBs, scarring of the interventricular septum 
increases the difficulty in obtaining adequate tissue samples and 
the risk of procedural complications.

Echocardiographic-guided endomyocardial 
biopsy
This avoids repeated X-ray exposure, decreases the possibility 
of damaging the tricuspid valve apparatus, and permits quick 
identification of other complications like PE [26]. However, 
tracking the tip of the bioptome during the whole procedure by 
echocardiography requires operator experience (% Fig. 50.9; z 

Video 50.11).

Echocardiographic monitoring  
and follow-up
According to guidelines, lifelong follow-up visits are recom-
mended for HT recipients [2]. The purpose of these visits is to 
monitor for rejection and screen for adverse events. The frequency 
of follow-up visits depends on the postoperative clinical course 
and should be increased if complications occur. Echocardiography 
is routinely performed during each follow-up visit. After stabiliza-
tion of patients and regression of early postoperative changes of 



references 439

10. Goland S, Siegel RJ, Burton K, et al. Changes in left and right ven-
tricular function of donor hearts during the first year after heart 
transplantation. Heart 2011; 97(20):1681–6.

11. Stengel SM, Allemann Y, Zimmerli M, et al. Doppler tissue imaging 
for assessing left ventricular diastolic dysfunction in heart transplant 
rejection. Heart 2001; 86(4):432–7.

12. Chan MC, Giannetti N, Kato T et al. Severe tricuspid regurgitation 
after heart transplantation. J Heart Lung Transplant 2001; 20:709–17.

13. Mastouri R, Batres Y, Lenet A, et al. Frequency, time course, and pos-
sible causes of right ventricular systolic dysfunction after cardiac 
transplantation: a single center experience. Echocardiography 2013; 
30(1):9–16.

14. 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 1998; 82:352–7.

15. Al-Dadah AS, Guthrie TJ, Pasque MK, et al. Clinical course and 
predictors of pericardial effusion following cardiac transplantation. 
Transplant Proc 2007; 39:1589–92.

16. Mena C, Wencker D, Krumholz HM, McNamara RL. Detection of 
heart transplant rejection in adults by echocardiographic diastolic 
indices: a systematic review of the literature. J Am Soc Echocardiogr 
2006; 19(10):1295–300.

17. Palka P, Lange A, Galbraith A, et al. The role of left and right ven-
tricular early diastolic Doppler tissue echocardiographic indices in 
the evaluation of acute rejection in orthotopic heart transplant. J Am 
Soc Echocardiogr 2005; 18(2):107–15.

18. Saleh HK, Villarraga HR, Kane GC, et al. Normal left ventricular 
mechanical function and synchrony values by speckle-tracking echo-
cardiography in the transplanted heart with normal ejection fraction. 
J Heart Lung Transplant 2011; 30:652–8.

19. Marciniak A, Eroglu E, Marciniak M, et al. The potential clinical role 
of ultrasonic strain and strain rate imaging in diagnosing acute rejec-
tion after heart transplantation. Eur J Echocardiogr 2007; 8:213–21.

20. Kato TS, Oda N, Hashimura K, et al. Strain rate imaging would pre-
dict sub-clinical acute rejection in heart transplant recipients. Eur J 
Cardiothorac Surg 2010; 37:1104–10.

21. Wilhelmi M, Pethig K, Wilhelmi M, et al. Heart transplantation: 
echocardiographic assessment of morphology and function after 
more than 10 years of follow-up. Ann Thorac Surg 2002; 74(4):1075–9.

22. Eroglu E, Herbots L, Cleemput JV, et al. UItrasonic strain/strain rate 
imaging—a new clinical tool to evaluate the transplanted heart. Eur J 
Echocardiogr 2004; 6(3):186–95.

23. Bacal F, Moreira L, Souza G, et al. Dobutamine stress echocardiog-
raphy predicts cardiac events or death in asymptomatic patients 
long-term after heart transplantation: 4-year prospective evaluation. J 
Heart Lung Transplant 2004; 23:1238–44.

24. Spes CH, Klauss V, Mudra H, et al. Diagnostic and prognostic 
value of serial dobutamine stress echocardiography for noninvasive 
assessment of cardiac allograft vasculopathy: a comparison with cor-
onary angiography and intravascular ultrasound. Circulation 1999; 
100(5):509–15.

25. Roshanali F, Mandegar MH, Bagheri J, et al. Echo rejection score: new 
echocardiographic approach to diagnosis of heart transplant rejec-
tion. Eur J Cardiothorac Surg 2010; 38(2):176–80.

26. Bell CA, Kern MJ, Aguirre FV, et al. Superior accuracy of anatomic 
positioning with echocardiographic- over fluoroscopic-guided endo-
myocardial biopsy. CathetCardiovasc Diagn 1993; 28:291–4.



Contents
Summary 440
Normal anatomical variants and 
artefacts 440
Vegetations: bacterial versus non-bacterial 
endocarditis 441

Infective endocarditis 441
Non-bacterial and marantic endocarditis 442

Cardiac thrombi 442
Introduction 442
Left ventricular thrombi 442
Left atrial thrombi 445
Right atrial thrombi 446
Right ventricular thrombi 448

Conclusion 448
References 448

CHAPTER 51

Cardiac masses and 
potential sources of emboli
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Summary
Ischaemic stroke is a major cause of disability and mortality worldwide. Cardioaortic 
embolism to the brain accounts for approximately 15–30% of ischaemic strokes and is 
often referred to as cardioembolic stroke. Cardioembolic stroke is generally severe and 
prone to recurrences, both early and in the long term. Identifying potential cardiac 
sources of embolism is a key focus, as treatment may vary according to the cardiac condi-
tion diagnosed. Unfortunately, and often despite comprehensive aetiological evaluation, 
up to 30% of ischaemic strokes remain ‘cryptogenic’ (i.e. without an established cause). 
The diagnosis of a cardioembolic stroke is often difficult, as the presence of a potential 
cardiac source of embolism alone does not establish the stroke mechanism. The clinical 
significance of the presence of minor or unclear cardiac risk sources remains controver-
sial. Furthermore, approximately 25% of patients have more than one cardiac source of 
embolism and 15% have significant cerebrovascular atherosclerosis. The combination of 
these clinical factors emphasizes the role of echocardiography—both transthoracic echo-
cardiography (TTE) and transoesophageal echocardiography (TOE)—in the evaluation 
of stroke patients, the diagnosis of potential cardiac sources of embolism, and for thera-
peutic guidance.

The European Association of Cardiovascular Imaging (EACVI, formerly the 
European Association of Echocardiography) classifies cardiac conditions that pre-
dispose to cerebral embolism in two ways. From a causal perspective, conditions are 
classified as major, minor, or uncertain. From a pathological perspective, conditions 
are classified as those that predispose to thrombus formation, such as atrial fibrillation, 
which predisposes to left atrial appendage (LAA) thrombosis; intracardiac masses (e.g. 
tumours, vegetations, and thrombi); and pathways within the heart leading to para-
doxical embolism or patent foramen ovale (PFO). The EACVI recommend performing 
TTE and TOE when neurological symptoms potentially due to a suspected cardiac aeti-
ology are present [1].

Normal anatomical variants and artefacts
In the latest recommendations on the use of echocardiography in the diagnosis and man-
agement of cardiac sources of embolism [1], the EACVI summarized the most frequently 
occurring normal anatomical variants detectable by echocardiography. The summary 
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may be located on valves, other endocardial structures or intra-
cardiac devices [10] (see % Fig. 51.1; z Videos 51.1 and 51.2). 
Echocardiography also enables the detection of predispos-
ing heart disease and infective endocarditis complications (see  
z Video 51.3). TOE has better sensitivity than TTE for the detec-
tion of vegetations [11]; however, the sensitivity is not 100% [10]. 
See % Fig. 51.2 and z Videos 51.4 and 51.5, showing on TTE a 
small mass on the aortic valve in the short-axis view but not the 
long-axis view. TOE in the same patient also enables the diagnosis 
of infective endocarditis (see % Fig. 51.3; z Video 51.6). On this 
echocardiogram, the vegetation on the non-coronary cusp of the 
aortic valve is clearly visible and a predisposing cardiac condition 
is diagnosed (subaortic membrane) (see % Fig. 51.4).

The EACVI recommends that TTE is the first examination per-
formed when infective endocarditis is suspected. TOE must be 
performed in situations where the initial TTE is negative despite a 
high level of clinical suspicion, when TTE imaging is inadequate, 

includes descriptions of several echocardiographically detectable 
artefacts, which are not related to embolic events and must be  
distinguished from intracardiac masses (see % Box 51.1).

Vegetations: bacterial versus non-
bacterial endocarditis
Infective endocarditis
Infective endocarditis is a major cardiac source of embolism [1]. 
Symptomatic and asymptomatic cerebral embolisms complicating 
left-sided infective endocarditis occur frequently (43% in a series 
of 58 patients examined by cerebral diffusion-weighted magnetic 
resonance imaging) [2]. Cerebral emboli are often observed 7–10 
days after endocarditis infection [3], with an increased risk of 
embolism in the first days following initiation of antibiotic therapy.

The risk of systemic embolism depends on the size of the veg-
etation, the degree of mobility, and the affected valve (mitral 
presents a greater risk of embolism than aortic) [4–6]. Vegetation 
size is an independent risk factor for embolism: vegetations larger 
than 10 mm are associated with an embolic event in 60% of cases 
and those larger than 15 mm in 85% of cases [4]. Embolic risk 
is higher for vegetations that increase in size during an adapted 
antibiotic treatment and when the causative microorganism is 
Staphylococcus [7].

Early surgical treatment may be discussed for patients with 
active infective endocarditis complicated by cerebral infarction 
[8]. This is particularly relevant in the case of one or more embolic 
events in the first 2 weeks of antimicrobial therapy. Delayed sur-
gical treatment (more than 2 weeks of treatment) is discussed in 
the case of one or more delayed ‘major’ embolic events, exclud-
ing both cutaneous embolisms and those arising before treatment 
initiation [9].

Echocardiography is mandatory when there is a clinical sus-
picion of infective endocarditis. On echocardiography, infective 
vegetations appear as oscillating or non-oscillating masses; they 

Box 51.1 Frequently occurring normal anatomical variants 
detectable by echocardiography

◆	 Right atrium: Chiari network, Eustachian valve, crista termi-
nalis, catheters/pacemaker leads, lipomatous hypertrophy of 
interatrial septum, pectinate muscles, and fatty material  
surrounding the tricuspid annulus.

◆	 Left atrium: lipomatous hypertrophy of interatrial septum, 
fossa ovalis, transverse sinus, calcified mitral annulus,  
coronary sinus, ridge between upper pulmonary vein and 
left atrial appendage, suture line following transplant, and 
pectinate muscles.

◆	 Right ventricle: catheters and pacemaker leads, muscle  
bundles/trabeculations, and moderator band.

◆	 Left ventricle: trabeculations, false chords, papillary muscles, 
and technical artefacts. Fig. 51.1 Focused mitral valve (MV) image on TOE at 0°, showing a 10 mm 

vegetation on the atrial side of the MV.

Fig. 51.2 Transthoracic echocardiography. The acoustic widow is moderate. 
Short-axis view of the aortic valve shows an echogenic mass attached to the 
aortic valve.
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atrioventricular valves and on the ventricular side of the semilu-
nar valves [15]. Vegetations are usually small in size and friable, 
with a high embolic potential. TOE is a useful tool for diagnosing 
non-bacterial and marantic endocarditis [13]. Embolic events are 
treated according to the underlying cause (with chemotherapy or 
immunosuppressive therapy) and heparin-based anticoagulation 
treatment is added [16].

Cardiac thrombi
Introduction
Cardiac thrombi are major causes of embolism [1]. Blood stasis, 
vascular wall damage, and hypercoagulability are the three main 
determinants of intracardiac thrombus formation. Stasis is the 
most frequent determinant of the formation of left atrial (LA) 
thrombi and LAA thrombi. Subsequently, LA thrombi and LAA 
thrombi are primarily, but not exclusively, observed in atrial fibril-
lation and mitral stenosis. Regional or global left ventricular (LV) 
dysfunction seen in acute anterior myocardial infarction and 
dilated cardiomyopathy (including peripartum cardiomyopathy), 
is the main, but not exclusive, cause of LV thrombi. Right-sided 
heart thrombi are the most frequent cause of pulmonary embo-
lism but may cause systemic paradoxical embolisms when a PFO 
is present.

Left ventricular thrombi
Predisposing conditions

Ischaemic heart diseases, notably acute anterior myocardial 
infarction, are major sources of LV thrombi. Several cardiac con-
ditions are known risk factors for LV thrombus formation and 
include dilated cardiomyopathy, stress-induced cardiomyopathy, 
and severe LV systolic dysfunction complicating valvular heart 
disease. LV thrombi were reported in up to 60% of patients with 
large anterior wall myocardial infarctions in the prethrombolytic 
era. % Table 51.1 summarizes key data points from more recent 
LV thrombus studies [17–26].

Diagnosis
LV thrombus appears as an echo-dense mass within the LV cavity, 
adjacent to an abnormally contracting LV segment (akinetic and 
less frequently hypokinetic) or an aneurysmal myocardium (see 
% Box 51.2).

The LV thrombus will be visible throughout the entire cardiac 
cycle and in at least two modified views or transducer positions.

LV thrombi are most frequently, but not exclusively, located 
in the cardiac apex. The LV thrombus shape is called ‘protuber-
ant’ (intracavitary) when the borders mainly protrude into the 
LV cavity. It may be pedunculated or sessile (see % Fig. 51.5; 
z Video 51.7). The LV thrombus shape is called ‘mural’ when 
the mass is flat and parallel to the contiguous endocardial sur-
face (borders concave). The LV thrombus is considered mobile 
when a segment of it moves independently of the adjacent 

or when prosthetic valve infective endocarditis is suspected. When 
the clinical suspicion is high but the initial TOE/TTE examina-
tions are negative, repeated exploration must be performed 7–10 
days later [1,10].

Non-bacterial and marantic endocarditis
Non-bacterial and marantic endocarditis are major cardiac 
sources of embolism [1]. Consequently, left-sided non-infective 
and marantic endocarditis are more frequently associated with 
systemic embolism, occurring in up to 30% of patients [12]. 
These conditions are thought to be responsible for one-third 
of ischaemic strokes in patients with cancer [13]. Risk factors 
include progressive neoplastic diseases, systemic disorders (dis-
seminated lupus), and antiphospholipid antibody syndromes, 
particularly when anticardiolipid antibody levels are high [14]. 
Vegetations are preferentially located on the atrial side of the 

Fig. 51.3 Transoesophageal echocardiography (115°) shows a 6 mm 
vegetation on the aortic valve (non-coronary cusp). The green arrow shows 
the subaortic membrane, best seen in Fig. 51.4.

Fig. 51.4 Transoesophageal echocardiography (121°). The green arrow points 
to the subaortic membrane.
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Fresh versus organized thrombus
Pathology evaluation may distinguish fresh thrombi (no organi-
zation), organizing thrombi, and laminated chronic organized 
thrombi. However, determination of thrombus age and differen-
tiation between fresh and organized thrombi are not yet possible 
with standard echocardiography. Analysis of thrombus defor-
mation investigated by tissue Doppler imaging is a promising 
technique [27]. Fresh and old thrombi can be differentiated by 
peak strain-rate during the isovolumetric relaxation period, using 
a cut-off value of 1/s.

Scanning tips
The following views must be obtained: parasternal long- and 
short-axis views, and apical four-, three-, and two-chamber views. 
Capturing multiple tomographic planes, including non-standard 
oblique apical views, is useful. Equally, using gain adjustments and 
focused LV apical images may be beneficial.

endocardial motion (see % Figs 51.6 and 51.7; z Videos 51.8 
and 51.9).

TTE sensitivity for detecting LV thrombus ranges from 21% 
to 33%, but improves to 61% when contrast agents are used  
(% Table 51.1). It is worthwhile to note that TTE performance for 
LV thrombus detection may vary according to the clinical indica-
tion of the echo. When echocardiograms were performed for the 
well-defined clinical indication of LV thrombus, TTE sensitivity 
increased from 26% to 60% and the positive predictive value for 
TTE increased from 21% to 75% [21].

Table 51.1  Left ventricular thrombus (LVT) prevalence and predictors in recent series, and TTE sensitivity and specificity for LVT detection

Reference Study Patients Diagnostic tool LVT,n(%) Predictors Se/Sp of TTE

Gianstefani  
et al. 2014 [17]

Retrospective pPCI for STEMI  
(n = 1059)

TTE before discharge; 
contrast echo when 
appropriate

42 (4%) Reduced LVEF; 
anterior MI

–

Shacham et al. 
2013 [18]

Retrospective pPCI for acute 
anterior STEMI  
(n = 429)

TTE 1, days 1 to 2;  
TTE 2, days 5 to 7 
(before discharge)

TTE 1, 11 (< 3%); 
TTE 2, 18 (4%)

LVEF < 40%; TIMI 
flow ≤ 1 before pPCI; 
longer time from 
onset to pPCI

–

Delewi et al. 
2012 [19]

Substudy of the HEBE 
trial [20]

pPCI for first STEMI 
(n = 194)

CMR 1, days 2 to 7;  
CMR 2, at 4 months; 
TTEs within 1 day of 
CMR

CMR 1, 17 (9%); 
CMR 2, 14 (7%)

Anterior MI; baseline 
infarct size

Se 21–24%;  
Sp 95–98%  
(vs CMR)

Weinsaft et al. 
2011 [21]

Prospective; real life 
clinical cohorta

LVEF < 50%  
(n = 243)

Routine echo (contrast 
in 4%) DE-CMR 
(registry) within 7 days

DE-CMR, 24 (10%); 
TTE 28, (12%)b

– Se 33%; Sp 91% 
(versus DE-CMR)

Solheim et al. 
2010 [22]

Participant in ASTAMI 
trial [23]

Anterior STEMI, PCI, 
stent, dual APL  
(n = 100)

TTE 1, 1–3 days after 
PCI; TTE 2, after 3 
months

15 (15%) within the 
first 3 months (2/3 
the first week)

Larger infarct sizes; 
lower LVEF

–

Osherov et al. 
2009 [24]

Retrospective Anterior STEMI and 
echo (n = 642):  
pPCI (n = 297);  
TT (n = 128); cons  
(n = 217)

TTE: median of 2 days  
from admission 
(interquartile range  
1–3 days)

General, 40 (6.2%); 
pPCI, 21 (7.1%); TT, 
10 (7.8%); cons,  
9 (4.1%); P = 0.28

Reduced LVEF; 
severe MR

–

Weinsaft et al. 
2009 [25]

Multimodality 
imaging in a high-risk 
population (TTE for the 
primary indication LVT)

Recent MI and 
chronic HF; CMR 
and TTE within  
7 days (n = 121)

TTE; echo contrast; cine-
CMR and DE-CMR in all

DE-CMR, 20 (20%) Larger MI (DE-CMR); 
more aneurysms; 
lower LVEF

TTE: Se 33%; Sp 94%
Echo contrast: Se 
61%; Sp 99% (versus 
DE-CMR)

Srichai et al. 
2006 [26]

IHD patients with 
surgical/pathological 
LV evaluation for LVT; 
retrospective data 
collection

IHD patients 
evaluated for LV 
reconstruction  
(n = 362)

TTE (contrast 
occasional)

Surgery/pathology, 
106 LVT (29%)

– Se 27%; Sp 96% 
(versus surgical 
or pathological 
confirmation)

APL, antiplatelet therapy; CMR, cardiovascular magnetic resonance; cons, conservative treatment; DE-CMR, delayed enhancement; HF, heart failure; IHD, ischaemic heart disease,; MR, 
mitral regurgitation; MI, myocardial infarction; pPCI, primary percutaneous intervention; Se, sensitivity; Sp, specificity; STEMI, ST-segment elevation myocardial infarction;  
TT, thrombolysis.
a General screening test, not dedicated echocardiography for LVT.
b Only eight had LVT concordantly.

Box 51.2 Appearance of left ventricular thrombus

◆	 Distinct margins between the LV wall and the LV cavity
◆	 A structural texture that differs from LV myocardium
◆	 A clear thrombus–blood interface. Distinct margins between 

the LV thrombus wall and the LV cavity.
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Role of contrast echocardiogram
Since contrast agents and contrast-specific imaging modalities 
became available (low mechanical indexes used), the sensitivity of 
TTE for detecting LV thrombus has improved. The diagnosis of LV 
thrombus is facilitated by the use of contrast echo as the contrast 
fills the LV cavity and thus enhances the visibility of the endocar-
dial border delineation. Contrast echocardiography is particularly 
useful in patients with suboptimal windows as it overcomes the 
inability of tissue harmonic echocardiography to clearly visualize 
the LV apex. LV thrombus appears on contrast images as a dark 
linear or protruding structure, adjacent to akinetic (or hypokinetic) 
myocardium, and surrounded by opacified blood (which appears 
bright) in the LV cavity. LV thrombus identification is based on 
anatomical appearance (see % Fig. 51.8; z Video 51.10).

Fig. 51.5 TTE, 4-chamber apical view. 
Apical, protuberant, cessile,  echo–
dense left ventricular thrombus (LVT).

Fig. 51.6 Transthoracic echocardiography, two-chamber apical view. Apical, 
protuberant, sessile, heterogeneous, echo-dense LV thrombus (arrows).

Fig. 51.7 Transthoracic echocardiography, five-chamber apical view. Apical, 
protuberant, pedunculated, heterogeneous, echo-dense LV thrombus.

Fig. 51.8 Same patient as in Fig. 51.5. Transthoracic echocardiography, four-
chamber, apical view, after contrast injection. Notice the contrast filling the LV 
cavity and enhancing the endocardial border. LV thrombus appears as a dark 
protruding structure, surrounded by opacified bright blood.
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334 patients with atrial fibrillation undergoing TOE, 95% were 
on some form of anticoagulation and 52 (15.6%) had LAA 
thrombi [43]. In this study, a higher CHADS2 score (odds ratio 
(OR) 1.45), increased LA volume index (OR 1.02), and lower 
LV ejection fraction (OR 1.02) were significant predictors of 
LAA thrombi. More interestingly, LAA thrombi were not seen 
in atrial fibrillation patients with a CHADS2 score or 1 or less 1, 
LV ejection fraction greater than 55%, and LA volume index less 
than 28 mL/m2. However, a ratio of LV ejection fraction to LA 
volume index of 1.5 or less had a 100% sensitivity for the pres-
ence of LAA thrombi [43].

Dynamic LA function has also been studied for thromboem-
bolic risk stratification using two-dimensional speckle tracking 
of the LA myocardium [44]. In this study, 36 patients with 
atrial fibrillation and 41 controls in sinus rhythm underwent 
standard TTE and regional and global longitudinal strain meas-
urements of the LA (GLS-LA). GLS-LA was lower in patients 
with atrial fibrillation. Multivariable analysis identified indexed 
LA volume and atrioventricular plane displacement as inde-
pendent predictors of GLS-LA. This study found GLS-LA to be 
a predictor of thromboembolic risk (CHADS2 score 2 or more,  
OR 0.86).

Decreased peak positive longitudinal strain of the LA during 
atrial filling and decreased peak strain rate in the reservoir phase 
of LA (during ventricular systole) have been associated with stroke 
in patients with permanent atrial fibrillation [45].

Diagnosis
TOE is necessary for the diagnosis of LA and LAA thrombi [46]. 
LA and LAA must be imaged in multiple views to diagnose or 
exclude the presence of thrombi. Thrombus is documented 
when an echogenic mass is seen in the LAA or the LA, is distinct 
from the underlying endocardium and pectinate muscles, and is 
detected in more than one imaging plane. See % Fig. 51.10 and  
z Videos 51.11–51.13 imaging LAA thrombi and % Figs 51.11 
and 51.12 and z Videos 51.14 and 51.15 imaging LA thrombi.

Sensitivity of 88% and specificity of 96% were recently 
reported for conventional echocardiography using contrast 
echocardiography for the detection of LV thrombus in a series of 
392 patients with anterior myocardial infarction. The reference 
was left ventriculography and/or multidetector-row computed 
tomography [28].

Embolization risk
Mobile and multiple thrombi are at higher embolic risk. The 
overall rate of post-treatment thromboembolism among 
patients on anticoagulant treatment in a recent retrospective 
study was approximately 17% [29]. However, in the literature 
this rate varies from 0% to 33% [30–37]. Furthermore, clinical 
or pathology endpoints at 6-month follow-up (transient ischae-
mic attack, cerebrovascular accident, or pathology-verified 
thrombus) seem to occur more frequently in patients with LV 
thrombus detected by delayed-enhancement cardiac magnetic 
resonance imaging than with TTE (16.7% and 7.7%, respec-
tively) [21]. Certain LV thrombus characteristics are predictors 
of embolism and include LV thrombus morphological varia-
tions over time in serial examinations, protruding shape, and 
mobility [38].

Left atrial thrombi
Predisposing factors

LA and LAA thrombi are primarily, but not exclusively, seen in 
atrial fibrillation and mitral stenosis [39]. Atrial fibrillation is the 
most frequent dysrhythmia, closely associated with age, and is the 
most common cardiac cause of embolism.

The stratification of risk for thromboembolic events in atrial 
fibrillation is currently based on clinical risk scores: CHADS2 
(cardiac failure or dysfunction, hypertension, age ≥ 75 [dou-
bled], diabetes, stroke [doubled]-vascular disease, age 65–74, 
and sex category [female]) [40] and CHA2DS2-VASc (congestive 
heart failure, hypertension, age >75 years, diabetes mellitus, and 
prior stroke or transient ischaemic attack [double]) [41]. The 
European Society of Cardiology accepts echocardiographic LV 
systolic dysfunction as a replacement for the item ‘heart failure’ 
in these scores [42]. These stroke risk-prediction schemes lack 
LA variables.

In atrial fibrillation, the recognized predictor of thromboem-
bolic events on TTE is LV ejection fraction less than 35%. Predictors 
on TOE include complex aortic plaques, spontaneous echo con-
trast in the LA/LAA and LA/LAA thrombi, and LAA dysfunction 
as measured by emptying velocities on pulsed Doppler less than or 
equal to 20 cm/s [1] (see % Fig. 51.9). However, although TTE is 
recommended in all patients with atrial fibrillation to identify the 
underlying causes of this arrhythmia, TOE as a semi-invasive tool 
is not systematically used.

Other TTE predictors of LAA thrombi, not yet included in 
the guidelines but concerning LA function, have been studied 
to bypass TOE for risk stratification. Although no single TTE 
variable is able to predict the presence or the absence of LAA 
thrombi, some preliminary data are promising. In a series of 

Fig. 51.9 Transoesophageal echocardiography. Pulsed Doppler recording of 
left atrial appendage velocities, in an atrial fibrillation patient. Notice reduced 
emptying velocities (11 cm/s).
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TOE is, however, a semi-invasive exploration that justifies the 
frequent attempts to stratify LAA thrombi risk by various TTE 
indexes and scores.

Right atrial thrombi
Predisposing features

Risk factors for right-sided cardiac thrombi are the same as 
those for venous thromboembolic disease and include recent 
surgery, hospitalization and immobilization, progressive neo-
plastic diseases, coagulation disturbance, systemic diseases (such 
as disseminated lupus, antiphospholipid syndrome, and protein 
S deficiency), and the use of tobacco and oral contraception in 
young women [47]. Right atrial (RA) wall damage by intracardiac 
devices may be responsible for RA thrombi (central catheters, 
pacemakers, and ventriculoatrial derivations).

Diagnosis
RA thrombi may be diagnosed by TTE, but TOE is the best diag-
nostic tool available. The thrombus appears as a large mass that 

Fig. 51.10 Transoesophageal echocardiography at 58°. Voluminous 
echogenic mass occupying the LAA.

Fig. 51.11 Transoesophageal echocardiography at 52°. Unusual anterior 
position of a LA thrombus.

Fig. 51.12 Same thrombus as in Fig. 51.11, visualized in two planes.

Fig. 51.13 Transoesophageal echocardiography at 7°. Dilated LAA with 
intense spontaneous echocardiographic contrast.

LA and LAA thrombi are often associated with spontaneous 
echocardiographic contrast, defined as dynamic ‘smoke-like’ 
and slowly swirling echodensities in the LA and/or LAA. Gain 
settings must be adjusted to distinguish background noise (see  
% Fig. 51.13).

Role of TOE
TOE is the gold standard for the diagnosis and exclusion of LA 
and LAA thrombi and is a useful tool for embolic risk stratifica-
tion in atrial fibrillation [1]. In the setting of atrial fibrillation, 
EACVI guidelines [1] recommend the use of TOE in the following 
situations:

◆	 for the guidance of short-term anticoagulated cardioversion, to 
exclude the presence of LA/LAA thrombi

◆	 in selected cases, such as pre-closure of LAA or recurrence of 
embolism under correct anticoagulation

◆	 to evaluate atrial fibrillation embolic risk according to LAA 
function.
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ovale, with two distal extensions. It is best visualized on a short-
axis view of the heart. The thrombus is often described as long, 
mobile, and snake-shaped; sometimes it prolapses into the right 
and/or left ventricle through the atrioventricular valves (see % 

Figs 51.17 and 51.18; z Videos 51.19 and 51.20). This diagnosis of 
a thrombus straddling the PFO is rarely made by TTE. However 
TTE may document the consequences of pulmonary embolism 
(dilated right cavities, paradoxical septum, and arterial pulmo-
nary hypertension). TTE may also show serpentine thrombi in the 
left and/or right atria [47]. In the setting of systemic embolism, 
the documentation of a thrombus straddling the PFO confirms a 
paradoxical embolism.

Differential diagnoses
The differential diagnosis between LA thrombi and other cardiac 
structures or acquired conditions may arise during TTE examination. 

changes shape and has striking mobility; it remains trapped within 
the RA. See % Fig. 51.14 and z Video 51.16 for TTE imaging and 
% Figs 51.15 and 51.16 and z Videos 51.17 and 51.18 for TOE 
imaging. TTE documents signs of cor pulmonale in more than 
75% of cases [48].

Thrombi ‘in transit’ (venous cast)
RA thrombi are usually diagnosed in the setting of pulmonary 
embolism, and are described in 7–18% of patients with pulmonary 
embolism. RA thrombi are related to venous thromboembolic dis-
ease, as the RA represents a transit zone on the pathway between 
the legs and the pulmonary arteries [48]. TOE shows mobile and 
freely moving masses, not attached to an intracardiac structure.

When a systemic thromboembolic event occurs, a paradoxical 
embolism should be suspected.

Another condition more often linked to systemic thromboem-
bolism is the thrombus straddling the PFO. It is diagnosed by TOE 
and appears as an oblong echodensity trapped in the foramen 

Fig. 51.14 Transthoracic echocardiography, four-chamber apical view. 
Voluminous protruding mass inserted on the posterior wall of the RA. Notice 
the dilated right cavities.

Fig. 51.15 Transoesophageal echocardiography at 120°. Same patient as in 
Fig. 51.14. The mass appears to be located in the right atrial appendage.

Fig. 51.16 Transoesophageal echocardiography at 117°. Same patient as in 
Fig. 51.14. Contrast agent has been injected. The mass appears dark.

Fig. 51.17 Transoesophageal echocardiography at 98°, focused on the atrial 
septum (short-axis view of the heart). Oblong echodensity trapped in the 
foramen ovale, with two distal extensions in the LA and the RA, defining the 
‘thrombus straddling the patent foramen ovale’.
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Bedside TTE is an important tool for RV exploration in the set-
ting of circulatory collapse and may also visualize the ‘in transit’ 
thrombi [48].

Conclusion
Echocardiography, both transthoracic and transoesophageal, is 
the cornerstone in the evaluation of patients with ischaemic stroke 
and peripheral systemic embolism. TTE must be performed first 
when infectious or non-infectious endocarditis is suspected, but 
TOE has better sensitivity. High-quality TTE is sufficient in the 
setting of cardiomyopathies and acute myocardial infarction. It 
allows the determination of the extent of LV and RV systolic dys-
functions and the identification of LV thrombus. Contrast echo 
may be useful when echogenicity is not sufficient. TTE is also 
useful, especially bedside echocardiography, when severe pulmo-
nary embolism is suspected. TTE may document RV thrombi and 
sometimes RA thrombi. TTE must be performed in all patients 
with atrial fibrillation; however, TOE is the main tool for the 
exclusion and diagnosis of LA and LAA thrombi. It also enables 
accurate stratification of embolic risk in atrial fibrillation. Major 
progress has been made in the field of echocardiography, with the 
emergence of transthoracic predictors of thromboembolic risk in 
atrial fibrillation. Nevertheless, these predictors remain prelimi-
nary and need confirmation. TOE is better for the evaluation of 
RA masses.

These cardiac structures are congenital and include the Chiari 
network, persistent Eustachian or Thebesian valves, lipomatous 
interatrial septum, and atrial septal aneurysm [1]. Acquired condi-
tions include the presence of intracardiac devices, vegetations, and 
intracardiac tumours. In all of these cases, TOE must be performed.

Right ventricular thrombi
Right ventricular (RV) thrombi occur rarely and are often diag-
nosed in the setting of clinical signs of pulmonary embolism and 
circulatory collapse (see % Fig. 51.19; z Video 51.21). RV thrombi 
may be induced by pacemaker leads or blunt chest trauma, and are 
seen in patients with endomyocardial fibrosis and Loffler’s endo-
carditis [49]. RV dilatation and systolic dysfunction, such as that 
seen in dilated cardiomyopathy, or RV infarction may also predis-
pose to RV thrombosis. RV thrombi may be ‘in transit’. Differential 
diagnoses include the following other RV masses: myxomas; angi-
omas, and angiosarcomas; and metastatic tumours to the RV.

In transit (venous cast)-imminent pulmonary emboli
While in transit, both RV and RA thrombi have the same deter-
minants and the RV serves as the final pathway to the pulmonary 
arteries. Thrombus transit between the RA and the RV has been 
imaged by TTE in a patient with very high suspicion of severe pul-
monary embolism [50].

Fig. 51.18 Transoesophageal echocardiography; three-dimensional–four 
dimensional view of the ‘thrombus straddling the patent foramen ovale’ (same 
as Fig. 51.17).

Fig. 51.19 Transthoracic echocardiography, four-chamber apical view. Right 
ventricular apical mass.
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CHAPTER 52

Cardiac tumours
Maria João Andrade,  
Jadranka Separovic Hanzevacki,  
and Ricardo Ronderos

Cardiac tumours
The low prevalence and the heterogeneous clinical presentation make the diagnosis of  
cardiac tumours difficult. Until they produce a mass effect by obstructing cardiac 
chambers and great vessels or until they cause pulmonary or systemic embolization, com-
plete heart block, or cardiac tamponade, cardiac tumours may remain asymptomatic. 
Secondary malignancies of the heart are far more common (20–40 times) than primary 
ones. Ninety per cent of all primary cardiac tumours are benign. The frequency and type 
of cardiac tumours in adults differ from those in children [1,2].

Primary benign tumours
Myxoma

Myxoma is the most common benign primary cardiac tumour (70%). They occur most 
commonly in the left atrium (75%, arising most often from the fossa ovalis in the intera-
trial septum), in the right atrium (20%), or in the ventricles (5%). Sporadic myxomas 
represent the large majority and tend to occur in middle-aged women as isolated lesions. 
In approximately 7% of cases, myxomas are familial, the best known example being the 
Carney complex. This syndrome is an inherited disease where multiple myxomas, ext-
racardiac myxomas (e.g. breast, skin), schwannomas, abnormal skin pigmentation, and 
endocrine overactivity or endocrine tumours may coexist. In cases of atrial myxomas in 
these patients, relapses are frequent [3].

Myxomas usually have a narrow base of attachment (pedicle) to the cardiac wall and 
their composition is heterogeneous, consisting of areas of haemorrhage, necrosis, cyst 
formation, fibrosis, and calcification. Cardiac myxomas have variable echocardiographic 
features, sometimes atypical. Most of them are globular in appearance, have a regular and 
smooth surface, and size ranging from 4 to 8 cm in diameter. Less frequently they may be 
multilobular or with very irregular and friable surfaces (see % Fig. 52.1). Their echogenic-
ity is usually not homogeneous, frequently with areas of echolucency and occasionally 
with areas of calcification, a useful finding to differentiate them from large thrombi. The 
degree of mobility depends on the size of the tumour (see % Fig. 52.2a–f) and the charac-
teristics of the stalk, but prolapse into the ventricles through the mitral or tricuspid valve 
during diastole (see % Fig. 52.2c,d, and % Fig. 52.3) is a very common finding for atrial 
located tumours. Besides the evaluation of location, size, contours, mobility, and echo-
genicity of the tumour, it is very important during the echocardiographic examination 
to identify the site of tumour attachment, to ensure that the tumour does not involve the 
valve leaflets, and to exclude the possibility of multiple masses.
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stenosis in right atrial myxomas [5]. A variable degree of atrioven-
tricular valves regurgitation is common, as well as increased right 
ventricular systolic pressures (see % Fig. 52.2f). Postoperatively, 
complete excision should be documented by echocardiography. 
Sequential long-term follow-up is indicated and close monitor-
ing of the patients with familial myxomas is essential to diagnose 
recurrences.

Papillary fibroelastoma

Papillary fibroelastoma (PFE) is the second most prevalent pri-
mary cardiac tumour mass and the most prevalent valvular 
tumour, representing 10% of the encountered cardiac tumours in 
autopsy series. PFEs are usually small (the majority are < 1 cm in 
diameter), mostly pedicled by a short stalk. Because of their small 
size, TOE is superior to transthoracic echocardiography (TTE) in 
diagnosing these tumours (see % Fig. 52.4; z Video 52.8) [6,7]. 
The aortic valve is most often affected (see % Fig. 52.5; z Videos 
52.9 and 52.10), followed by the mitral valve; less frequently the 
tricuspid and pulmonary valves or even the mural non-valvular 
endocardium may be affected. Regardless of their size, these highly 
mobile tumours with a frond-like appearance have the poten-
tial for systemic or pulmonary embolization producing clinical 

For cardiac myxomas, two dimensional (2D) echocardiography 
from multiple views—parasternal long-axis (see z Video 52.1), 
parasternal short-axis at the level of the mitral valve (see z Video 
52.2), apical four-chamber (see z Video 52.3), and from the sub-
costal views (see z Video 52.4)—was found to be highly accurate 
in providing all the relevant information for surgery [4]. However, 
in cases of very large myxomas that nearly fill the left atrial (LA) 
chamber in intimal contact with large portions of the LA endo-
cardium throughout the cardiac cycle, the stalk may be not clearly 
seen. In these cases, transoesophageal echocardiography (TOE) 
may be needed in planning the surgical approach. Multiple TOE 
provides useful imaging views and planes (long-axis view, left ven-
tricular outflow tract plane, see z Video 52.5; four chamber view, 
left ventricle and mitral valve plane, see z Video 52.6; and basal 
view, aortic valve and atrial septum plane, see z Video 52.7). In 
particular, all four pulmonary veins and the superior and inferior 
vena cavae must be specifically looked at for any local extension 
of the tumour. The degree to which the tumour causes functional 
obstruction to ventricular diastolic filling can be evaluated quali-
tatively by colour flow imaging and quantitatively by Doppler 
assessment of ventricular inflow which may show the typical 
signs of mitral stenosis in cases of left atrial myxomas, or tricuspid 

Fig. 52.1 Left atrial myxomas that 
were removed surgically. Note the 
difference in appearance: the top 
myxoma has a smooth surface while 
the bottom one is villous, more friable, 
and prone to tissue fragmentation and 
embolism. Courtesy of Rute Couto 
MD, and Rui Rodrigues MD.
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Fig. 52.2 Large left atrial myxoma 
(T) recorded from the parasternal 
long-axis (a, b) and from the apical 
four-chamber views (c, d) in systole 
(a, c) and diastole (b, d). During 
diastole, the tumour prolapses into 
the left ventricle (LV), completely 
obstructing the mitral valve orifice 
(b, d). (e) M-mode recording at the 
level of the mitral valve of a prolapsing 
left atrial myxoma. A dense array of 
wavy tumour echos is seen behind the 
anterior leaflet of the mitral valve. (f) 
Continuous wave Doppler recording 
of tricuspid regurgitation velocity of 
the same patient. Peak velocity is 5 
m/s, corresponding to a 100 mm Hg 
transtricuspid gradient. LA, left atrium; 
LV, left ventricle; RA, right atrium; RV, 
right ventricle.
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Fig. 52.3 Longitudinal 
transoesophageal view of a large left 
atrial myxoma (T). In systole (left) it 
remains inside the left atrium, while 
in diastole (right) it enters the mitral 
valve orifice, virtually occluding the 
orifice. Ao, aorta; LA, left atrium; LV, 
left ventricle.
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After birth, regression of the tumour in infancy is an expected out-
come, and complete resolution of more than 80% of the tumours 
may occur during early childhood [8,9]. Echocardiography is 
diagnostic and shows multiple, homogeneous, bright intramural 
masses with luminal extensions (see % Fig. 52.6; z Video 52.12). 
They may cause mechanical obstruction of the ventricular outflow 
tract. Surgical intervention should be preserved only in cases of 
severe obstruction or intractable arrhythmias.

Fibroma

Cardiac fibroma is the second most common primary cardiac 
neoplasm in childhood, although it may also affect adults. On 

manifestations such as transient ischaemic attack, stroke, angina, 
myocardial infarction, sudden death, syncope, and blindness [7]. 
In symptomatic patients and when PFE is found incidentally dur-
ing cardiac surgery preoperative evaluation, removal is reasonable, 
to prevent unexpected perioperative thromboembolic events.

Rhabdomyoma

Rhabdomyoma is the most common cardiac tumour in children. 
These tumours are usually multiple, located within the ventricles or 
intramural, and may also originate in the atrium. Fetal diagnosis is 
most commonly made on a 20-week anomaly scan after inciden-
tal detection of multiple intracardiac masses (see z Video 52.11). 

LV

LA
LA

LA

AO

LV

Fig. 52.4 Transoesophageal 
echocardiography views from a young 
man who had an embolic event. 
Transducer position at 134° (left) and 
90° (right) shows a small (8 mm) mass 
on the ventricular side of the anterior 
mitral leaflet, which corresponded to 
a papillary fibroelastoma of the mitral 
valve. Ao, aorta; LA, left atrium; LV, left 
ventricle.

LALA

RA
AO AO

LV

Fig. 52.5 Transverse (left) and 
longitudinal (right) transoesophageal 
views of a small mass attached to 
the aortic side of the aortic valve in a 
patient after an embolic myocardial 
infarction. These rather small tumours 
can be missed by transthoracic 
echocardiography. AO, aorta; LA, left 
atrium; LV, left ventricle; RA, right 
atrium.

Fig. 52.6 Fetal echocardiography 
(left) and transthoracic apical four-
chamber view (right) from a baby 
showing multiple cardiac tumours 
(arrows) in both ventricles and on the 
mitral valve. This is a typical example 
of rhabdomyoma. Ao, aorta; LA, left 
atrium; LV, left ventricle; RA, right 
atrium; RV, right ventricle. Courtesy 
of Ana Teixeira, MD.
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echocardiography it usually appears as a solitary intramural 
homogeneous echogenic lesion, rounded, with a fibrous, whorled 
cut surface (see % Fig. 52.7). Usually located in the interventricu-
lar septum or the left ventricular free wall, the size of the tumour 
may vary from 1 to 10 cm. Calcification of the central portion is a 
specific sign reflecting poor blood supply, but may be mistaken for 
apical thrombus or hypertrophic cardiomyopathy. In symptomatic 
cases, surgical resection is recommended, because of the potential 
to induce heart failure or arrhythmias. Periodic echocardiography 
may be necessary to monitor for the possible recurrence of the 
tumour [3].

Lipomas and lipomatous hypertrophy of the interatrial 
septum

Cardiac lipomas are rare cardiac tumours (8.4%) in adults, usually 
found in the right atrium or in the left ventricle. They are encapsu-
lated subepicardial masses, commonly silent but may rarely cause 
arrhythmias and atrioventricular block.

Lipomatous hypertrophy of the interatrial septum (LHIS) is a 
benign cardiac mass characterized by massive fatty deposits in the 
interatrial septum that appears unusually thick. The mass has a 
typical dumbbell shape sparing the membrane of the fossa ova-
lis (see % Fig. 52.8a). Surgical management of LHIS should be 
limited to patients with severe rhythm disorders, haemodynamic 

Fig. 52.7 Apical four-chamber view from a young child showing a 
voluminous fibroma (arrow) located in the interventricular septum, causing 
left ventricular outflow tract obstruction. LA, left atrium; LV, left ventricle; RA, 
right atrium; RV, right ventricle. Courtesy of Rui Anjos, MD.
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Fig. 52.8 (a) Subcostal view of 
lipomatous hypertrophy of the 
atrial septum (arrows). Note the 
characteristic dumbbell shape 
appearance. (b) Atrial septal aneurysm 
(arrow) seen on TTE in a four-chamber 
view. (c) Left ventricular aberrant 
chordae or ‘web’ seen in an apical 
four-chamber view in a normal 
echocardiogram. (d) Mitral annular 
calcification may be taken for a cardiac 
mass. LA, left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle.
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emission tomography (PET) are useful in providing informa-
tion about extracardiac involvement as well as for assessment of 
tumour metabolism and proliferation [11,12].

Metastatic cardiac tumours
Malignant tumours spread to the heart by direct extension, 
lymphatic spread, haematogenous spread, and by intracavitary 
extension from the caval veins or through the pulmonary veins. 
Metastatic tumours are mostly located on the epicardial surface of 
the heart. Rare tumours, such as melanoma, malignant germ cell 
neoplasm, and malignant thymoma, spread at a higher rate to the 
heart. The greatest number of malignant cardiac lesions originate 
from lung tumours in men and from breast tumours in women. 
Because 90% of cases with secondary cardiac involvement are 
clinically silent, echocardiography should be performed to rule 
out intracardiac or pericardial involvement (see z Videos 52.13–
52.15) after a patient’s history of known malignancy, who presents 
with cardiac symptoms (see % Fig. 52.10). The differential diag-
nosis of pericardial effusion in a patient with known malignancy 
includes malignant pericardial effusion, radiation-induced peri-
carditis, drug-induced pericarditis, and idiopathic pericarditis.

The subcostal echocardiographic view is useful to rule out the 
presence of a floating mass extending through the inferior vena 
cava into the right cardiac chambers. In such a case, intracardiac 
extension of renal cell tumour, pelvic leiomyoma, or hepatocel-
lular carcinoma should be considered as a possible cause [3]  
(see % Fig. 52.11; z Video 52.16).

instability, and symptoms of superior vena cava syndrome or right 
atrium obstruction [3,10].

Pericardial cysts

Pericardial cysts, the most common pericardial tumour, usually 
small and most often discovered as incidental findings, can some-
times be mistaken for a coronary artery aneurysm or dextrocardia. 
The prognosis is excellent in this setting.

Primary malignant tumours
Ninety five per cent of primary cardiac malignancies are sarco-
mas (angio-, rhabdomyo-, leiomyo-, lipo-, osteo-, fibrosarcoma, 
and malignant fibrous histiocytoma) (see % Fig. 52.9). They can 
arise in any part of the heart but angiosarcoma, the most com-
mon type, arises preferentially in the right atrium and is more 
prevalent in men. Multiple attachment sites and infiltration of 
contiguous structures (walls, valves, and vessels), invasion of adja-
cent structures, and irregular pericardial thickening are indicative 
of malignancy [11]. Rhabdomyosarcomas can occur in any heart 
chamber, are often multicentric, and invade cardiac valves but 
rarely invade beyond the parietal pericardium. Primary cardiac 
lymphomas represent 5% of primary cardiac malignancies but it is 
thought that their incidence is rising in relation with the increase 
in prevalence of the transplanted population [12].

In cases where a malignant type of cardiac tumour is suspected 
by echocardiography, additional imaging modalities such as com-
puted tomography (CT), magnetic resonance imaging, or positron 

LVRV

RA

Fig. 52.9 Apical four-chamber (left) and two-
chamber (right) views of a left atrial mass (arrows) 
that corresponded to a primary sarcoma removed 
completely with surgery. LV, left ventricle; RA, right 
atrium; RV, right ventricle.
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Fig. 52.10 Bulky right-sided metastases (T) causing right ventricular outflow obstruction in a patient with a primary germ cell tumour, which presented with 
syncope. A small pericardial effusion is also present. Ao, aorta; LA, left atrium; LV, left ventricle; RA, right atrium.



normal anatomical variants 457

In the valves, Lambl’s excrescences are thin, mobile, filiform 
structures, also known as valvular strands. They occur most often 
on the ventricular side of the aortic valve. The differential diag-
nosis for Lambl’s excrescences includes fibroelastoma, thrombi, 
and vegetations [16]. Finally, caseous calcification of the mitral 
annulus is a rare form of periannular calcification that generally 
appears as a calcified mass with a central echolucent area that may 
lead to diagnostic errors (see % Fig. 52.8d).

Extracardiac masses may compress the heart and create a mass 
effect. Examples of such masses include mediastinal tumours, cor-
onary aneurysms, or hiatal hernias.

For a personal perspective of cardiac tumours, see % Box 52.1.

For right-sided tumours where histological analysis is needed, 
TOE-guided transvenous biopsy is recommended, as it allows 
direct visualization of both the tumour and the bioptome posi-
tioning. Intracardiac echocardiographic guidance for transjugular 
biopsy of right-sided cardiac masses has also been described as 
useful and safe [13].

Normal anatomical variants
Variations within normality and less frequently encountered mor-
phologies do not necessarily denote disease or pathology. Several 
anatomical variants of normal structures throughout the heart 
may mimic pathological lesions and be misdiagnosed as tumours 
[14]. Most of these anatomical variants are located in the right 
atrium. The Chiari network is characterized by an elongated and 
fenestrated highly mobile curvilinear structure interconnecting 
the crista terminalis, interatrial septum, inferior vena cava, and 
coronary sinus valves. Its prevalence is 2% in normal hearts and it 
is seldom clinically relevant. When doubts arise with TTE, TOE is 
helpful to differentiate it from vegetations, ruptured chordae of the 
tricuspid valve, or a pedunculated right-sided tumour. A promi-
nent Eustachian valve, an embryological remnant of the right 
valve of sinus venosus best identified in subcostal views, may also 
be mistaken for a pathological atrial mass. The crista terminalis 
runs along the lateral atrial wall, between the right sides of the 
two vena caval orifices. Aneurysms bulging from the interatrial 
septum are usually incidental findings (see % Fig. 52.8b). In rare 
instances, interatrial septal aneurysms may mimic atrial masses.

In the left atrium, the normal ridge between the left atrial 
appendage and the left superior pulmonary vein, when thick and 
prominent, may be mistaken for an abnormal mass [15]. TOE is 
largely superior to TTE in characterizing atrial masses.

In the ventricles, right ventricular moderator band, left ven-
tricular bands or false tendons, normal or aberrant trabeculae or 
chordae, and prominent papillary muscles are further examples of 
normal cardiac structures that can be mistaken for pathological 
entities (see % Fig. 52.8c).

Fig. 52.11 Apical four-chamber (left) view showing a right atrial mass close to the interatrial septum (arrow). Transverse transoesophageal (right) view disclosed 
the mass attached to the junction of the inferior vena cava and right atrium. This was a pelvic tumour that reached the heart through the venous system. IVC, 
inferior vena cava; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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Fig. 52.12 Three-dimensional full-volume echocardiography of a large right 
atrial myxoma (M). Detailed information of the mass volume and contour is 
provided as well as confirmation of the site of attachment in the interatrial 
septum (arrow). LV, left ventricle; RV, right ventricle. Courtesy of Jorge Almeida, 
MD, Cardio-Thoracic Surgery Centre, Hospital São João, Porto, Portugal.
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Box 52.1 Personal perspective

Nowadays, most of the knowledge regarding cardiac tumours 
is still mainly based on postmortem studies, and the neoplastic 
nature and specific type of a cardiac mass can only be estab-
lished with certainty by histology. Intracardiac masses are more 
and more frequently detected by chance during routine imaging 
examinations. Therefore, it is very important for the echocar-
diographer to be prepared to gather and properly interpret the 
full range of data provided by cardiac ultrasound, and to inves-
tigate the achievements that technological advances such as 3D 
and contrast echocardiography may grant in this context [17,18]. 
Real-time three-dimensional echocardiography (RT-3DE) allows 
a detailed anatomy to be obtained, providing accurate informa-
tion not only of the size and shape but also of the volume, surface 
characteristics, and composition of the masses, as well as their 
relationship with adjacent structures (see Fig. 52.12) [19,20]. 
Because of the low prevalence of cardiac tumours, an effort of 
centralization and collaboration among different professionals 
and specialties who deal with these patients would be welcome 
in order to explore and establish the strengths and weaknesses of 
echocardiography and other imaging modalities (cardiac mag-
netic resonance, CT, and PET) in this setting.
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CHAPTER 53

Diseases of the aorta
Arturo Evangelista, Eduardo Bossone,  
and Alain Nchimi

Summary
Echocardiography has become the most used imaging test in the evaluation of cardiovas-
cular disease and plays an important role in the diagnosis and follow-up of aortic diseases.

Transthoracic echocardiography
Evaluation of the aorta is a routine part of the standard echocardiographic examination 
[1]. Transthoracic echocardiography (TTE) permits adequate assessment of several aortic 
segments, particularly the aortic root and proximal ascending aorta. All scanning planes 
should be used to obtain information on most aortic segments including the left and 
right parasternal long-axis views, the suprasternal view, the long axis in the two-chamber 
view, and the subcostal view. The lower abdominal aorta, below the renal arteries, can be 
visualized to rule out abdominal aortic aneurysms. However, it is best imaged as part of 
an abdominal ultrasound examination using a linear probe.

Transoesophageal echocardiography
Proximity of the oesophagus to the thoracic aorta and multiplane imaging permit 
improved incremental assessment of the aorta from its root to the descending thoracic 
aorta [2]. The most important transoesophageal echocardiography (TOE) views of the 
ascending aorta, aortic root, and aortic valve are the high TOE long-axis (at 120–150°) 
and short-axis (at 30–60°) views. A short segment of the distal ascending aorta, just before 
the innominate artery, remains unvisualized owing to interposition of the right bron-
chus and trachea (blind spot). The descending aorta is easily visualized in short-axis (0°) 
and long-axis (90°) views from the coeliac trunk to the left subclavian artery. Further 
withdrawal of the probe shows the aortic arch. In the distal part of the arch, the origin 
of the subclavian artery is easily visualized. However, in awake patients, the origin of the 
innominate and left carotid arteries is not clearly visualized. The proximal part of the 
coeliac trunk is seen in most cases. An additional view, the deep transgastric view, can 
sometimes image the entire ascending aorta and often the proximal arch.

Normal aorta
The ascending aorta diameter is smallest at the annulus and largest at the sinuses of 
Valsalva. The tubular portion of the ascending aorta is typically approximately 10% 
smaller than the diameter at sinus level. The normal descending thoracic aorta is smaller 
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(% Fig. 53.1). Echocardiographic measurements continue to be 
made from leading edge to leading edge, at end-diastole, per-
pendicular to the long axis of blood flow and at reproducible 
landmarks for the adult population. Although other techniques 
use inner edge-to-inner edge measurements, there is currently 
insufficient data to warrant a change to echocardiography.

Biophysical properties
The elastic properties of the aorta allow it to expand in systole 
and recoil during diastole. A large proportion of the left ventricu-
lar stroke volume is stored in the aorta (mainly in the ascending 
aorta) at end-systole, and that blood is then propelled forward 
during diastole into the peripheral circulation. The thoracic aorta 
is more distensible than the abdominal aorta since its media con-
tains more elastin. Aortic distensibility declines with age and as a 
result of premature changes in some disease states [9]. The com-
pliance of the aortic wall may be estimated by assessing change 
in aortic size in relation to the simultaneous change in aortic 
pressure. This may be assessed locally by diameter or area change 
through the cardiac cycle in relation to pressure change (e.g. 
distensibility) or regionally by determination of the pulse wave 
velocity (PWV) [10,11].

Assessment of aortic biophysical properties includes:
◆	 Distensibility, evaluated by an aortic pressure–dimension 

relationship. Changes in arterial diameter can be measured 
at ascending aorta level, approximately 3 cm above the aor-
tic valve in 2D-guided M-mode of parasternal long-axis view, 
with the diastolic aortic diameter (AoD) measured at the peak 
of the QRS complex and systolic aortic diameter (AoS) at the 
maximal anterior motion of the aorta, and the pulse pressure 
(PP) measured at the right arm by cuff sphygmomanometer as 
the difference between systolic and diastolic arterial pressure. 
Distensibility = [2(AoS − AoD)/AoD (PP)]. In clinical prac-
tice, brachial artery pressure can be used, provided there is no 
anisosphygmia, even though the PP obtained from the brachial 
artery may be slightly higher than that obtained from the aorta 
owing to the amplification phenomenon, which is more appar-
ent in young individuals.

◆	 Regional indices of aortic stiffness: PWV. PWV is defined as the 
longitudinal speed of the pulse wave through the aorta. PWV 
is inversely related to aortic elasticity. Hence, a stiffer aorta will 
conduct the pulse wave faster than a more compliant aorta. 
Central pressure, at the level of the ascending aorta, is produced 
as a combination of the antegrade wave from the left ventri-
cle and the retrograde ‘reflective’ waves from the periphery. 
In young individuals, as the aorta is more elastic, pulse wave 
speed is low and the retrograde flow thus reaches in the proxi-
mal aorta during diastole. As a result of aortic stiffening, PWV 
increases and the retrograde flow reaches in the proximal aorta 
earlier during systole, leading to a greater left ventricular after-
load and decreased diastolic pressure. Reported normal values 
for invasively determined PWV measurements in middle-aged 

than both the aortic root and ascending aorta. Several large stud-
ies have reported normal aortic root diameter in the parasternal 
long-axis view by two-dimensional (2D) TTE [3–6]. In adults, 
aortic dimensions are strongly and positively correlated with age 
and body size. Roman et al. considered three age strata [3]. These 
normal values have been accepted to date as the reference values. 
This approach has not been entirely satisfactory, mainly in obese 
patients. Nevertheless, in adults, a diameter of 2.1 cm/m2 has been 
considered the upper normal range in the ascending aorta [7]. 
However, in children, the regression line of aortic diameter and 
height (rather than body surface area, BSA) has a near-zero inter-
cept, so that standardization to height is a simple and accurate 
alternative in growing children [8]. Recently, utilizing a database 
consisting of a multi-ethnic population of 1207 apparently nor-
mal adolescents and adults 15 years of age and over, investigators 
devised equations to predict mean normal aortic root diameter 
and its upper limit from age, body size (BSA or height) and sex 
[5]. They are larger in men than in women of the same age and 
body size [5]. The upper limit of normal aortic diameter has been 
defined as two standard deviations (SD) greater than the mean 
predicted diameter. The Z-score (the number of SD above or 
below the predicted mean normal diameter) is a useful way of 
quantifying aortic dilatation. Among normal subjects, 95.4% have 
a Z-score between −2 and 2. Therefore, an aortic diameter can be 
considered dilated when Z-score is 2 or greater. The Z-score is par-
ticularly useful for evaluating aortic diameter in growing children.

Aortic dimensions
Measurement of aortic root diameter should be made perpen-
dicular to the axis of the proximal aorta recorded from several 
slightly differently oriented long-axis views. The standard meas-
urement is taken as the largest diameter from the right coronary 
sinus of Valsalva to the posterior (usually non-coronary) sinus  

Fig. 53.1 Parasternal long-axis view by TTE. The following diameters are 
shown: sinuses of Valsalva (1), sinotubular junction (2), and tubular ascending 
aorta (3). AO, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle.
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TOE permits a more rapid diagnosis of aortic arch plaques than 
2D TOE [14]. Suprasternal harmonic imaging by TTE also  
permits the visualization of protruding arch atheromas in many 
cases [15].

Significance of aortic atheroma: embolism risk 
and marker for systemic atherosclerosis
Atheroma prevalence increases with age, smoking, and PP. An  
association between aortic atheroma diagnosed by TOE and  
embolic events, both cerebral and peripheral, has been reported [16]. 
In the French Study of Aortic Plaques in Stroke, aortic plaques 
4 mm or larger were independent predictors of recurrent brain 
infarction (relative risk, RR 3.8) and any vascular events (RR 3.5) 
[17]. In addition, thoracic aortic atherosclerosis has been identi-
fied as a stronger predictor of the presence of significant coronary 
artery disease than conventional risk factors and a marker of 
increased mortality [18]. In patients with known significant carotid 
artery disease, the prevalence of aortic atheromas was 38%, and 
92% in those with significant coronary artery disease [19]. Aortic 
atherosclerosis has also been associated with cholesterol emboli-
zation (blue toe syndrome), stroke after coronary bypass surgery, 
and catheter-related embolism after cardiac catheterization and 
intra-aortic balloon pump insertion. Therefore, detection of aortic 
atherosclerosis on imaging has prognostic implications.

Large mobile aortic thrombi are possible causes of systemic 
emboli and appear to be a complication of atherosclerosis [20]. 
TOE is the best technique for diagnosing and monitoring the evo-
lution of these large thrombi (z Video 53.2).

Role of epi-aortic echo in the operating room
Atherosclerosis of the ascending aorta is a recognized risk factor for 
perioperative stroke [21]. Several investigators have demonstrated 

humans are 4.4 ± 0.4 m/s in the aortic root, 5.3 ± 0.2 m/s in the 
proximal descending thoracic aorta, 5.7 ± 0.4 m/s in the dis-
tal thoracic descending aorta, 5.7 ± 0.4 m/s in the supra-renal 
abdominal aorta, and 9.2 ± 0.5 m/s in the infra-renal aorta. 
Carotid–femoral PWV is considered to be the ‘gold-standard’ 
method for arterial stiffness [12], mainly because it is simple 
to obtain and because multiple epidemiological studies have 
demonstrated its predictive value for cardiovascular events. A 
recent expert consensus adjusted this threshold value to 10 m/s 
using the direct carotid-to-femoral distance [11]:

	

Aortic PWV(m/s)= Distance(mm)
Transit time(ms)

	 This evaluation may provide major pathophysiological and 
prognostic information that may have clinical implications 
both in disease states and in the general population.

Aortic atherosclerosis
Aortic atheromas are characterized by irregular intimal thick-
ening of at least 2 mm, with increased echogenicity. Complex 
plaques are defined as protruding atheromas of more than 4 mm 
in thickness, mobile debris, or presence of plaque ulceration  
(% Fig. 53.2; z Video 53.1).

Echo features and role of transoesophageal 
echocardiography
TOE is the most frequently used method and is the procedure of 
choice for detecting aortic atheroma and for assessing their size 
and morphological characteristics [13]. TOE can detect mobile 
components, calcification, or ulceration; three-dimensional (3D)  

Fig. 53.2 Transoesophageal echocardiography 
showing different aortic atherosclerosis severity: 
(a) minimal thickening of atherosclerosis; (b) 
atherosclerosis with thickening of 5 mm,; (c) 
atheroma of 9 mm; and (d) mobile atheroma in 
ascending aorta (arrow).

(a)

(c)

(b)

(d)
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saccular aneurysms, only a portion of the aortic circumference is 
weakened, producing an asymmetrical, relatively focal balloon-
shaped outpouching. There are also various morphological shapes 
of the aortic root and ascending aorta—some of which suggest 
specific aetiologies.

Role of transthoracic and transoesophageal 
echocardiography
TTE is an excellent modality for imaging aortic root dilatation [1], 
which is important for patients with annuloaortic ectasia, Marfan 
syndrome, or bicuspid aortic valve (BAV). Since the predominant 
site of the dilated area is the proximal aorta, TTE often suffices for 
screening (% Fig. 53.3a). In ascending aorta dilatation, TOE may 
provide better visualization of the upper part of the sinotubular 
junction (% Fig. 53.3b) and is clearly superior to TTE for assess-
ing aneurysms located in the aortic arch and descending thoracic 
aorta. Although TTE transducers are not optimal for assessing 
the abdominal aorta, the segment of the aorta between the coeliac 
trunk and renal arteries is frequently well visualized. The lower 
abdominal aorta, below the renal arteries, can also be visualized to 
rule out abdominal aortic aneurysms (% Fig. 53.3c). Abdominal 
aortic aneurysms, mostly infra-renal, are usually defined as hav-
ing a diameter of 30 mm or greater. Screening is recommended 
in all men over 65 years and may be considered in women over 
65 years with a history of smoking. Opportunistic screening dur-
ing TTE should be considered in the same population and in all 
patients with a thoracic aortic aneurysm [23].

Anatomies of the aorta and aortic valve have usually been 
defined preoperatively by echo [24]. Some TOE features play 
an important role in the assessment of the mechanisms of func-
tional aortic regurgitation. Functional classification of aortic root 

that epi-aortic echo is superior to TOE for detecting atheroma in 
the ascending aorta and arch [22]. Its excellent reproducibility 
makes it a clinically useful tool. Compared to TOE, it has better 
resolution, fewer artefacts, no blind spot, and superior detection 
of disease in the mid and distal ascending aorta. Despite its poten-
tial superiority, epi-aortic echo is less widely available than TOE. 
The finding of prominent atheromas may lead to modifications of 
surgical techniques.

Thoracic aortic aneurysms
Aortic aneurysm is defined as a permanent focal dilatation of the 
aorta of at least a 50% increase in diameter compared with the 
expected normal diameter.

Aetiology and types
Aortic aneurysms can be classified according to morphology, 
location, and aetiology. The several aetiologies of thoracic aortic 
aneurysms are listed in % Table 53.1. Sixty per cent of thoracic 
aneurysms involve the aortic root and/or ascending tubular aorta, 
40% the descending aorta, 10% the arch, and 10% the thoraco-
abdominal aorta. Aneurysms of the aorta can be classified into 
two morphological types: fusiform and saccular. Fusiform aneu-
rysms, which are more common than saccular aneurysms, result 
from diffuse weakening of the aortic wall. This process leads to 
dilatation of the entire circumference of the aorta producing a 
spindle-shaped deformity with a tapered beginning and end. In 

(a)

(c)

(b)

(d)

Fig. 53.3 Aorta aneurysms visualized by echocardiography (red arrows): 
(a) parasternal long-axis view by TTE showing a severe aortic root dilatation; 
(b) ascending aorta aneurysm located in the upper part of the sinotubular 
junction on TOE in long-axis view; (c) parasternal short-axis view showing 
right coronary sinus of Valsalva aneurysm; (d) abdominal view showing a large 
abdominal aneurysm (10 cm) with massive circular thrombosis.

Table 53.1 Aetiology of thoracic aortic aneurysm

Degenerative Associated with age, hypertension,
Aortic valve disease involves ascending aorta
Atherosclerotic risk factors involves frequently 
descending aorta

Genetically triggered diseases

Marfan syndrome Aortic root dilatation
Descending aorta dilation is infrequent

Loeys–Dietz syndrome Arterial tortuosities
High risk of dissection

Bicuspid aortic valve Ascending aorta dilation > 50% cases
Valsalva sinus involvement > 20% cases
Faster growth rate than tricuspid valves

Turner syndrome, Ehler–
Danlos syndrome

More common in ascending aorta

Familial non-syndromic 
aneurysms

New mutations: ACTA-II, etc.
May involve different aorta segments

Aortitis

Infectious Syphilis, Salmonella, Mycobacterium,
Others

Inflammatory Giant cell and Takayasu arteritis, others

Trauma Pseudoaneurysms in general, typical location at 
the aortic isthmus
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individual to identify dilatation of the ascending aorta or  
root [28].

Sinus of Valsalva aneurysms
Sinus of Valsalva aneurysms can consist of congenital abnormali-
ties or occur after an acute infection or inflammatory process. On 
both TTE and TOE, they appear as dilated and distorted sinuses in 
long- and short-axis views at aortic valve level. Congenital forms 
show an irregular mass protruding from the aortic sinuses into the 
adjacent cardiac chamber. Aneurysm of the right coronary sinus 
protrudes into the right ventricular outflow tract (% Fig. 53.3d),  
while the left coronary sinus protrudes into the left atrium, and 
non-coronary sinus into the right atrium. Often, they can be 
fenestrated: Doppler continuous wave, pulsed wave, and colour 
Doppler show the passage of systo-diastolic blood flow from a 
high-pressure chamber, such as the aortic root, to an adjacent low-
pressure chamber.

Acute aortic syndrome
Acute aortic syndrome (AAS) includes aortic dissection, intra-
mural haematoma (IMH), and penetrating atherosclerotic 
ulcer (PAU) [29]. The common denominator of these entities is 
the disruption of the media layer of the aorta wall. Because of  
the life-threatening nature of these conditions, prompt and accu-
rate diagnosis is paramount. Misdiagnosis of these conditions can 
lead to untimely deaths. The non-invasive imaging techniques 
play a fundamental role in the diagnosis and management of 
patients with AAS. The diagnosis of acute aortic syndrome can 
be made with similar accuracy using different imaging techniques 
[30]; however, the decision to use a specific technique depends 
on two major factors: availability of the techniques and experi-
ence of the imaging staff. Echocardiography has the advantage of 
being applicable in any hospital setting (emergency, intensive care, 
operating theatre), without the need to transfer the patient who 
is often in an unstable haemodynamic situation, monitored, and 
with intravenous drugs.

Classification of aortic dissection
The two most commonly used classification systems are the 
DeBakey and Stanford systems. The DeBakey classification system 
categorizes dissections into three subtypes based on the origin of 
the entry tear and the extent of the dissection. Type I dissection 
(the most common) originates in the ascending aorta and propa-
gates distally to include at least the aortic arch and, typically, the 
descending aorta. Type II dissection (the least common type) orig-
inates in and is confined to the ascending aorta. Type III dissection 
originates in the descending thoracic aorta (usually just distal to 
the left subclavian artery) and propagates distally, usually to below 
the diaphragm (% Fig. 53.4). The Stanford system, in a simpler 
scheme, divides dissections into two categories: those that involve 
the ascending aorta, regardless of the site of origin, and classified 

abnormalities responsible for aortic regurgitation is based on 
the assessment of leaflet function and aortic root size and pro-
vides important information for surgical management strategies 
[25,26]. The postoperative TOE exam should begin as soon as the 
patient comes off cardiopulmonary bypass and should confirm 
appropriate leaflet coaptation and improvement in aortic regur-
gitation post repair.

Differential diagnosis
The differential diagnosis between intraluminal thrombosis in 
descending thoracic aneurysms and total false lumen thrombosis 
is difficult. Calcification of the intima may help but the presence 
of a neointima in the surface of chronic intraluminal thrombus is 
not rare. However, the clinical implications and management are 
similar in both entities.

Follow-up and surgical timings
The clinical importance of maximum aortic diameter for prophy-
lactic surgical treatment implies it being measured as accurately as 
possible. It is essential for the same observer to compare measure-
ments side by side using the same anatomical references. TTE is an 
excellent and reproducible modality for imaging the aortic root, 
providing serial measurements of maximum aortic root diameters 
and aortic regurgitation evaluation. Since the predominant area of 
dilatation in annuloaortic ectasia, Marfan syndrome, and BAV is 
the proximal aorta, TTE often suffices for screening and timing for 
elective surgery [27].

At the time of the initial diagnosis of aortopathy in Marfan 
syndrome or in BAV by TTE, additional imaging with aortic com-
puted tomography (CT) or magnetic resonance imaging (MRI) 
is generally recommended to confirm that the size of the aorta 
measured by TTE is accurate and correlates with the CT/MRI 
measurement. Eccentric dilatation of the aortic sinus adjacent 
to the conjoined cusp increases the chance of underestimation 
of the aortic root measurement by TTE, particularly when the 
measurement is only obtained in the long-axis format. Although 
BAV occurs in over 50% of patients with coarctation, coarctation 
is noted in fewer than 10% of patients with BAV.

The important role of echocardiography in aortic valve repair 
lies in the recognition of the exact lesions that may be responsi-
ble for the insufficiency, and the selection of adequate operative 
manoeuvers to correct these abnormalities. The combination of 
functional evaluation by TOE and anatomical inspection at sur-
gery is therefore paramount when assessing the suitability of the 
conditions for repair. By echocardiography, the tethering indices 
might have the potential to guide the planning of aortic valve-
sparing surgery. Accurate echocardiographic measurements of 
aortic root diameters are also essential in other types of surgery 
such as the Ross procedure, homograft aortic valves, or in percu-
taneous aortic valve implantation.

Aortopathy can be present in first-degree relatives of patients 
with aortic genetic disorders or BAV disease; thus, TTE screen-
ing is recommended for the first-degree relatives of an affected 
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other segments such as the aortic arch, proximal descending 
aorta, and abdominal aorta may only be visualized using all imag-
ing planes and with adequate acoustic window. Classically, TTE 
has been considered limited in the diagnosis of aortic dissection. 
However, harmonic imaging has been shown to improve the sen-
sitivity and specificity of TTE in the diagnosis of aortic dissection 
[31] (% Figs 53.5 and 53.6; z Video 53.3).

The use of contrast enhancement (z Video 53.4) improves 
the accuracy of TTE in the diagnosis of type A aortic dissection 
(sensitivity 93% and specificity 97%), although it is more lim-
ited in type B involvement (sensitivity 84% and specificity 94%), 
mainly in the presence of non-extended dissection, IMH, and aor-
tic ulcers. However, given its availability, rapidity, and additional 
information on cardiac status, TTE may be used as the initial 
imaging modality when aortic dissection is clinically suspected in 

as type A; and those beginning beyond the arch vessels classified 
as type B. Dissections involving the aortic arch without involving 
the ascending aorta are classified as type B in the Stanford system.

Diagnosis of aortic dissection
The diagnostic hallmark of aortic dissection is a mobile dissection 
flap that separates the true and false lumina. Important features of 
the dissection flap include oscillation or motion that is independ-
ent of the aorta itself, visualization in more than one view, and 
clear distinction from reverberations from other structures.

Role of transthoracic echocardiography
TTE permits adequate assessment of several aortic segments, par-
ticularly the aortic root and proximal ascending aorta. However, 

Fig. 53.4 Stanford and DeBakey aortic dissection 
classification. Arrows show the entry tear location. 
Reprinted from Surg Clin North Am., 46/4, De 
Bakey ME, Beall AC, Cooley DA, et al, Dissecting 
aneurysms of the aorta,1045–1055, Copyright 
(2015) with permission from Elsevier.

Stanford A Stanford B

Fig. 53.5 Aortic dissection diagnosis by TTE with harmonic imaging. Intimal flap (arrows) and two lumina are visualized in (a) aortic root and (b) distal 
ascending aorta and aortic arch.
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Assessment of location and movement of these intraluminal 
images by M-mode echocardiography is the best way to differen-
tiate between intimal flap and reverberations [36] (% Fig. 53.8).

TOE is semi-invasive, requires sedation, and may cause a rise 
in systemic blood pressure from retching and gagging. Therefore, 
adequate sedation with strict blood pressure control is mandatory. 
When therapeutic decision-making is definitive by other tech-
niques, TOE should be performed in the operating room before 
surgery or when the patient is haemodynamically stable with no 
chest pain. Given its accuracy in the diagnosis of aortic dissec-
tion, IMH, and aortic ulcers, TOE is a technique of choice in acute 
aortic syndrome diagnosis when an expert echocardiographer 
is available. The addition of 3D TOE may provide incremental 
information to 2D TOE. Three-dimensional TOE appears to be 
superior for determining the size of the entry tear (% Fig. 53.9) 
and provides improved morphological and dynamic understand-
ing of aortic dissection when the flap is helical.

the emergency room. The low negative predictive value of TTE 
does not permit dissection to be ruled out, and further tests will 
be required if the TTE exam is negative.

Role of transoesophageal echocardiography
Several studies have demonstrated the accuracy of TOE in the 
diagnosis of aortic dissection, with sensitivity of 86–100%, speci-
ficity of 90–100%, and negative predictive value of 86–100% 
[31–35] (% Fig. 53.7; z Videos 53.5 and 53.6). The low specificity 
of the technique described in some series is explained by the fact 
that the majority of intraluminal images in the ascending aorta 
were considered diagnostic of dissected intima. In the aortic root 
and ascending aorta, particularly when dilated, linear reverbera-
tion images are very common. Artefacts in the aortic root and 
the middle third of the ascending aorta are respectively due to 
reverberations from the anterior wall of the left atrium and the 
posterior wall of the right pulmonary artery.

Fig. 53.6 Descending aorta dissection: (a) suprasternal long-axis view showing a descending thoracic aorta dissection. Colour Doppler helps to identify true 
lumen flow (blue colour); (b) subcostal long-axis view showing abdominal aorta dissection.
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Fig. 53.7 Transoesophageal echocardiography. (a) Ascending aorta dissection by long-axis view. Arrows show the intimal flap; (b) descending thoracic aorta 
dissection by transverse view. Arrow shows a jet from true lumen to false lumen owing to the presence of a secondary communication.

(a) (b)

FL

TL



CHAPTER 53 diseases of the aorta466

usually has a diameter over 5 mm and is frequently located in the 
proximal part of the ascending aorta in type A dissections and 
immediately below the origin of the left subclavian artery in type B 
dissections. Three-dimensional TOE may be highly useful in entry 
tear size measurement, particularly when entry tear is not circu-
lar (% Fig. 53.9). On occasions, 2D or 3D TOE does not permit 
visualization of the intimal tear in the proximal part of the arch. In 
these cases, contrast echocardiography may help by showing how 
contrast flows in the false lumen from the more proximal part of 
the aortic arch dissection [31].

True lumen identification
Identification of the true lumen is of special clinical interest. When 
the aortic arch is involved, the surgeon needs to know whether 
the supra-aortic vessels originate from the false lumen. Similarly, 
when the descending aorta dissection affects visceral arteries and 
ischaemic complications arise, it may be important to identify the 
false lumen prior to surgery or endovascular treatment such as 
intima fenestration or stent graft implantation. Echocardiographic 
signs for differentiating the true lumen from the false lumen are 
true lumen systolic expansion by M-mode and the early and fast 
flow of the true lumen assessed by colour Doppler or contrast echo 
(% Fig. 53.10). Lastly, thrombi and echoic debris tend to be more 
prominent into the false lumen.

Diagnosis of intramural haematoma
IMH appears as thickening of the aortic wall greater than 5 mm 
in a crescentic or concentric pattern [1] (% Fig. 53.11). There may 
also be areas of echolucency within the aortic wall. IMH is gener-
ally a more localized process than classic aortic dissection which 
typically propagates along the entire aorta to the iliac arteries. 
TOE is clearly superior to TTE in the diagnosis of IMH and aortic 
ulcers. Although there are no comparative studies in the accuracy 

Assessment of morphological and 
haemodynamic findings in aortic dissection
TOE permits assessment of the main anatomical and functional 
aspects of interest for the management of aortic dissection.

Intimal tear location and size
The intimal tear appears as a discontinuity of the intimal flap. TOE 
provides a direct image of the tear and permits its measurement in 
78–100% of cases [37,38]. Colour Doppler can reveal the presence 
of multiple small communications between the two lumina, espe-
cially in the descending aorta. Anatomical controls showed that 
most of these communications might correspond to the origin of 
intercostal or visceral arteries. It is important to differentiate these 
secondary communications from the main intimal tear which 
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Fig. 53.8 TOE showing reverberations mimicking intimal flap in ascending aorta: (a) reverberation in aortic root (yellow arrow) by transverse view. M-mode 
image shows the reverberation (yellow arrow) located at twice the distance from the transducer as from the posterior aortic wall (red arrow) and with twice the 
amplitude of displacement; (b) reverberation in the middle third of ascending aorta by longitudinal view. M-mode: the reverberation (yellow arrow) is located at 
twice the distance from the right pulmonary artery posterior wall (red arrow) as from the posterior aortic wall. Reverberation movement is inverse to that of the 
pulmonary artery wall. AAo, ascending aorta; AAW, anterior aortic wall; LA, left atrium; PAW, posterior aortic wall; R, reverberation; RPA, right pulmonary artery; 
RPPW, right pulmonary artery posterior wall.

Fig. 53.9 Three-dimensional TOE showing a large entry tear in type B aortic 
dissection (arrow).
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an irregular margin with dilated aorta is commonly observed in 
patients with aneurysmal dilatation and mural thrombi. Of note, 
the appearance of crescent-shaped thickening of the aortic wall 
can be mimicked by a normal structure, the hemiazygous sheath, 
which is a periaortic fat pad.

Diagnosis of penetrating atherosclerotic ulcer
PAU describes the condition in which ulceration of an atheroscle-
rotic lesion penetrates the aortic internal elastic lamina into the 
aortic media [39]. Typically, when the ulcer penetrates into the 
media, a localized IMH develops (% Fig. 53.12). Another entity 

of IMH by different imaging techniques, MRI and CT may be 
better that TOE, since both techniques can visualize all the aorta 
segments. IMH can be difficult to distinguish from a thrombosed 
false lumen of classic aortic dissection because they can both 
appear as crescent-shaped thickening of the aortic wall. However, 
in aortic dissection, the diameter of the thrombosed false lumen 
is usually larger than that of most, but not all, IMH. Similarly, 
IMH may sometimes be mistaken for an intraluminal thrombus. 
Displacement of intimal calcification caused by accumulation of 
blood within the aortic media is useful for the differential diag-
nosis. Usually, the inner margin of IMH is smooth, and aortic 
thickening occurs beneath the bright echo-dense intima, whereas 

Fig. 53.10 True lumen identification. (a) Colour 
Doppler helps to identify the true lumen (TL); 
arrow shows secondary tear flow from true lumen 
to false lumen; (b) true lumen is identified by 
systolic expansion in M-mode. TL, true lumen; FL, 
false lumen.
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Fig. 53.11 Transoesophageal echocardiography. 
(a) Crescentic intramural haematoma in ascending 
aorta (double-head arrow). A reverberation from 
the posterior aorta wall is observed in ascending 
aorta lumen (arrow); (b) intramural haematoma 
in descending aorta (double-head arrow) and left 
pleural effusion.

(a) (b)

Fig. 53.12 Aortic ulcers by TOE. Penetrating 
atherosclerotic ulcer deforming the adventitia. 
White arrows show atherosclerotic plaques 
surrounded by intramural haematoma (small 
arrows); (b) ulcer-like image secondary to localized 
dissection in intramural haematoma evolution 
(arrow).

(a) (b)

AO
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correctly made with Doppler echocardiography, both TTE and 
TOE. Furthermore, TOE provides information on possible mech-
anisms that influence aortic regurgitation, which may greatly aid 
the surgeon in deciding whether to replace the aortic valve [40]: 
dilatation or rupture of the aortic annular support, asymmetrical 
displacement of sigmoid coaptation level or prolapse of the intima 
through the aortic valve (% Fig. 53.13b).

Arterial vessel involvement
Diagnosis of involvement of the main arterial vessels of the aorta 
is important as it may explain some of the symptoms or visceral 
complications that accompany the dissection and permit selection 
of an appropriate therapeutic strategy. TOE shows the most proxi-
mal segment of the coronary arteries; thus, whether the coronary 
ostium originates in the false lumen or whether coronary dissection 
is present can be verified. TOE is not a good technique for assess-
ing supra-aortic branch involvement, although the origin of the 
left subclavian artery is easily observed. TOE permits the diagnosis 
of coeliac trunk involvement, dissection, or compression in most 
cases (% Fig. 53.13c). Visceral or peripheral malperfusion syn-
drome is a complication with high morbidity and mortality. TOE 
can diagnose two types of circulation disorders of arterial branches: 
dissection or dynamic obstruction of the intimal dissection at the 
ostium of the arterial branches leaving the aorta. Differentiating the 
two mechanisms has significant therapeutic implications [30].

Diagnostic strategy of acute aortic syndrome
The optimal choice at a given institution should depend not only 
on the proven accuracy of a given technique, but also on the 

that may be mistaken for a PAU is an ulcer-like projection that may 
occur during the evolution of IMHs. These are localized, blood-
filled pouches that protrude into the aortic wall haematoma, with 
a wide communicating orifice of more than 3 mm. Differentiation 
from a PAU may be difficult. Generally, a PAU has jagged edges, 
is accompanied by multiple irregularities in the intimal layer, and 
may be accompanied by localized haematoma.

Diagnosis of complications
Appropriate diagnosis of dissection complications during the ini-
tial study may affect therapeutic decisions in the acute phase.

Pericardial effusion and peri-aortic bleeding
Pericardial effusion is not always due to extravasation of blood 
from the aorta and may be secondary to irritation of the adventitia 
produced by the aortic haematoma or small effusion from the wall. 
In any event, pericardial effusion in an ascending aorta dissection 
is an indicator of poor prognosis and suggests rupture of the false 
lumen in the pericardium (z Video 53.7). Echocardiography 
is the best diagnostic technique for estimating the presence and 
severity of tamponade (% Fig. 53.13a). Although CT is the best 
technique in the diagnosis of peri-aortic haematoma, TOE might 
characterize this complication by an increased distance between 
the oesophagus and aorta (> 10 mm).

Aortic regurgitation
Aortic regurgitation is a frequent complication, occurring in 
approximately 40–76% of patients (z Video 53.8). The diag-
nosis and quantification of aortic regurgitation severity can be 
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Fig. 53.13 Aortic dissection complications. (a) 
Type A dissection (small arrow) with pericardial 
tamponade. Large arrows show pericardial 
effusion and right ventricle compression; (b) TOE 
shows prolapse of the intima in left ventricular 
outflow tract to be the aetiology of severe aortic 
regurgitation; (c) coeliac trunk dissection visualized 
by colour TOE in transversal view.
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involvement carries a higher risk of severe complications than 
type B involvement.

Traumatic injury of the aorta
In blunt aortic injuries (BAIs), the aortic wall is damaged from 
inside to outside, from the intima to the adventitia. BAIs are most 
often located at the aortic isthmus just distal to the left subclavian 
artery. The second most common location is the supravalvular part 
of the ascending aorta. TOE was considered a powerful diagnos-
tic tool which gained popularity as a first-line study in the 1990s 
[42]. Sensitivities and specificities as high as 100% and 98% were 
reported [43]. However, subsequent studies failed to confirm the 
accuracy of TOE for evaluating BAIs [43,44]. Thus, its use as a first-
line diagnostic tool is controversial. Furthermore, TOE may fail 
to adequately image the distal ascending aorta (TOE blind spot) 
and may not identify all of the branches of the aortic arch. TOE 
also has some practical limitations: it is heavily operator dependent 
and inexperience can lead to either false-positive or false-negative 
results. TOE findings in patients with BAI include (1) dilatation in 
the region of the isthmus, (2) an abnormal aortic contour, (3) an 
intraluminal medial flap, (4) a pseudoaneurysm, (5) crescentic or 
circumferential thickening of the aortic wall (IMH), and (6) mobile 
linear echo-densities attached to the aortic wall consistent with an 
intimal tear or a thrombus. Similar findings are seen in patients with 
spontaneous aortic dissection; however, there are some important 
differences. With traumatic aortic injury, the medial flap tends 
to be thicker, has greater mobility, and is typically perpendicular 
(rather than parallel) to the aortic wall so that there is an absence 
of two channels. The aortic contour is usually deformed due to the 
presence of a localized pseudoaneurysm. Finally, with traumatic 
aortic injury, the lesions are confined to the isthmus region rather 
than propagating distally all the way to the iliac arteries.

TOE and aortography are reserved for situations where CT find-
ings are equivocal. In some haemodynamically unstable patients, 
TOE may be a first-line technique, especially if CT requires trans-
portation to a remote area.

After the acute phase, CT and MRI are better than TOE for 
monitoring BAI evolution. Thoracic endovascular aortic repair 
(TEVAR) is increasingly being used for acute aortic injury [45]. 
In the past, TEVAR was used selectively in high-risk patients with 
significant comorbidities. In fact, as experience with the technique 
has increased, TEVAR has become the preferred interventional 
management for BAI in many institutions. Intraoperative TOE is 
also highly useful during endovascular therapy, especially in type 
B aortic dissection. It permits correct guidewire entrance by iden-
tifying the true lumen in aortic dissections, provides additional 
helpful information for guiding correct stent-graft positioning 
and identifies suboptimal results and the presence of leaks and/
or small re-entry tears, with much higher sensitivity than angi-
ography [46]. Follow-up is based on guidelines for evaluating 
endografting for non-traumatic aortic aneurysms with imaging 
techniques. CT aortography is indicated at the time of discharge, 
and at 6 and 12 months thereafter.

availability of the techniques and on the experience and confidence 
of the physician performing and interpreting the technique. CT 
has become the most commonly used first-time imaging modality, 
partly because it is more readily available on a 24-hour basis. TOE 
may be the preferred imaging modality in the emergency room, if 
an experienced cardiologist is available, since it provides immedi-
ate and sufficient information to determine if emergency surgery 
will be required. Although CT may be less accurate for determin-
ing the degree and mechanism of aortic regurgitation, these can 
be evaluated by TTE and/or intraoperative TOE. The relative 
advantages and disadvantages of the various imaging modalities 
are summarized in % Table 53.2.

Prognosis and follow-up
The short- and long-term prognoses of patients with successful 
initial treatment of acute aortic dissection are heterogeneous, with 
a reported event-free survival rate of 70% at 5 years and 50% at 
10 years, respectively. The prognostic and therapeutic implica-
tions of TOE in aortic dissection are well established. Antegrade 
or retrograde false lumen flow, partial false lumen thrombosis, 
and the presence of a large entry tear have prognostic implica-
tions and are easily detected by TOE or other imaging techniques 
in the subacute phase [37]. TOE has a less important role in the 
follow-up of patients with aortic dissection since CT or MRI can 
visualize the whole aorta and measure the maximum aorta diam-
eter with better accuracy than TOE. IMH can heal or evolve to 
aneurysm formation or even dissection. In addition to maximum 
aortic diameter, some TOE information such as echolucent areas 
has been related to dissection and enlargement evolution. IMHs 
regressed completely in 34% of patients, progressed to aortic dis-
section in 12%, aneurysm in 20%, and pseudoaneurysm in 24% 
[41]. Owing to their wide field of vision permitting identification 
of landmarks, MRI and CT are superior to TOE for defining this 
dynamic evolution. The natural history of penetrating aortic ulcer 
is unknown. As in the case of IMHs, several evolutive possibilities 
have been proposed. In acute aortic syndromes, ascending aorta 

Table 53.2 Usefulness of imaging techniques in the diagnosis of acute 
aortic syndrome

Diagnostic performance CT TTE TOE MRI Angiography

Sensitivity +++ ++ +++ +++ ++

Specificity +++ ++ +++ +++ +++

Ability to detect IMH +++ + ++ +++ –

Site of intimal tear +++ – ++ ++ ++

Presence and severity of 
aortic regurgitation

– +++ +++ +++ +++

Coronary artery 
involvement

++ – ++ + +++

Presence of pericardial 
effusion

+++ +++ +++ +++ –

Branch vessel involvement +++ – + ++ +++
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CHAPTER 54

Systemic diseases and other 
conditions: introduction
Andreas Hagendorff

Alterations of cardiac morphology and function can be induced by different factors hav-
ing an impact on the cardiovascular system. Exceptional physiological circumstances 
normally induce reversible adaptations without causing continuing morphological or 
functional damage. Examples of normal physiological conditions influencing the heart 
are the athlete’s heart and the heart during pregnancy. On the other hand, continuous 
pathological effects on a normal heart like doping in sport or tachycardia induced by 
stress, drugs, or pacing will cause non-physiological compensatory mechanisms resulting 
in cardiac damage and finally heart failure.

Systemic diseases often influence the cardiovascular system by humoral, immunologi-
cal, or inflammatory alterations. Thus, diagnostics and treatment of systemic diseases are 
generally an interdisciplinary challenge in clinical practice. The heart and the circulation 
are important targets of tissue damage with ongoing duration of the illness in systemic 
diseases. The cardiac involvement in systemic diseases normally introduces a chronic 
process of alterations in cardiac tissue, which causes heart failure in the end stage of the 
disease or causes dangerous and life-threatening problems by induced acute cardiac 
events, such as myocardial infarction due to coronary thrombosis or heart valve destruc-
tion. Thus, diagnostic methods—especially imaging techniques—are required, which can 
be used for screening in risk cohorts as well as for the detection of early stages of the 
diseases. Two-dimensional echocardiography is the predominant diagnostic technique in 
cardiology for the detection of injuries in cardiac tissue—for example, the myocardium, 
endocardium, and the pericardium—due to the overall availability of this non-invasive 
procedure.

The quality of echocardiography and the success rate of detecting cardiac pathologies 
in patients with primary non-cardiac problems depend on the competence and expertise 
of the investigator. Especially in this scenario, clinical knowledge about the influence of 
the systemic disease on cardiac anatomy and physiology is essential for central diagnos-
tic performance. Therefore, the first-visit echocardiography in these patients should be 
performed by an experienced clinician or investigator.

Echocardiography has the potential to detect changes of cardiac morphology and 
function at early stages of systemic diseases as well as complications of the systemic  
diseases with ongoing duration of the disease. The following chapters show the capability  
of transthoracic echocardiography to assess patients with systemic diseases, focusing  
the echocardiographic investigation on cardiac structures which are mainly involved in 
different systemic diseases.
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CHAPTER 55

Systemic disease and other 
conditions: athlete’s heart
Antonello D’Andrea, André La Gerche,  
and Christine Selton-Suty

Athlete’s heart: diagnostic findings
Long-term physical training determines progressive cardiac changes, characterized by 
modifications in cavity diameters, wall thickness, and functional parameters, which rep-
resent the so-called athlete’s heart [1].

Standard colour-Doppler echocardiography and, in selected cases, novel echocardio-
graphic technologies and cardiac magnetic resonance (CMR) have been widely used in 
the analysis of the characteristics of the athlete’s heart. Imaging techniques also have a 
pivotal role in defining reference values among the athletes’ population, in order to dis-
tinguish between physiological and pathological heart morphology, such as hypertrophic 
cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic right 
ventricular cardiomyopathy (ARVC).

Athlete’s left heart
The echocardiographic analysis of the left ventricle of athletes has evidenced different 
forms of adaptation, according to genetic factors, age, gender, race, and mostly to the 
type and the intensity of chronic training. In particular, isotonic exercise in endurance 
sports is responsible for a predominant volume overload, inducing an increase mainly in 
left ventricular (LV) mass and end-diastolic diameter (eccentric LV hypertrophy), while 
isometric exercise, such as in strength disciplines, is mainly associated with an increase of 
LV mass and wall thickness (concentric LV hypertrophy) [1].

Echocardiography helped to define the upper limits in the development of LV hyper-
trophy. Previous reports showed that 55% of athletes had an increased LV end-diastolic 
diameter (LVEDD). Interestingly, about 15% of endurance athletes demonstrated LVEDD 
greater than 60 mm, in the presence of normal cardiac function [2], in contrast with DCM.

On the other hand, the maximum thickness of the interventricular septum (IVS) was 
less than 12 mm in most of the athletes, and only 2% of them had a wall thickness between 
13 and 16 mm [3]. These cut-off values should be lower in female athletes (10 mm) and 
higher (15 mm) in black athletes. Interestingly, most of the adaptations induced by physi-
cal training seem to regress after temporary suspension of training of only a few weeks [4].

By standard Doppler analysis, one of the peculiar characteristics of the athlete’s heart is 
the normality of both systolic and diastolic LV functional indices despite the increase of 
LV mass. In particular, transmitral flow pattern and Doppler myocardial imaging (DMI) 
in athletes demonstrate a ‘supernormal’ aspect, with an extreme increase in the contribu-
tion of early diastolic phase [5] (% Fig. 55.1). By use of strain imaging [8], no significant 
differences in both systolic and diastolic strain parameters compared with controls were 
evidenced in athletes. The full spectrum of systolic and diastolic myocardial velocities and 
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systemic circulation [9,10]. Therefore, RV wall stress exceeds that 
of the LV making it more susceptible to acute injury during pro-
longed endurance exercise [11,12]. As a result of repeated small 
‘hits’, endurance training, more than strength training, promotes 
enlargement of cavity dimensions and increases of RV wall thick-
ness. Some recent work has suggested that regular exercise may be 
associated with greater relative remodelling of the RV as has been 
shown in large studies of non-athletes and in smaller studies of 
endurance athletes [13,14], possibly reflecting the slight excess in 
wall stress to which the RV is exposed.

Athlete’s heart: differential diagnosis 
(HCM, ARVC, DCM)
Identifying pathology of the left ventricle
While athlete’s LV hypertrophy is characterized by symmetrical 
involvement of all LV walls, LV hypertrophy is typically higher 
than 15 mm, asymmetrical, and located mainly in the basal IVS 
in HCM. Sometimes LV hypertrophy extends to anterior and lat-
eral walls and in 20% of cases it is associated with other typical 

deformation indexes has been described in a large population of 
competitive athletes in a longitudinal study [5]. E′/a′ ratios greater 
than 1 were found in the overall population, with 90% of athletes 
having an e′ of 16 cm/s or greater, Sm of 10 cm/s or greater, and 
normal global longitudinal strain (% Fig. 55.1).

CMR can provide detailed anatomical and functional infor-
mation in the assessment of athlete’s heart and its differential 
diagnosis. Highly accurate and reproducible measurements of LV 
volumes, mass, ejection fraction, and stroke volumes can be derived. 
Furthermore, CMR allows the detection of localized areas of pathol-
ogy and fibrosis, including the apex or the basal anteroseptal wall [6].

Sport activities are also well-known contributors of left atrial 
(LA) remodelling. Pelliccia et al. reported for the first time a 
mild increase of LA diameter (≥ 40 mm) in 18% of athletes and 
a marked dilatation (≥ 45mm) in 2% [7]. D’Andrea et al. [8] con-
firmed a high prevalence of LA volume index increase in athletes: 
mild enlargement in 24.3% and moderate enlargement in 3.2%.

Athlete’s right heart
During exercise, pulmonary artery pressures and right ventricu-
lar (RV) afterload increase disproportionately relative to the 

Fig. 55.1 A 25-year-old male competitive endurance athlete (swimmer). (a) Apical four-chamber view, showing left ventricular (LV) hypertrophy, with symmetric 
increase in both wall thickness and cavity diameters. (b) Standard Doppler transmitral flow pattern, showing a ‘supernormal’ early diastolic function, with 
increased E wave and E/A ratio. (c) Pulsed DMI of LV mitral annulus, showing normal both systolic (S) and diastolic (e′ and a′) myocardial velocities. (d) Two-
dimensional LV global and regional speckle-tracking analysis in an apical four-chamber view, showing a normal longitudinal myocardial deformation despite LV 
hypertrophy. LA, left atrium; RA, right atrium; RV, right ventricle.
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Identifying pathology of the right ventricle
A number of potential diagnoses need to be considered in the 
athlete with disproportionate RV enlargement, including a left-
to-right shunt, ARVC, or pulmonary vascular disease. A clear 
distinction needs to be made between the very slight RV domi-
nance which is common in endurance athletes and significant RV 
dilation which should prompt consideration of pathology [19]. 
Identification of ARVC can be difficult as both familial ARVC and 
endurance sports training can promote significant RV enlargement 
and seemingly reduced RV function at rest. A diagnosis of ARVC 
should never be based on RV appearance alone by echocardiogra-
phy. Rather, careful examination of the electrocardiogram, rhythm 
monitoring, and a detailed family history are required as per the 
clinical criteria described, and in some cases endomyocardial 
biopsy may be required for a definitive diagnosis. Heidbuchel et 
al. have described an overlap syndrome suggesting that an ARVC-
like condition can be caused by repeated high-intensity endurance 
training [20]. It is yet to be established whether this condition rep-
resents a subset of familial ARVC in which disease progression is 
accelerated by sports or whether the condition can be caused by 
sports training even in the absence of a genetic predisposition.

pathological features of HCM (i.e. systolic anterior motion of the 
mitral valve, mid-systolic closure of the aortic valve). Furthermore, 
an impairment of the global and regional diastolic function are 
observed in HCM [15]. A peculiar finding at the pulsed wave 
Doppler examination of the LV outflow tract in one-third of 
patients with HCM is an increased velocity due to a reduced LV 
outflow tract area.

By use of pulsed wave DMI, a cut-off value of less than 9 cm/s of 
systolic peak in the LV inferior wall demonstrated a sensitivity of 
87% and a specificity of 97% in pointing out pathological hyper-
trophy [16]. In addition, a regional diastolic dysfunction (Em/Am 
< 1) was detected in 25% of the myocardial segments examined 
in HCM patients (also in non-hypertrophic walls) but in no seg-
ments of the athletes [17].

Contrast-enhanced CMR, in particular using late gado-
linium enhancement, allows differentiation of ischaemic from 
non-ischaemic patterns of myocardial damage. Non-ischaemic 
patterns of myocardial damage can present as a patchy late gado-
linium enhancement in HCM. Mid-myocardial streaks occur in 
one-third of patients with DCM, while lateral epicardial hyper-
enhancement can be seen in myocarditis or Anderson–Fabry 
disease [18].

References
 1. D’Andrea A, Limongelli G, Caso P, et al. Association between left 

ventricular structure and cardiac performance during effort in two mor-
phological forms of athlete’s heart. Int J Cardiol 2002; 86(2–3):177–84.

 2. Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P. The upper 
limit of physiologic cardiac hypertrophy in highly trained elite ath-
letes. N Engl J Med 1991; 324(5):295–301.

 3. Spirito P, Pelliccia A, Proschan MA, et al. Morphology of the ‘athlete’s 
heart’ assessed by echocardiography in 947 elite athletes representing 
27 sports. Am J Cardiol 1994; 74(8):802–6.

 4. Pelliccia A, Maron BJ, De Lucca R, et al. Remodeling of left ven-
tricular hypertrophy in elite athletes after long-term deconditioning. 
Circulation 2002; 105(8):944–9.

 5. D’Andrea A, Cocchia R, Riegler L, et al. Left ventricular myocardial 
velocities and deformation indexes in top-level athletes. J Am Soc 
Echocardiogr 2010; 23(12):1281–8.

 6. Petersen SE, Selvanayagam JB, Francis JM, et al. Differentiation of 
athlete’s heart from pathological forms of cardiac hypertrophy by 
means of geometric indices derived from cardiovascular magnetic 
resonance. J Cardiovasc Magn Reson 2005; 7(3):551–8.

 7. Pelliccia A, Maron BJ, Di Paolo FM, et al. Prevalence and clinical sig-
nificance of left atrial remodeling in competitive athletes. J Am Coll 
Cardiol 2005; 46(4):690–6.

 8. D’Andrea A, Riegler L, Cocchia R, et al. Left atrial volume index in 
highly trained athletes. Am Heart J 2010; 159(6):1155–61.

 9. La Gerche A, Taylor AJ, Prior DL. Athlete’s heart: the potential for 
multimodality imaging to address the critical remaining questions. 
JACC Cardiovasc Imaging 2009; 2(3):350–63.

10. La Gerche A, Heidbuchel H, Burns AT, et al. Disproportionate exer-
cise load and remodeling of the athlete’s right ventricle. Med Sci 
Sports Exerc 2011; 43(6):974–81.

11. La Gerche A, Burns AT, Mooney DJ, et al. Exercise-induced right 
ventricular dysfunction and structural remodelling in endurance 
athletes. Eur Heart J 2012; 33(8):998–1006.

12. Oxborough D, Shave R, Warburton D, et al. Dilatation and dys-
function of the right ventricle immediately after ultraendurance 
exercise: exploratory insights from conventional two-dimensional 
and speckle tracking echocardiography. Circ Cardiovasc Imaging 
2011; 4(3):253–63.

13. D’Andrea A, Riegler L, Golia E, et al. Range of right heart measure-
ments in top-level athletes: the training impact. Int J Cardiol 2013; 
164(1):48–57.

14. Aaron CP, Tandri H, Barr RG, et al. Physical activity and right ven-
tricular structure and function. The MESA-Right Ventricle Study. Am 
J Respir Crit Care Med 2011; 183(3):396–404.

15. Severino S, Caso P, Galderisi M, et al. Use of pulsed Doppler tissue 
imaging to assess regional left ventricular diastolic dysfunction in 
hypertrophic cardiomyopathy. Am J Cardiol 1998; 82(11):1394–8.

16. Vinereanu D, Florescu N, Sculthorpe N, et al. Differentiation between 
pathologic and physiologic left ventricular hypertrophy by tissue 
Doppler assessment of long-axis function in patients with hyper-
trophic cardiomyopathy or systemic hypertension and in athletes. 
Am J Cardiol 2001; 88(1):53–8.

17. Cardim N, Oliveira AG, Longo S, et al. Doppler tissue imaging: 
regional myocardial function in hypertrophic cardiomyopathy and 
in athlete’s heart. J Am Soc Echocardiogr 2003; 16(3):223–32.

18. Petersen SE, Jerosch-Herold M, Hudsmith LE, et al. Evidence 
for microvascular dysfunction in hypertrophic cardiomyopathy: 
new insights from multiparametric magnetic resonance imaging. 
Circulation 2007; 115(18):2418–25.

19. Zaidi A, Ghani S, Sharma R, et al. Physiological right ventricular 
adaptation in elite athletes of African and Afro-Caribbean origin. 
Circulation 2013; 127(17):1783–92.

20. Heidbuchel H, Prior DL, La Gerche A. Ventricular arrhythmias asso-
ciated with long-term endurance sports: what is the evidence? Br J 
Sports Med 2012; 46 Suppl 1:i44–iP 50.



Contents
Normal findings 476

Haemodynamic changes during pregnancy 476
Echocardiographic changes during 
pregnancy 477

Peripartum cardiomyopathy 477
References 478

CHAPTER 56

Systemic disease and other 
conditions: the heart during 
pregnancy
Agnes Pasquet, Marcia Barbosa,  
and Jo-Nan Liao

Normal findings
Haemodynamic changes during pregnancy
The cardiovascular system is deeply affected by pregnancy, with several changes related to 
the presence of the fetus and placental hormones. These changes begin early in pregnancy 
and are characterized by an increase in blood volume, increase in cardiac output, and a 
decrease in vascular resistance. There is also a parallel increase in erythrocytes, but since 
this increase is lower than the increase in plasma volume, there is physiological haemodi-
lution (physiological anaemia of pregnancy), which reaches its maximum around the 
30th week of pregnancy. At the same time, there is activation of the autonomic nervous 
system, with predominance of the sympathetic over vagal stimulation, with consequent 
increase in heart rate.

Blood volume will gradually increase, beginning in the first trimester and reaching a 
40% increase by 24 weeks, and remaining unchanged during the rest of pregnancy. This 
increase is mainly due to the increase in plasma volume related to the renin–angiotensin 
system [1,2].

The increase in stroke volume in the first part of pregnancy, associated with an addi-
tional increase in heart rate of 25–30% above pre-pregnancy values [2,3], leads to an 
increase in cardiac output, beginning in the first trimester and reaching an increase of 
30–50% above baseline value during the third trimester.

Pulmonary pressures remain normal during pregnancy due to a similar decrease in 
pulmonary vascular resistance to balance the increased blood volume. These changes 
start early in pregnancy, with a fall in pulmonary resistance as early as the 8th weeks 
of pregnancy, related to circulating oestrogens and mediators, such as prostacyclin and 
nitric oxide. This is accompanied by a reduction in systemic and vascular resistance due 
to vasodilatation achieved through the same mediators. This may explain the lack of 
increase or the slight fall in systolic blood pressure during pregnancy, despite the increase 
in cardiac output. Usually a fall in systolic blood pressure around 10 mmHg is observed 
during pregnancy, except for near term, when blood pressure may increase [1,2].

Diastolic function in both ventricles also remains normal during pregnancy.
Near the end of the pregnancy, the gravid uterus may compress the inferior vena cava 

and reduce venous return.
Delivery is associated with more extensive haemodynamic changes due to labour pain 

and anxiety. Uterine contractions are associated with an increase in systolic and diastolic 
blood pressure of 15–25% and 10–15% respectively. There is a 15% increase in cardiac 
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A small pericardial effusion is also frequently seen near preg-
nancy termination.

Peripartum cardiomyopathy
According to the current definition proposed by the European 
Society of Cardiology working group on heart failure: peripar-
tum cardiomyopathy (PPCM) is an idiopathic cardiomyopathy 
presenting with heart failure secondary to LV systolic dysfunction 
towards the end of pregnancy or in the months following delivery. 
The majority of patients are diagnosed in the third trimester. It 
is a diagnosis of exclusion when no other cause of heart failure 
is found. The LV may not be dilated but the ejection fraction is 
nearly always reduced below 45% [9].

The aetiology of PPCM remains unknown, with several causes 
having been proposed: inflammatory disease, infectious, genetic, 
or autoimmune process. Molecular pathways involving cleavage of 
prolactin may play a role in PPCM physiopathology. The incidence 
varies, but a recent estimation is between 1:300 to 1:4000 pregnan-
cies, with large variation secondary to ethnicity [9]. Contributing 
factors seem to be multiparity, multiple pregnancy, smoking, dia-
betes, history of hypertension, ethnicity (more frequent in African 
and Hawaiian populations, for example), malnutrition, extreme 
age for pregnancy (advanced or young age), and prolonged use of 
a beta agonist [10].

Clinical presentation is dominated by classical heart fail-
ure signs: dyspnoea, fatigue, reduced physical capacity, and leg 
oedema. Unfortunately, diagnosis and thus treatment may be 
delayed because these signs are unspecific and may also be pre-
sent in normal pregnancies. Physical examination will present the 
classical sign of heart failure: rales, gallop rhythm, and jugular dis-
tension, among others. Electrocardiography usually shows sinus 
tachycardia with non-specific ST-T changes. Brain natriuretic 
peptide can be markedly elevated in PPCM but interpretation may 
be difficult during pregnancy.

Echocardiography is the key to confirm the diagnosis and also 
to exclude other causes of cardiomyopathy or to explain clinical 
signs. Its first role is to demonstrate the impairment of LV and 
right ventricular function. By definition, LV ejection fraction must 
be below 45%. The LV can be dilated but this is not always the case. 
Assessment of diastolic function usually reveals a restrictive pat-
tern, suggesting elevated LV filling pressures. Mitral or tricuspid 
regurgitation may be present with increased pulmonary pressures, 
and can be important, especially with significant LV enlarge-
ment and depressed LV function. Right ventricular and bilateral 
atria dilatation are also common. Pericardial effusion is unusual. 
Cardiac magnetic resonance imaging is not diagnostic but can be 
occasionally used as a complement to echocardiography to assess 
LV function or to exclude other cause of cardiomyopathy.

Treatment is similar to classical treatment of heart failure. Use 
of angiotensin-converting enzyme inhibitors, angiotensin recep-
tor blockers, and renin antagonists are strictly prohibited during 
pregnancy because of their toxicity to the fetus. Urgent delivery 
must be considered at any time during pregnancy if the mother 

output in early labour, a 25% increase during stage 1, and 50% dur-
ing expulsion. It further increases early in the postpartum period, 
with the autotransfusion (0.5–1 L) associated with uterine invo-
lution and reabsorption of oedema [4]. During delivery, blood 
pressure variation due to anaesthetic drugs and bleeding may also 
influence haemodynamics and cardiac output. However, haemo-
dynamic values are back to normal within 6 weeks after delivery.

All these change may affect bioavailability of drugs during 
pregnancy [5]. Beside the haemodynamic changes, pregnancy 
also results in changes in coagulation: increases in coagulation 
factors, fibrinogen, and platelet activity, and decrease in fibrinoly-
sis leading to a state of hypercoagulability and increasing the risk 
of thromboembolic events. This risk may be further increased by 
inactivity, bed rest, and reduced flow in the inferior vena cava and 
legs due to uterine compression.

Echocardiographic changes during pregnancy
Cardiac output increases during pregnancy will cause changes in 
the left ventricle (LV) size, volume, and geometry that can be well 
evaluated by Doppler echocardiography. In normal pregnancy, 
serial echocardiography displays changes in ventricular dimen-
sion, starting mainly during the second trimester of gestation. 
Both LV diastolic and systolic dimensions and volumes increase 
during pregnancy [6,7].

LV diastolic diameter increases by 2–3 mm in response to the 
increase in preload, and end-systolic dimension is unchanged, 
leading to a small increase in ejection fraction that is related to 
increased preload and does not imply increased contractility. As 
pregnancy continues, the fetus may compress the inferior vena 
cava, hence reducing the preload and influencing the meas-
urement of ejection fraction. However, a recent report using 
three-dimensional echo, did not show any change in LV ejection 
fraction during pregnancy [8]. Similar changes can also be seen in 
the right ventricle.

LV wall thickness also increases, leading to eccentric hyper-
trophy and increased LV mass. LV shape changes, with the LV 
becoming more globular, as measured by the increase of the 
sphericity index. Preliminary data demonstrates a decrease in LV 
longitudinal function by tissue Doppler strain or mitral annular 
plane systolic excursion during the third trimester, but this needs 
to be confirmed by further studies [7].

Volumes of both atria are increased, as well as atrial contractil-
ity [7].

Consistent increases in aortic and LV outflow tract diameter 
have also been reported. The mitral and tricuspid annuluses show 
a small enlargement and this may explain the change in valve 
coaptation and consequent trivial regurgitation.

Transvalvular flow also increases because of the increased car-
diac output. During pregnancy, velocities measured throughout 
the LV outflow tract or the aortic valve have a similar increase and 
thus, valve area calculation is not affected and more reliable than 
the simple measurement of gradient. Early transmitral flow (E) 
increases but to a lesser extent than the atrial transmitral velocity 
(A), resulting in a decrease in the E/A ratio.
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especially when ejection fraction is below 30%. Mortality rates 
vary from 0% to 15%, according to the ethnicity. On the other 
hand, up to 50% of the patients will recover LV function in 6–12 
months following the diagnosis. Recurrence risk is between 30% 
and 50% in subsequent pregnancies, even if LV function normal-
izes after the first pregnancy.

remains haemodynamically instable and cannot be controlled by 
medication. Recently, bromocriptine has been proposed as spe-
cific treatment based on the hypothesis of the potential role of 
prolactin. To date, its general use is not recommended.

The most serious complications include ventricular tachyar-
rhythmias, thromboembolic events, and chronic cardiomyopathy, 
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Systemic diseases
Carcinoid
Carcinoid is a rare malignant neuroendocrine tumour with primary localization mostly 
in the gastrointestinal tract.

Echo findings

◆	 Right-sided valvular heart lesions are preferentially observed; tricuspid regurgitation 
and pulmonary stenosis in patients with carcinoid heart disease. Advanced three-
dimensional (3D) techniques are helpful in the investigations of pulmonary and 
tricuspid valves.

◆	 Involvement of the tricuspid valve (90%) typically results in haemodynamically rel-
evant regurgitation and less commonly stenosis. Tricuspid valve leaflets are typically 
thickened and shortened, in more advanced stages they become retracted resulting 
in reduced mobility especially in the septal and anterior leaflets. In advanced stages 
the leaflets become fixed in a semi-open position thus resulting in severe tricuspid 
regurgitation (characteristic ‘dagger-shaped’ Doppler profile) with concomitant mild 
or moderate tricuspid stenosis. Thickening of the leaflets can be associated with thick-
ening of subvalvular apparatus.

◆	 Involvement of the pulmonary valve (50–69%) is mostly a combination of various 
degrees of stenosis and regurgitation (% Figs. 57.1 and 57.2). The cusps are thickened 
and retracted, with reduced motion or immobility.

◆	 Enlargement of the right atrium and right ventricle (RV) due to tricuspid and pul-
monic valvular diseases, in advanced stage with RV systolic dysfunction. RV failure is 
secondary to tricuspid and pulmonic valvular disease (% Figs. 57.3 and 57.4).

◆	 Left-sided valvular heart involvement is less frequently (7–29%), with diffuse valve 
thickening, retraction and reduced mobility, and regurgitation, without significant ste-
nosis. In case of left-sided valve involvement, a right-to-left shunt frequently can be 
observed.

◆	 Contrast transthoracic echocardiography (TTE) should be performed to find right-to-
left atrial shunt through a patent foramen ovale.
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◆	 LV dilatation with normal wall thickness and normal valves at 
the beginning of the disease.

◆	 Biatrial enlargement.
◆	 Increased LV wall thickness, increased LV mass in advanced 

phase of disease.
◆	 Various degrees of mitral and tricuspid valve regurgitation due 

to dilatation of heart chambers.
◆	 LV diastolic dysfunction precedes systolic function abnormali-

ties. The degree of diastolic function impairment correlates 
with the severity of iron overload: a restrictive filling pattern in 
advanced stages.

◆	 RV involvement with normal size and increased wall thickness.

Endocardial carcinoid deposits along the inner walls of the right 
atrium, atrial septum, and inferior vena cava can be visualized as 
linear localized echogenic areas by 3D techniques.

Haemochromatosis
Haemochromatosis is an iron storage disease that affects multiple 
organ and tissue systems.

Echo findings
◆	 Systolic left ventricular (LV) function may demonstrate a wide 

range of contractility abnormalities: usually preserved in early 
stages to significantly depressed in later stages (see % Fig. 57.5)— 
impaired systolic function indicating a worse prognosis.

Fig. 57.1 Transthoracic echocardiography, 
parasternal short-axis view, colour Doppler. 
Pulmonary valve regurgitation.

Fig. 57.2 Transthoracic echocardiography, 
parasternal short-axis view, continuous wave 
Doppler. Pulmonary valve regurgitation.
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usually basal interventricular septum thinning, up to formation 
of ventricular aneurysm especially in the inferoposterior wall; 
increased echogenicity.

◆	 Systolic LV dysfunction may be demonstrated with regional 
or global wall motion abnormalities; coexistence of a/dys-
kinetic segments with normokinetic segments is frequently  
observed.

◆	 LV diastolic dysfunction from mild to severe applied for the 
early detection of subclinical LV sarcoid involvement.

◆	 Mitral and tricuspid valve regurgitation due to dilatation of 
heart chambers and valve leaflets involvement.

◆	 RV involvement with increased wall thickness due to direct 
granulomatous involvement (see % Fig. 57.7).

◆	 Increased pulmonary pressures at rest and during exercise sec-
ondary to elevated LV filling pressures.

◆	 Global longitudinal systolic strain could be reduced (see  
% Fig. 57.6).

Sarcoidosis
Sarcoidosis is a systemic inflammatory disorder of unknown aeti-
ology, characterized by infiltration of several organ systems by 
non-caseating granulomas.

Echo findings

◆	 LV dilatation with thinning or thickening of the wall of the LV, as 
the most common characteristic finding of cardiac sarcoidosis 

Fig. 57.3 Transthoracic echocardiography, 
four-chamber view, colour Doppler. Tricuspid 
regurgitation.

Fig. 57.4 Transthoracic echocardiography, 
subcostal view, colour Doppler. Pulmonary valve 
regurgitation.
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◆	 Increased pulmonary pressures secondary to lung implications.
◆	 Global longitudinal strain: peak systolic shortening is signifi-

cantly reduced.

Amyloidosis
Echo findings

◆	 Increased LV wall thickness, without LV enlargement, that is, 
concentric remodelling/hypertrophy—(see % Fig. 57.8).

◆	 Increased RV wall thickness (biventricular thickening is 
strongly suggestive of infiltrative heart disease, but may also be 
observed in hypertrophic cardiomyopathy) (see % Fig. 57.9).

◆	 Increased myocardial echogenicity (‘granular sparkling’) (see 
% Fig. 57.8).

◆	 Left ventricular ejection fraction (LVEF) is typically preserved 
until late. Note that reduced LVEF in a non-dilated LV results in 
very low stroke volume.

(b)(a)

EDV=200 mL
ESV=147 mL

Fig. 57.5 Four-chamber view of left ventricle in 
diastole (a) and systole (b) in patients with late 
stage haemochromatosis; left ventricular ejection 
fraction = 26%.

Fig. 57.7 Subcostal view of right ventricular involvement with increased 
wall thickness. Courtesy of Prof. Jarosław Kasprzak, Department of Cardiology 
Medical University of Lodz.

Fig. 57.8 Amyloid heart disease. Apical four-chamber view. Thickened left 
ventricular walls with granural sparkling is apparent. Biatrial enlargement is 
visible. There is also a small pericardial effusion.

Fig. 57.6 Substantially reduced left ventricular global longitudinal systolic 
strain (average GLPS = −4.6%) in patients with late stage haemochromatosis.
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◆	 Atrial thrombus associated with atrial dysfunction may be 
observed even in sinus rhythm. Anticoagulation in sinus 
rhythm may be considered when transmitral A-wave velocity is 
20 cm/s or lower. Transoesophageal echocardiography (TOE) 
may demonstrate low atrial appendage Doppler velocities  
(< 40 cm/s), left atrial spontaneous echo contrast, or left atrial 
appendage thrombus.

◆	 Valvular leaflet thickening may be apparent. The resulting 
regurgitation is usually mild.

◆	 Pericardial effusion is usually minor and may result from either 
pericardial infiltration or, predominantly, biventricular failure.

Connective tissue diseases
Rheumatoid arthritis
Echo findings

◆	 Pericarditis is the most frequent cardiac complication of rheu-
matoid arthritis (RA).

◆	 Echocardiography can reveal regional wall motion abnormali-
ties in patients after myocardial infarction.

◆	 Diastolic dysfunction is frequent, although it can be asympto-
matic for a long time. Moreover there are some data that RV 
diastolic function is impaired in about 30% of RA patients.

◆	 The most prevalent valve disease in RA is mitral valve insuf-
ficiency (see % Fig. 57.11). The main causes of this are nodules 
and fibrosis of the leaflets, annulus, and subvalvular apparatus. 
According to transoesophageal data, nodules are generally sin-
gle and small (4–12 mm), oval with regular borders, and with 
homogenous reflectance. Nodules equally affect mitral and aor-
tic valves and are typically located at the leaflet’s basal or mid 
portions.

◆	 Long-axis LV dysfunction (use strain, strain rate imaging) is 
impaired in early cardiac amyloidosis (impairment of longi-
tudinal contraction may be present despite preserved ejection 
fraction).

◆	 LV filling—serial exams demonstrate progressive diastolic 
dysfunction.

◆	 Restrictive transmitral flow pattern—short E-wave deceleration 
time and a low-velocity A wave is observed in advanced stages 
(note that high E to A ratio may result from low transmitral 
A-wave velocity related to intrinsic atrial dysfunction caused 
by amyloid infiltration; in such cases, E wave deceleration time 
may be relatively long) (see % Fig. 57.10).

◆	 Biatrial dilatation is usually caused by restrictive patho-
physiology and elevated filling pressures. May be an isolated 
phenomenon in the so-called isolated atrial amyloidosis. 
Interatrial septum infiltration is a relatively frequent finding.

Fig. 57.9 Amyloid heart disease. Subcostal four-chamber view. Thickened 
right ventricular free wall is visible.

Fig. 57.10 Amyloid heart disease. Restrictive left 
ventricular filing with low-velocity A wave.
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◆	 In SLE patients, Libman–Sacks vegetations appear as valvu-
lar masses of varying size (≥ 2 mm) and shape with irregular 
borders and echodensity, firmly attached to the valve surface 
without independent motion. Libman–Sack vegetations are 
non-infective and develop mainly on the mitral valve but also 
can be seen on other valves, chordae tendinae, and endocar-
dium surface (% Fig. 57.12). Libman–Sack vegetations are 
clinically silent in the majority of cases. Valve regurgitation 
represents the predominant functional lesion. Vegetations 
develop in stroke or peripheral embolism in about 13% of  
SLE patients.

◆	 Mitral valve prolapse is more frequent in RA patients than in 
the normal population.

◆	 Aortic stenosis is rare in cases of RA as are aortic dilatation and 
aneurysm.

Systemic lupus erythematosus
Echo findings

◆	 Echocardiographic studies show pericardial effusion, usually 
small or moderate, in between 11% and 54% of systemic lupus 
erythematosus (SLE) patients.

Fig. 57.11 Four-chamber view. Small mitral valve 
regurgitation in rheumatic arthritis patient.

Fig. 57.12 Parasternal long-axis view. Libman–
Sack vegetation on anterior mitral leaflet.
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detect intracardiac thrombi is limited. Therefore, TOE should 
be performed when searching for intracardiac thrombi is indi-
cated. In one study, TOE detected mural thrombus in 13% of 
APS patients, who were with normal sinus rhythm, without evi-
dence of structural or functional cardiac abnormalities.

◆		 Pulmonary hypertension (PH) is one of the most important 
complications in APS. The prevalence of PH in APS patients is 
1.8–3.5%. The most common cause of PH is recurrent throm-
boembolism originating from the veins of the lower extremities.

Systemic sclerosis
Echo finding

◆	 PH is one of the most important complications adversely 
influencing survival of systemic sclerosis (SSc) patients. 
Echocardiographic screening for PH detection has been rec-
ommended annually in patients with SSc. Recent data suggest 
that there is an unexpectedly high prevalence of inappropriate 
pulmonary pressure response to exercise in patients with SSc 
(% Figs 57.13 and 57.14).

◆	 Autopsy studies report pericardial involvement in 30–70% of 
SSc patients but symptoms of pericarditis occur in only 7–20% 
of them. Cardiac tamponade is rare in SSc and usually occurs in 
patients with PAH or renal crisis.

◆	 Although myocardial fibrosis in autopsy studies is frequent, sig-
nificant LV systolic dysfunction in echo examination occurs in 
less than 5% of SSc patients. There is also evidence that RV sys-
tolic function can be impaired in SSc patients. High prevalence 

◆	 Myocarditis is the most characteristic feature of myocardial 
involvement in SLE. It is often asymptomatic with a prevalence 
of 8–25%. Clinically overt myocarditis is uncommon. Global 
hypokinesis of LV may be an echocardiographic indication of 
myocarditis and is present in approximately 6% of SLE patients.

◆	 Pulmonary arterial hypertension (PAH) is commonly asso-
ciated with connective tissue diseases including SLE. The 
prevalence of PAH in SLE is estimated to be 0.5–17.5%.

Antiphospholipid syndrome
Echo findings

◆	 The most common echocardiographic abnormality is diffuse or 
focal leaflet thickening, seen in 40–60% of primary antiphos-
pholipid syndrome (APS) patients. Leaflet thickness occurs 
up to three times more frequently than in normal controls 
and correlates with anticardiolipin titres. Vegetations appear 
in 10–40% of patients and are predominantly thrombotic but 
can be inflammatory or mixed. Their shape is typically irreg-
ular. Vegetations of the mitral valve usually form on its atrial 
surface, while aortic valve vegetations have been described on 
the ventricular and the vascular surface of the valve. However, 
haemodynamically significant valvular regurgitation or steno-
sis is rare and occurs in about 3% of patients.

◆	 Thrombus formation occurs in all cardiac chambers and can 
cause pulmonary and systemic embolism. APS valve lesions 
present significant embolic potential. Systemic embolization 
can also result from in situ mural thrombi. The ability of TTE to 

Fig. 57.13 Four-chamber view. Continuous 
wave Doppler. Tricuspid regurgitant peak gradient 
(TRPG) before exercise in systemic sclerosis patient.
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◆	 There is some evidence that myocarditis can occur in MCTD 
patients. Echocardiography reveals LV dilatation, hypokinesis, 
and reduced ejection fraction.

◆	 There are also some data suggesting impaired LV diastolic func-
tion in MCTD patients compared to controls.

Autoimmune disease
Echo findings

◆	 LVEF calculated by biplane Simpson’s method is the method 
of choice to rule out systolic dysfunction. However, early myo-
cardial impairment has been demonstrated in patients with 
normal LVEF using strain imaging techniques. These allow 
early detection at a subclinical phase.

◆	 Doppler-derived transmitral inflow and TDI mitral annulus dis-
placement measurements provide information on the diastolic 
function of the LV, which can range from impaired relaxation to 
restrictive physiology in the context of autoimmune diseases.

◆	 Exercise or stress echocardiographic studies have been exten-
sively reported to be a valuable tool for the detection of alterations 
in myocardial contractility due to ischaemia. Coronary flow 
reserve has also been proposed as a method for detection of 
subclinical coronary artery disease.

◆	 Valvular lesions usually show diffuse thickening of leaflets due 
to fibrosis. This frequently causes some degree of regurgitation 
and can progress to significant valve stenosis. Additionally, 
marantic endocarditis can be observed due to aggregation of 
platelets and fibrin on the valvular apparatus. TOE has been 

of reduced LV and/or RV contractility has been observed by 
tissue Doppler imaging (TDI).

◆	 LV diastolic dysfunction is reported in about 20–50% of SSc 
patients. Myocardial fibrosis affects ventricular relaxation and 
filling and reduces E-wave velocity. In several studies impaired 
LV relaxation was reported using both conventional Doppler 
echocardiography and TDI. Moreover there is evidence that RV 
diastolic dysfunction is impaired in patients with SSc.

◆	 A rare complication of SS is myocarditis usually accompanied 
with skeletal muscle myositis. In this case, echocardiography 
reveals LV global hypokinesis.

Mixed connective tissue disease
Echo findings

◆	 Pericarditis is the most common cardiac manifestation in 
patients with mixed connective tissue disease (MCTD). 
Twenty-five to 35% of MCTD patients have an asymptomatic 
pericardial effusion detected by echocardiography. Only 
about 10% of affected patients are symptomatic. Interestingly, 
despite the high frequency of pericarditis and pericardial  
effusion, the incidence of cardiac tamponade in MCTD 
is rare.

◆	 The most severe cardiopulmonary complication of MCTD 
is PAH. The prevalence of PAH in MCTD is about 3–10%. 
Moreover, PAH is the main cause of death in MCTD patients.

◆	 Mitral valve prolapse is observed in about 25% of MCTD 
patients (% Fig. 57.15).

Fig. 57.14 Four-chamber view. Continuous 
wave Doppler. Tricuspid regurgitant peak gradient 
(TRPG) after exercise in systemic sclerosis patient.



connective tissue diseases 487

reported to be present in 3–10% of patients (see % Fig. 57.16). 
Moreover dilatation of aortic root is also a frequent abnormal-
ity (see % Fig. 57.17). Echocardiographically varying degrees 
of dilatation of the aortic root, along with the thickening of the 
wall of the aorta, valve cusps, and subaortic tissues, can be seen. 
Aortic valve regurgitation is usually small or moderate, how-
ever severe regurgitation has also been noted.

◆	 Mitral regurgitation is rare in AS patients and typically has been 
reported in cases where the thickening and fibrosis of the sub-
aortic tissues extends into the base of the anterior mitral valve 
leaflet. Thickening of the valve leaflet causes reduced mobility 

routinely used in some series of patients showing a significantly 
higher sensitivity for valve assessment and the detection of veg-
etations as potential sources of embolism.

◆	 Pericardial effusion is a relatively common finding in patients 
with autoimmune diseases.

Ankylosing spondylitis
Echo findings

◆	 The most prevalent cardiac manifestation of ankylosing 
spondylitis (AS) is aortic valve regurgitation which has been 

Fig. 57.15 Parasternal long-axis view. Mitral valve 
prolapse in MCTD patient.

Fig. 57.16 Parasternal long-axis view. Mild aortic 
valve regurgitation in patient with ankylosing 
spondylitis.
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and visualize all segments of the aorta during echocardio-
graphic examination) (% Fig. 57.18 and 57.19).

◆	 Aortic root dissection in the typical dissection is type A  
(% Fig. 57.20). Note that normal sized aortic root does not 
exclude dissection (the risk is proportionally even higher in 
Loeys–Dietz syndrome). Type B dissection accounts for 10% of 
dissections (descending aorta may rarely dissect even if in the 
presence of normal sized ascending aorta).

◆	 Aortic regurgitation is present in about 25% of patients, usually 
type I which is associated with aortic root dilatation.

◆	 Myxomatous, prolapsing mitral valve with dilated annulus, and 
resulting mitral regurgitation are frequent features in Marfan 
syndrome.

of the valve. In this situation regurgitation due to failure of valve 
coaptation can be seen. Mitral regurgitation may also occur due 
to LV dilatation caused by severe aortic regurgitation.

◆	 In AS patients LV systolic function is normal unless myocardial 
disease is advanced. LV hypertrophy and dilatation are not usu-
ally seen, except when secondary to valvular regurgitation.

◆	 LV diastolic dysfunction has been reported in about 20–50% of 
AS patients. The most important mechanism of this is a diffuse 
increase in myocardial interstitial connective tissue.

Reiter syndrome
Reiter syndrome is a type of reactive arthritis.

Echo findings

◆	 There are few echocardiographic studies on patients with Reiter 
syndrome.

◆	 In about 6% of affected patients, mild aortic and mitral regurgi-
tation was observed.

◆	 There is also evidence that myocarditis and pericarditis can 
occur in patients with Reiter syndrome.

Marfan syndrome
Echo findings

◆	 Aortic root aneurysm—enlargement of the aorta at the level 
of the aortic annulus and sinuses of Valsalva—is a typical pic-
ture of annulo-aortic ectasia. The ascending aorta may be also 
dilated (fusiform aneurysm). The aortic arch and descending 
and abdominal aorta are affected in a descending order of fre-
quency (however, it is always mandatory to make an attempt 

Fig. 57.17 Parasternal long-axis view. Aortic root 
dilatation in patient with ankylosing spondylitis.

Fig. 57.18 Marfan syndrome. Dilated aortic annulus, sinuses of Valsalva, and 
ascending aorta are apparent (arrows). There is also significant mitral valve 
prolapse.
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◆	 Acute myocarditis sometimes reveals GCA.
◆	 Occasionally the pulmonary arteries are affected in malignant 

forms of GCA presentation.
◆	 Regional LV contraction abnormalities—rarely coronary arter-

ies are also involved.
◆	 In standard TOE, the presence of a clear intramural hypoecho-

genic halo around the lumen of the descending aorta, the ‘halo 
sign’, and circumferential thickening should suggest GCA.

Takayasu arteritis
Takayasu arteritis is a systemic granulomatous inflammation of 
the large and medium arteries, mainly the aorta and its major 
branches.

Echo findings

◆	 LV hypertrophy (mainly concentric)—in approximately 50% of 
patients with hypertension in one series.

◆	 Aortic regurgitation (may be severe) due both to leaflet pathol-
ogy and aortic root dilatation—in approximately 40% of 
patients in one series (% Fig. 57.22).

Giant cell arteritis
Giant cell arteritis (GCA) or Horton disease is a systemic vasculitis.

Echo findings

◆	 Ascending aorta dilatation (~ 18% of cases of GCA include 
aortitis)—there are many clinical manifestations of giant cell 
aortitis: predominantly aortic aneurysm but also aortic dis-
section, aortic rupture, aortic arch syndrome, aortic wall 
haematoma, and aortopulmonary or aortodigestive fistula. The 
thoracic aorta aneurysm is often diagnosed late because the 
mean period between GCA’s diagnosis and the thoracic aneu-
rysm development varies from 5 to 7 years. A massively dilated 
aortic aneurysm rarely could be caused by only the traditional 
risk factors (see % Fig. 57.21).

◆	 Aortic valve regurgitation secondary to aortic root dilatation.
◆	 There is a need to look for aortic aneurysm in the follow-up of 

GCA.
◆	 Pericardial involvement in GCA is associated with classical 

temporal signs of the disease in two-thirds of cases. Pericarditis 
without myocarditis has also been reported as an initial mani-
festation of GCA.

Fig. 57.19 Marfan syndrome. Significant dilatation of thoracic (descending) 
aorta is apparent. Fig. 57.20 Marfan syndrome. Type A aortic dissection—intimal flap in 

ascending aorta (short-axis slice) marked with an arrow.

Fig. 57.21 Transthoracic parasternal 
long-axis view: a massively dilated 
(90 mm) aortic aneurysm and severe 
aortic valve regurgitation.



CHAPTER 57 cardiac involvement in systemic diseases490

Echo findings in subacute phase and during follow-up

◆	 Coronary arteries aneurysm—the most significant cardio-
vascular complication and occur in 20–25% of untreated 
children but treatment reduces the incidence of coronary 
artery lesions to 2–4%. Sometimes are lined with thrombi  
(% Fig. 57.23).

◆	 Regional wall motion abnormalities may occur if there is sig-
nificant coronary artery involvement.

◆	 If severe mitral regurgitation is present, papillary muscle dys-
function and myocardial ischaemia should be assessed.

◆	 Ascending aortic aneurysm—in approximately 9% of patients 
in one series.

◆	 Stenosis in the descending aorta (record Doppler flow in the 
abdominal aorta)—in approximately 10% of patients in one 
series.

◆	 Segmental wall motion abnormalities/myocardial infarction 
(also in myocarditis)—in approximately 20% and 9% of patients 
respectively in one series.

◆	 PH—in approximately 7% of patients in one series.
◆	 Pulmonary artery narrowing (right pulmonary artery more 

often).
◆	 Pericardial effusion—in approximately 10% of patients in one 

series.

Kawasaki disease
Kawasaki disease is an acute childhood systemic vasculitis.

Echo findings

◆	 Myocarditis is the most common non-coronary complication 
and is present in at least 50% of patients at acute stage of this 
disease.

◆	 Pericarditis with pericardial effusion occurs in about 25% of 
patients in the acute phase.

◆	 Systolic LV function should be routinely assessed because over 
half of these patients develop acute transient LV dysfunction.

◆	 Myocardial inflammation may also lead to mitral, tricuspid, or 
aortic regurgitation that is usually mild.

◆	 Aortic root dilatation may occur but is usually mild.

Fig. 57.22 Significant aortic regurgitation in 
a patient with Takayasu arteritis resulting from 
pathological thickening and stiffening of the aortic 
valve leaflets.

Fig. 57.23 Short-axis view at the mitral valve level. The arrowhead indicates 
the large aneurysm of the proximal part of left anterior descending branch 
with organized thrombus. LV, left ventricle.

LV

*
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◆	 Endocardial thickening.
◆	 Hyperdynamic contraction of the spared ventricular walls.
◆	 Bilateral atrial enlargement.
◆	 Restrictive pattern in echo Doppler.

Churg–Strauss syndrome
Churg–Strauss syndrome is a vasculitis of medium-sized 
vessels.

Echo findings

◆	 Impaired LV function in 30–50% of patients (% Fig. 57.26).
◆	 Pericardial effusion in 20–40% of patients.
◆	 Valvular regurgitation (any degree) in 20–70% of patients 

(ascribed to papillary muscle involvement in endomyocardial 
fibrosis).

Syphilitic aortitis
Echo findings

◆	 The most common involvement is the aneurysm, often gigantic, 
of ascending aorta above sinuses of Valsalva.

◆	 Aortic dissection is seen less often than direct aneurysm 
rupture.

◆	 Aortopulmonary fistula is the rare complication of aneurismal 
aortic dilatation.

Hypereosinophilic syndrome  
(Loeffler syndrome)
Chronic cardiac consequences of hypereosinophilia are restric-
tive cardiomyopathy, dilated cardiomyopathy, mitral or tricuspid 
valve regurgitation, valve obstruction, constrictive pericarditis, 
and ventricular remodelling.

Echo findings in the thrombotic phase

◆	 Multiple intracardiac thrombi.
◆	 Thrombi can also be found on the valves and could cause aortic 

stenosis.

Echo findings in the fibrotic phase
In the pathogenic process, the mural thrombus becomes fibrotic, 
with restriction of filling of the LV and continued deformation of 
the mitral valve:
◆	 Apical obliteration of one or both ventricles by an echogenic 

thrombotic-fibrotic material (usefulness of echo contrast imag-
ing) (% Fig. 57.24).

◆	 Further distortion of the normal position of mitral valve struc-
tures (% Fig. 57.25).

◆	 Extensive LV endocardial fibrosis.

Fig. 57.24 Transthoracic four-chamber apical view with and without contrast: apical obliteration of the right ventricle by an echogenic thrombotic-fibrotic 
material (arrows).

Fig. 57.25 Transthoracic four-chamber apical view: apical obliteration of the 
left ventricle by an echogenic thrombotic-fibrotic material (arrow) and severe 
mitral regurgitation.
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Whipple disease
Whipple disease is a very rare systemic bacterial infection caused 
by Tropheryma whipplei.

Echo findings

◆	 Valvular leaflet thickening and calcification, mild to moderate 
valvular stenosis or regurgitation, vegetation affected mostly in 
the native aortic and the mitral valves of variable sizes (endo-
carditis) (% Fig. 57.28).

◆	 Endocarditis in patients with Whipple disease should always 
be considered in blood culture-negative endocarditis. It affects 
most frequently the aortic and the mitral valves. Fever, conges-
tive heart failure, vegetations observed by echocardiography, 
and previous valvular disease are noticed less frequently than 
in patients with other endocarditis. Endocardial disease is a fre-
quent finding.

◆	 Diastolic dysfunction (any degree) in 30–40% of patients.
◆	 If coronary vasculitis is the principal problem, search for seg-

mental wall motion abnormalities, intraventricular thrombus, 
and reduced ejection fraction complications of myocardial 
infarction.

◆	 If myocarditis is the principal problem, search for the global 
LV dysfunction (note that areas of fibrosis on cardiac magnetic 
resonance are present in up to 90% of patients).

Search also for:
◆	 Restrictive cardiomyopathy due to endomyocardial fibrosis 

(increased echogeneity of the myocardium not due to scar of 
infarction)—look also for intraventricular thrombus

◆	 Pericardial constriction (relatively rare)

Granulomatosis with polyangiitis  
(formerly Wegener granulomatosis)
Granulomatosis with polyangiitis is a multisystem autoimmune 
disease with necrotizing angiitis of medium-sized and small ves-
sels, and necrotizing granulomas.

Echo findings

◆	 Pericardial effusion—may present acutely as tamponade or as 
chronic constriction (note it may also be secondary to myocar-
dial infarction or uraemia due to renal insufficiency).

◆	 Segmental wall motion abnormalities/myocardial infarction 
(due to coronary angiitis).

◆	 Mass lesions in the ventricles (due to granulomatous 
myocarditis).

◆	 Dilatation proximal aortic root with aortic wall infiltration  
(due to arteritis).

◆	 Aortic valve leaflet thickening (may be mistaken for culture-
negative endocarditis)—may be revealed by TOE (% Fig. 57.27).

◆	 Aortic regurgitation (due to aortic root dilatation and leaflet 
valvulitis).

(a) (b)

Fig. 57.26 Myocarditis in a patient with Churg–Strauss syndrome. Parasternal long-axis view. M-mode presentation. Impaired global left ventricular function is 
apparent.

Fig. 57.27 Granulomatosis with polyangiitis. Transoesophageal 
echocardiography. Aortic valve leaflet thickening due to valvulitis is apparent 
(arrows). Aortic wall infiltration and thickening is also visible.
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Echo findings

◆	 Dilatation of all the cardiac chambers in late disease stages.
◆	 Increased LV wall thickness and elevated LV mass.
◆	 Reduction of LVEF and fractional shortening—mild to severe 

in late disease stages.
◆	 LV diastolic dysfunction in multiparametric echo approach.
◆	 RV involvement in pulsed wave TDI—usually subclinical sys-

tolic and diastolic abnormalities.
◆	 Increased pulmonary systolic pressures in late disease stages: 

HIV-associated PH.
◆	 Pericardial effusion.
◆	 Valvular involvement in infective endocarditis—right-sided 

valves are predominantly affected (tricuspid valve up to 90%), fol-
lowed by left sided (mitral and aortic 8–30%) (see % Fig. 57.29).

◆	 Pericardial effusion, pericardial thickening, and pericardial 
constriction. The pericardium is commonly involved (pericar-
ditis, constrictive pericarditis).

◆	 Increased LV wall thickness, increased end-diastolic and 
end-systolic LV diameters, impaired LV function. Myocardial 
involvement is rare (myocarditis, coronary arthritis).

◆	 PH is a rare occurrence.

HIV disease (AIDS)
HIV infection (causing chronic inflammation) is recognized as 
a significant cause of dilated cardiomyopathy (found in 16/1000 
patients), PH (found in 1/200 patients), pericardial effusion 
(found in 11/100 patients), and endocarditis (concerns intrave-
nous drug addicts, found in 6–34/100 patients).

Fig. 57.28 Transthoracic echocardiography, four-chamber view: (arrow indicates) thickening and fibrosis of anterior mitral valve leaflet (a); moderate mitral 
regurgitation (b) in patient with Whipple disease.

(a) (b)

Fig. 57.29 Short-axis view. Tricuspid valve 
involvement in infective endocarditis.
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Echo findings
◆	 Transthoracic contrast echocardiography is recommended 

in all patients with possible or confirmed hereditary haemor-
rhagic telangiectasia:

●	 screen with echocardiography even when pulse oximetry 
examination and computed tomography are negative

●	 in contrast, negative contrast echocardiography plus normal 
chest X-ray may obviate the need for computed tomography.

◆	 The presence of contrast in the left atrium after three to five 
cardiac cycles indicates right-to-left shunt (see % Fig. 57.31).

◆	 Echocardiography may reveal the consequences of hepatic 
artery to hepatic vein shunt—hyperdynamic circulation/high 
output:

●	 wide inferior vena cava

●	 enlarged cardiac chambers

●	 accelerated flow in the pulmonary artery and aorta

●	 pulmonary artery hypertension (there is a need to differentiate 
pulmonary artery hypertension due to high transpulmonary 
flow and primary PH).

Chagas disease
Chagas disease is a tropical parasitic disease caused by the proto-
zoan Trypanosoma cruzi.

Echo findings in acute phase

◆	 Most frequent is pericardial effusion (from moderate to severe 
in ~ 40% of patients).

◆	 Mean LVEF is usually in the normal range.

Ergotamine alkaloids and appetite suppressants
The prolonged use of ergotamine and appetite suppressants may 
induce non-inflammatory fibrotic heart valvulopathy similar to 
that described in carcinoid heart disease.

Echo findings

◆	 Valvular involvement is seen in 6–25% of patients, mostly in 
the mitral, aortic, and tricuspid valves. The valve involvement 
typically results in regurgitation with leaflet thickening, and 
also retraction and reduced motion. Thickening of chordae 
tendineae can be observed.

◆	 Pericarditis and increased pulmonary pressures have also been 
reported.

Haematological disorders
Haemodynamic consequences of anaemia are decreased periph-
eral resistance, increased cardiac output, and increased heart 
chamber dimensions.

Haemodynamic consequences of polycythaemia have not been 
well described but increased peripheral resistance leads to arterial 
hypertension and concentric LV hypertrophy.

Primary lymphoma of the heart is a rare disease that manifests 
as intracardiac mass when the most commonly involved cham-
ber is the right atrium, next the RV, the left atrium, and the LV  
(see % Fig. 57.30). Pericardial effusion is seen in 58%, pericardial 
masses in 30%, and in 21% of patients both are present.

Hereditary haemorrhagic telangiectasia
Hereditary haemorrhagic telangiectasia is a rare, heritable, auto-
somal dominant vascular disorder characterized by abnormal 
vessel formation, resulting in the development of mucocutaneous 
telangiectases and arteriovenous malformations.

Fig. 57.30 Transthoracic echocardiography: long-axis parasternal view. 
Infiltration of the left ventricular posterior wall caused by lymphoma (arrow).

Fig. 57.31 A patient with suspected pulmonary arteriovenous 
malformations. Transoesophageal echocardiography revealed no specific 
anatomical substrate for the intracardiac shunt (atrial septal defect or patent 
foramen ovale). Contrast microbubbles were seen in the left atrium since the 
third cycle.
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limited by the need for good image quality, they have the advan-
tage of overcoming angle dependency in Doppler-derived 
strain. Diastolic function should be assessed since myocardial 
infiltration, associated with neoplastic diseases such as amy-
loidosis, reduces ventricular compliance. Doppler transmitral 
inflow measurements have prognostic importance in this dis-
ease, with E-wave deceleration times lower than 150 ms having 
shown markedly reduced survival. Myocardial infiltration is 
particularly common in amyloidosis, showing increased LV 
thickness and a ventricular granular appearance.

◆	 Tissue infiltration and masses: cardiac masses in the context 
of neoplastic disease can be due to a primary cardiac tumour, 
cardiac myxoma being the most frequent, and angiosarcoma 
the most common malignant entity. More frequently, cardiac 
masses correspond to metastases or to thrombi due to the 
hypercoagulable status and common presence of intravenous 
catheters (% Fig. 57.33). Differential diagnosis can be challeng-
ing, and the use of contrast can assist in determining a neoplastic 
nature when distributed inside the mass (% Fig. 57.34). Valvular 
structures can be affected by the presence of thrombi or mar-
antic endocarditis, and the pericardium and atrial walls can be 
involved particularly in mediastinal, breast, and lung tumours.

Radiotherapy and chemotherapy
Echocardiographic evaluation of patients 
undergoing chemotherapy and/or radiotherapy

Echocardiography is generally accepted as the best cardiac imag-
ing method for diagnosis and follow-up of patients undergoing 
cancer therapy due to its non-invasive nature, wide availability, 
and suitability for serial evaluations. Echocardiographic study 
should focus on the following:

◆	 Apical or anterior wall dyskinesis can also occur (~ 20%).
◆	 LV dilatation is seldom seen.

Echo findings in chronic phase

◆	 High rate of LV apical aneurysm (AA) with ‘narrow neck’ (see 
% Fig. 57.32)—over half of cases, more frequently in males and 
could be associated with mural thrombi.

◆	 In 10% of patients RV apex could be also affected.
◆	 Segmental wall contractile abnormalities, most common is 

hypokinesis of posterior wall (from 20% to 33%).
◆	 LV but also another chamber could be dilated.
◆	 RV dysfunction, if present, mostly is secondary to LV impair-

ment or high pulmonary pressure rather than primary RV 
damage.

◆	 LV systolic and diastolic function is usually abnormal.
◆	 Mitral and tricuspid valve regurgitation might be present.

Neoplastic disease
Echo findings

◆	 Myocardial impairment: LVEF remains the main tool to evalu-
ate systolic function. However, speckle tracking-derived strain 
techniques have been shown to be superior in detecting early 
myocardial systolic impairment and, although occasionally 

Fig. 57.32 Apical two-chamber echo showing typical Chagas left ventricular 
(LV) ‘narrow neck’ (arrow) apical aneurysm (AA).

AA

LV

Fig. 57.33 Figure shows a thrombus in the right atrium attached to the tip of 
a central venous catheter, a relatively common finding in cancer patients due 
to hypercoagulability and the frequent use of central catheters.
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◆	 LV diastolic function should be assessed by conventional 
Doppler and tissue Doppler techniques. It is important to take 
into consideration that estimation of filling pressures can easily 
be affected by changes in loading conditions that occur fre-
quently in cancer patients.

◆	 Valvular heart disease is more frequent following radiotherapy, 
with important fibrosis and calcification that typically spares 
the mitral valve tips and commissures.

◆	 Pericardialevaluation should be aimed at ruling out the presence 
of pericardial effusion and may also be important to confirm 
cardiac tamponade and to guide pericardiocentesis. Given its 
frequent progression, it is important to quantify and describe 
the distribution of pericardial fluid to help decide the optimal 
time for intervention. Pericardial thickening and increased 
echogenicity are sometimes present in radiation-induced 
pericardial disease, and should be followed by evaluation of 
constrictive physiology.

◆	 LV volumes and systolic function should be systematically assessed 
by the best available method. LVEF should be calculated based 
on Simpson’s biplane method of disc summation, since M-mode-
based measurements can easily ignore regional wall motion 
abnormalities. Additionally, wall motion score index based on 
the 16-segment model can provide higher sensitivity. Contrast 
should be used when the endocardial border is not properly 
visualized. Three-dimensional echocardiography should be used 
when available, since it provides better accuracy and reproduc-
ibility. Although LVEF is a strong parameter to define systolic 
function, its sensitivity for the detection of early subtle changes 
in cardiac function is limited. This has led to the development 
of alternative strategies based on strain imaging or TDI. Angle 
dependency should be taken into account when applying TDI, 
and inter-vendor variability should be avoided by using the same 
platform and software for strain analysis during follow-up. Global 
longitudinal strain is considered the optimal parameter of defor-
mation for the early detection of subclinical LV dysfunction.

(a) (b)

Fig. 57.34 Figure shows a mass located in the right atrium: (a) shows the initial appearance shortly after contrast injection; (b) shows increased echogenicity due 
to the distribution of contrast throughout the mass due to vascularization.
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CHAPTER 58

Diseases with a main 
influence on heart valves
Andreas Hagendorff, Elie Chammas, and 
Mohammed Rafique Essop

Summary
Valvular injury due to inflammation, destruction, scarring, or restricted motion is one of 
the most important sequela in several systemic diseases. Echocardiography is the imaging 
modality of choice for the initial assessment of valve morphology and function and for the 
estimation of the severity of functional impairment. In the following sections the typical 
echocardiographic findings are described for each specific systemic disease.

Rheumatic fever
Rheumatic fever is an autoimmune disease occurring as a result of group A streptococcal 
pharyngitis. Although the disease may affect the brain, joints, and skin, the involve-
ment of the heart is mostly responsible for the major long-term morbidity and mortality. 
Rheumatic fever has largely disappeared from developed countries but remains a signifi-
cant public health problem in poorer countries. Cardiac involvement in the acute phase 
is characterized by mitral and aortic regurgitation which may resolve in milder cases or 
with effective antibiotic prophylaxis but may progress to chronic rheumatic heart disease 
in about half of all patients.

Acute rheumatic carditis
Acute rheumatic carditis may involve the pericardium, myocardium, or endocardium. 
Pericarditis may result in effusions that are rarely significant and pericardial constriction 
is rare. Likewise, it is extremely unusual that myocarditis results in significant impairment 
of left ventricular (LV) function. When LV dilation and dysfunction occur, it is severe 
mitral or aortic regurgitation that will be more likely observed. Endocardial involvement 
with valvulitis is the most characteristic feature of acute rheumatic fever resulting in vary-
ing severity of mitral and/or aortic regurgitation. Echocardiographic features of acute 
rheumatic valvulitis include leaflet thickening, small verrucous vegetations, annular dila-
tation, and anterior leaflet prolapse.
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in the left atrium, and measurements of pulmonary artery pres-
sure. Based on these data, fairly accurate decisions can be made 
regarding the indication for surgery or valvuloplasty, suitability 
for repair versus replacement, and need for concomitant tricus-
pid annuloplasty.

Autoimmune disease
Systemic lupus erythematosus and 
antiphospholipid syndrome
Cardiac involvement is common in systemic lupus erythematosus 
(SLE) and may be seen in up to 50% of patients. Pericarditis is the 
most common cardiovascular finding in SLE. A small pericardial 
effusion is often seen in echocardiography. Furthermore, pericar-
dial constriction rarely occurs. Varying degrees of LV dysfunction 
is common and may be due to a variety of mechanisms includ-
ing myocarditis, hypertension, myocardial ischaemia, valvular 
regurgitation, renal failure, and elevated inflammatory cytokines. 
Endocarditis is characteristic of SLE with non-bacterial vegeta-
tions—also known as Libman–Sacks endocarditis—seen in about 
15% of vegetations (%Fig. 58.2). In the post-steroid era these 
vegetations are less frequent and smaller. They are seen most com-
monly on the atrial side of the mitral valve but may involve any 
valve. These vegetations rarely embolize but may result in sufficient 
valvular inflammation and scarring to cause significant regurgita-
tion. Pulmonary hypertension is not infrequent but is usually mild 

Chronic rheumatic heart disease
Only about 50% of patients with the first episode of acute rheu-
matic carditis go on to develop chronic rheumatic heart disease. 
These are usually patients with a severe initial episode and those 
with recurrent bouts of acute carditis. Fibrotic scarring of the 
leaflets with thickening, calcification, and retraction are typical. 
Commissural fusion results in progressive stenosis of the mitral 
and aortic valves. In the case of the mitral valve, thickening and 
fusion of the papillary muscle and chordae tendineae contribute 
to both stenosis and regurgitation of the valve. Depending on the 
predominant pathology, in the long term patients may present 
with a purely regurgitant or stenotic valve or a mixture of the two. 
Involvement of the mitral valve is the most common followed by 
that of the aortic, tricuspid, and rarely the pulmonary valve. The 
most common valvular lesion in post-rheumatic disease is mitral 
valve stenosis (MS). Echocardiographic evaluation of MS is per-
formed as described in Chapter 35 (see %Fig. 58.1).

Doming of the aortic valve may be observed in cases of com-
missural fusion of the cusps. Post-rheumatic aortic regurgitation 
is more frequent than post-rheumatic aortic stenosis. In rare cases 
mitral, aortic, and tricuspid valves are all affected.

Echocardiography is extremely useful both to establish a more 
precise diagnosis and to guide further therapy including the tim-
ing and type of surgery required. In addition, echocardiography 
allows an evaluation of the structural and functional abnormality 
of the cardiac valves, a quantification of LV and right ventricular 
(RV) function, the detection of intracardiac thrombi, especially 

Fig. 58.1 Multidimensional imaging of a post-rheumatic mitral valve stenosis. (a) Conventional multidimensional view from the apex to the mitral valve;  
(b) 12-slice view for analysis of mitral valve orifice; (c) conventional two-dimensional view in the apical long axis; and (d) the continuous wave Doppler spectrum 
of mitral flow.

(a)

(c)

(b)

(d)
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cardiac complication of systemic sclerosis is pulmonary arterial 
hypertension associated with RV dysfunction.

Seronegative arthritides
The seronegative arthritides include ankylosing spondylitis and 
Reiter’s syndrome and both most commonly affect the aortic valve 
with regurgitation due to dilatation of the ascending aorta. Non-
specific thickening and nodularity of the aortic valve has been 
reported. Conduction abnormality is also characteristic of both 
conditions.

Marfan syndrome, Ehlers–Danlos 
syndrome, osteogenesis imperfecta, 
and pseudoxanthoma elasticum
Inherited diseases of the connective tissue such as Marfan and 
Ehlers–Danlos syndromes are frequently associated with mitral 
and/or aortic regurgitation. Mitral regurgitation occurs as a 
result of both chordal elongation and myxomatous degeneration 
of the leaflets while aortic regurgitation may occur chronically 
with progressive root dilatation or acutely as a result of aortic 
dissection.

and may be a result of either fibro-intimal hyperplasia, as in the 
idiopathic variety, or secondary to thromboembolic disease.

Rheumatoid arthritis
Pericarditis is the most common cardiac complication of rheu-
matoid arthritis. Pericardial effusion is common but constriction 
is rare. Constriction should be differentiated from restriction 
associated with amyloid that occurs in long-standing rheumatoid 
arthritis. Myocardial involvement is rare and LV dysfunction is 
much more likely to be due to atherosclerotic coronary disease. 
Rheumatoid arthritis is now recognized as a documented risk fac-
tor for ischaemic heart disease but the mechanism is not entirely 
clear. Rheumatoid nodules occurring in the vicinity of the con-
duction system may result in heart block. Non-specific valvular 
involvement is seen in about one-third of cases.

Systemic sclerosis
Systemic sclerosis is characterized by fibrosis and vasospasm and 
may present in a limited cutaneous form or as a diffuse cutaneous 
and systemic disorder. Pericarditis with small effusions may be 
seen in 70% of patients. LV dysfunction is most commonly associ-
ated with hypertension but ischaemia due to small vessel vasculitis 
and primary myocardial disease may contribute. The most serious 

Fig. 58.2 Example of Libman–Sacks endocarditis of the aortic valve. (a) Multidimensional illustration; (b) colour-coded illustration of systolic flow in the 
apical long-axis view; (c) continuous wave Doppler spectrum documenting stenotic as well as regurgitant flow; and planimetry of the valvular orifice by (d) 
transthoracic and (e) transoesophageal echocardiography.

(a) (b)

(c) (d) (e)

marfan syndrome, ehlers–danlos syndrome, osteogenesis imperfecta
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which can induce valvular heart disease by destruction of the 
heart valves. Owing to the gastrointestinal location of the tumour, 
the lesions are almost exclusively on the right side of the heart. 
The characteristic lesion is significant tricuspid valve regurgita-
tion in combination with a relative pulmonary stenosis due to 
RV enlargement. In the end stage of the disease, RV failure due 
to severe tricuspid and pulmonary insufficiency will be detected. 
Transthoracic echocardiography focuses on the analysis of RV size 
and function as well as of the RV valves (%Fig. 58.3). The leaflets 
of the tricuspid and pulmonary valves are usually thickened and 
immobile resulting in a combination of regurgitation and stenosis.

Documentation of RV morphology and function using modern 
techniques such as tissue Doppler and three-dimensional imaging 
may be useful. Pulsed wave and continuous wave Doppler spectra 
through the tricuspid and pulmonary valves should be acquired 
for estimation of systolic, mean, and end-diastolic pulmonary 
pressure. RV preload has to be characterized by volume status of 
the inferior caval vein. Therapeutic options depend on RV func-
tion and on the individual prognosis of the patients.

Marantic endocarditis associated with cancer 
or reduced general state of health
A special echocardiographic finding of masses attached to the 
valves is the non-bacterial thrombotic endocarditis known as 
marantic endocarditis. As in patients with SLE, the deposition of 
thrombotic material can occur at the valves, mainly at their edges. 

Vasculitides
Granulomatosis with polyangiitis (Wegener’s 
granulomatosis), microscopic polyangiitis, 
Churg–Strauss syndrome, Behçet’s disease, 
polyarteritis nodosa, and Takayasu arteritis
All vasculitides mainly cause coronary and aortic lesions due to 
intimal inflammatory processes. Occlusion of coronary arteries 
induces myocardial infarction with scar formation and restrictive 
components to mitral valve with subsequent mitral regurgita-
tion. In rare cases, leaflet and cusp thickening, formation of sessile 
structures at the leaflets or cusps, as well as perforations of the 
valves are described. Thrombus formation at the valves can imi-
tate vegetations due to endocarditis. Takayasu arteritis commonly 
results in aortic regurgitation due to a combination of hyperten-
sion and aortic root dilatation. LV dysfunction is usually a result 
of severe hypertension but occasionally may be due to coronary 
vasculitis with myocardial infarction.

Neoplastic disease
Carcinoid disease
The carcinoid tumours are mostly located in the gastrointestinal 
tract. The enterochromaffin cells secrete a variety of hormones 

Fig. 58.3 Example of tricuspid valve 
destruction in a patient with carcinoid. 
(a) Multidimensional illustration;  
(b) colour-coded illustration of systolic 
tricuspid flow in the apical two-
chamber view of the right ventricle; 
and (c) the apical four-chamber 
view; (d) continuous wave Doppler 
spectrum through the tricuspid valve.

(a)

(c)

(b)

(d)
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the papillary muscle and the endocardium with subsequent 
mitral valve regurgitation or by degenerative processes such 
as calcification and fibrosis of the mitral leaflets and aortic  
cusps inducing combined valvular heart disease of differing 
severity.

Conclusion
Involvement of the cardiac valves is frequently observed in 
patients with systemic disease. Inflammatory as well as degen-
erative processes induce alterations at the leaflets and/or cusps 
resulting in adherence of valve components with consequent 
impairment of mitral valve integrity. Furthermore, inflammatory 
as well as infiltrative processes and increased synthesis of con-
nective tissue induce restrictive alterations of the myocardium 
which mainly result in functional mitral valve regurgitation. 
Thus, the echocardiographic investigation should focus on 
heart valve morphology and function in every patient, in whom 
increased echogenicity or sparkled echos in the myocardium can 
be detected.

Whereas these alterations rarely induce valvular dysfunction, the 
thrombotic material at the cardiac valve can be the reason for sys-
temic embolic events.

Infiltrative cardiomyopathies affecting 
the heart valves
Amyloidosis, sarcoidosis, mucopolysaccharidosis, Fabry disease, 
endomyocardial fibrosis, idiopathic hypereosinophilic syndrome

Chronic kidney disease, 
hyperparathyroidism, dyslipidaemia, 
and drug-induced heart valve affections
All these diseases mainly influence the myocardium and can 
be accompanied by pericardial effusion. Thus, the involvement 
of heart valve is mainly induced by restrictive components of 

conclusion
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CHAPTER 59

Diseases with a main 
influence on pericardium
Andreas Hagendorff and Laura Ernande

Summary
Pericardial effusion is one of the most frequent side effects and sequelae of several sys-
temic heart diseases. Owing to the nature of the pericardial effusion, serous or bloody 
fluid can be detected. Regarding this differentiation, serous pericardial effusion is often 
present in patients with renal insufficiency and uraemia, viral infections, and autoimmune 
diseases, whereas bloody fluid is found in patients with chest trauma, cardiac surgery and 
cardiac interventions, tuberculosis, and tumours. Thus, structures inside the pericardial 
space point to coagulated blood components.

Echocardiography is the method of choice for the assessment of pericardial effusion and 
its haemodynamic effect. It is important to know that the extent of the pericardial effu-
sion will not determine the haemodynamic sequelae. The first haemodynamic sequela of 
increasing pericardial fluid is the compression of the right atrium. In the following sections 
the detection of pericardial effusion and its haemodynamic impact by echocardiography is 
described for a range of systemic diseases.

Uraemia
In patients with chronic renal failure, uraemia is one of the main symptoms of fluid reten-
tion. Especially in the pre end stage of renal failure, haemodynamically non-relevant 
pericardial effusion is common. In patients with chronic renal failure after initiation 
of dialysis, pericarditis can occur due to resorption of pericardial fluid or concomitant 
viral infections. Echocardiography is suitable for monitoring the haemodynamic effects 
of pericardial effusion in these patients by the detection of left (LV) and right ventricu-
lar (RV) dysfunction due to circulatory volume overload. The assessment of RV preload 
(dimension and collapse index of the inferior caval vein due to its volume status) and LV 
end-diastolic pressure (E/Eʹ ratio) by echocardiography is recommended in every follow-
up investigations of patients with chronic renal failure to detect the development of acute 
congestive heart failure and pulmonary oedema. Thus, in patients with uraemia, assess-
ment by echocardiography of the following items is required:
◆  global systolic LV function (Teichholz, Simpson)
◆ regional LV wall motion abnormalities (WMAs)
◆ diastolic function
◆ pericardial effusion
◆ pulmonary hypertension
◆ dimension and collapse index of the inferior caval vein.
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Polyserositis
Viral infections and other infectious diseases
In patients with viral as well as bacterial infections, the detection of 
pericardial fluid (Horowitz classification type B, C, and D) without 
any haemodynamic relevance can often be observed if perimyo-
cardial effects are present. A special entity is a pericardial effusion 
due to tuberculosis. In patients with acquired immunodeficiency 
syndrome, cardiac involvement in most of these patients presents 
with haemodynamically non-relevant pericardial effusions, non-
regional hypokinesia, RV hypertrophy, and secondary pulmonary 
hypertension. In the end stage of the disease, multinodular vascu-
lar nodules of Kaposi’s sarcoma can cause focal myocarditis with 
concomitant pericardial effusion. In acute viral myocarditis, peri-
cardial effusion is mostly an accompanying finding. Myocarditis is 
normally characterized by different stages of LV dysfunction and 
thrombus formation within the cardiac cavities. In patients with 
infective diseases, assessment of the pericardium as well as the car-
diac valves by echocardiography is required:
◆	 global systolic LV function (Teichholz, Simpson)
◆	 regional LV WMAs
◆	 diastolic function
◆	 pericardial effusion and analysis of its haemodynamic relevance

◆	 cardiac valves to detect or exclude lesions due to endocarditis
◆	 pulmonary hypertension.

Neoplastic syndrome
Analysis of pericardial effusion should be performed especially 
in patients with suspected or known cancer disease. In patients 
with breast, lung, and prostate cancer or melanoma in particular, 
pericardial effusion can be the first finding of metastatic disper-
sal. In end-stage diseases all kinds of pericardial effusion can be 
observed. In cases of pericardial haemorrhage (e.g. lung cancer, 
melanoma), severe pericardial fluid can cause swinging hearts; in 
cases of metastatic infiltration (e.g. lung and breast cancer), large 
masses can be detected within the pericardial space; in cases of 
penetration (e.g. oesophageal cancer), purulent pericarditis can be 
observed (% Fig. 59.1).

In patients with neoplastic syndrome, assessment by echocardi-
ography of the following items is required:
◆	 global systolic LV function (Teichholz, Simpson)
◆	 diastolic function
◆	 pericardial effusion and analysis of its haemodynamic relevance
◆	 pulmonary hypertension.

Fig. 59.1 Examples of different pericardial effects in neoplastic syndrome. (a) Small pericardial effusion in a patient with mediastinal lymphoma; (b) swinging 
heart; (c) tumour masses in a patient with lung cancer; (d) and purulent pericardial space after pericardial-oesophageal fistula in a patient with oesophageal 
cancer.

(a)

Tumour

Tumour

Tumour

Tumour

Tumour

Tumour

(b)

(c) (d)



CHAPTER 59 diseases with a main influence on pericardium504

Effects of cancer therapy on pericardium
In patients undergoing radiation therapy as well as chemotherapy, 
chronic pericardial effusion can often be detected. Some new tar-
geted drugs in cancer therapy induce severe serositis. Therefore, 
recurrent echocardiography should be performed in patients 
receiving monoclonal antibodies and tyrosine kinase inhibitors. 
Continuation or alterations of the treatment regimen often depend 
on severe fluid formation in the pericardial and/or pleural space. In 
patients with suspected diseased pericardium due to chemotherapy, 
assessment by echocardiography of the following items is necessary:
◆ global systolic LV function (Teichholz, Simpson)
◆ diastolic function
◆ pericardial effusion and analysis of its haemodynamic relevance
◆ pulmonary hypertension.

Graft-versus-host reaction
The graft-versus-host reaction is one of the major complications 
in patients after transplantation. Serositis is a common phenom-
enon in these patients. Beside the haemodynamic relevance of the 
pericardial fluid, echocardiography should focus on the detection 

of endocarditis due to the risk of cardiac infection in the presence 
of skin and intestinal lesions.

In patients with graft-versus-host reaction, assessment by echo-
cardiography of the following items is required:
◆ global systolic LV function (Teichholz, Simpson)
◆ regional LV WMAs
◆ diastolic function
◆ pericardial effusion and analysis of its haemodynamic relevance
◆ cardiac valves to detect or exclude lesions due to endocarditis
◆ pulmonary hypertension.

Conclusion
In patients with systemic diseases, pericardial effusion is often 
detectable due to induced alterations of pericardium and epimy-
ocardial layers. Pericardial effusion can be induced by definite 
diseases like renal failure, tuberculosis, or viral infections. In 
patients with reduced general state of health and weight loss, 
pericardial effusion is often the first documentation of a so far 
unknown neoplasm.
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CHAPTER 60

Diseases with a main 
influence on right 
ventricular function
Damien Voilliot, Jaroslaw D. Kasprzak,  
and Eduardo Bossone

Summary
Whatever the aetiology of cardiac disease, right ventricular (RV) function is an inde-
pendent predictive factor of survival [1]. Thus, RV assessment has a key role in the risk 
stratification of the patient and should be performed systematically. RV function depends 
on preload, RV intrinsic contractility, and RV afterload, determined by pulmonary vascu-
lature function, lung status, and left ventricular (LV) function. Echocardiography allows 
assessment of all these parameters (% Box 60.1) which should be recorded for a compre-
hensive, non-invasive assessment of the ‘RV–pulmonary circulation unit’ [2].

Chronic obstructive lung disease and lung fibrosis
In patients with chronic obstructive lung disease, RV enlargement, hypertrophy, and dys-
function is commonly due to pulmonary hypertension (PH) and a chronic increase in RV 
afterload [3]. The alveolar hypoxia leads, in the early stages of the disease, to an increase 
in RV afterload through pulmonary vasculature vasoconstriction. Correction of this 
hypoxaemia may improve pulmonary arterial reactivity [4] and normalize RV afterload 
and function. In the final stages of the disease, the chronic hypoxia leads to pulmonary 
vasculature remodelling and irreversible increase in RV afterload with RV dysfunction 
and failure. It has been recently described that RV function can be affected in chronic 
obstructive lung disease even with mild to moderate pulmonary pressures increase [5]. 
RV isovolumic acceleration time, RV strain, and RV myocardial performance index may 
be the best parameters to detect early RV dysfunction.

In patients with lung fibrosis, PH is often compensated and RV hypertrophy is recog-
nized in the presence of normal RV volume. The tricuspid regurgitation may be trivial 
and difficult to record. Thus, estimation of systolic pulmonary artery pressure may be 
performed by the analysis of the pulmonary regurgitation signal or may be estimated with 
indirect parameters such as pulmonary velocity time integral morphology (mesosystolic 
notch) and acceleration time (decreased), and RV isovolumic relaxation time (increased). 
In the final stages of the disease decompensation of the RV with tricuspid annular dilation 
and severe tricuspid regurgitation occurs.
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to pulmonary vasculature vasoconstriction and remodelling 
secondary to portosystemic shunting of vasoactive substances. 
Thus, pulmonary vascular resistance is increased in this 
situation and should be distinguished from moderate PH sec-
ondary to hyperdynamic state (relative central hypovolaemia 
and decreased systemic vascular resistance) or secondary to LV 
systolic or diastolic dysfunction (coronary heart diseases, LV 
hypertrophy) [6].

Obesity
In obese patients, mild RV enlargement is common and myocar-
dial function may be affected throughout different comorbidities 
typical in obesity. LV systolic and/or diastolic dysfunction may be 
due to LV hypertrophy, systemic hypertension, diabetes, coronary 
heart disease, and chronic volume overload, but also, an increase 
in RV afterload secondary to alveolar hypoxaemia and pulmonary 
vasculature vasoconstriction and remodelling is common.

Future perspectives
Exercise echocardiography may be an interesting tool to investi-
gate the RV pulmonary circulation system [7] but needs further 
prospective studies to standardize the protocol, especially with 
slope of pulmonary artery pressure-cardiac output assessment [8] 
and to confirm previous results.

Three-dimensional echocardiography has been emerging as a 
tool to routinely assess RV volumes and ejection fraction.

Liver cirrhosis
In patients with liver cirrhosis, RV dysfunction may occur in 
portopulmonary hypertension. It results from endothelial dys-
function secondary to increased vascular wall shear stress and 

Box 60.1 Key echo Doppler indices of right heart structure, 
function, and pressures

Key indices
RV structure: RV end-diastolic basal diameter, RVOT end-dias-
tolic diameter, tricuspid valve and annulus morphology
RV function: TAPSE, Sʹ, RVFAC, RV dp/dt
RV pressure: transtricuspid gradient, pulmonary regurgitation, 
RV isovolumic relaxation time, RV VTI morphology and accel-
eration time, PVR estimation (Abbas’ formula)
LV parameters: LV cardiac index, regional LV WMI, LVEF 
(Simpson’s method), LV mass and LV septal diastolic wall thick-
ness, Valvular function and morphology, Mitral E/A, septal, 
lateral, and mean E/eʹLA cross-sectional area and volume.

Additional indices and research tools
RV function: RV strain (lateral wall), MPI, RV isovolumic accel-
eration time, RVEF by three-dimensional echocardiograph.
LA, left atrium; LVEF, left ventricular ejection fraction; LVWMI, left ven-
tricular wall motion index; MPI, myocardial performance index; PVR, 
pulmonary vascular resistance; RV, right ventricle; RVEF, right ventricular 
ejection fraction; RVFAC, right ventricular fractional area change; RVOT, 
right ventricular outflow tract; Sʹ, systolic myocardial velocity displacement 
at the tricuspid annulus level; TAPSE, tricuspid annular plane systolic excur-
sion; VTI, velocity time integral.
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CHAPTER 61

Adult congenital heart 
disease
Giovanni Di Salvo, Werner Budts,  
and Owen I. Miller

Summary
The evaluation of adult patients with congenital heart disease (CHD) is fast becoming 
essential for many more health professionals due to the increasing population of long-
term survivors after CHD surgery in childhood [1]. The population of adults with CHD 
now exceeds that of children with CHD [2]. Management of the adult with CHD requires 
a thorough understanding of the anatomical variations and malformations, a detailed 
knowledge of the common surgical and interventional techniques, and their respective 
complications. This information is key to understanding the particular cardiac mechan-
ics and physiology of these patients, whose clinical status can be further complicated by 
the frequent coexistence of acquired co-morbidities (e.g. obesity, diabetes, hypertension, 
or coronary artery disease). Thus, echocardiographic evaluation should be performed 
in a comprehensive but structured way based on the pathology and the surgical correc-
tion of that individual patient, to avoid missing important anatomical and functional 
information. Although echocardiography is the primary imaging modality in adults with 
CHD, additional imaging modalities such as cardiac magnetic resonance imaging (MRI) 
and computed tomography (CT) are frequently necessary to complete the non-invasive 
evaluation.

Shunt lesions
Atrial septal defect
Atrial septal defect (ASD) is a pathological communication between the left and right 
atriums at the level of the interatrial septum. It represents the third most common CHD 
(with an estimated incidence of 100 per 100 000 live births). Often ASDs are diagnosed 
for the first time during adulthood because of lack of early symptoms and the paucity of 
physical findings. ASDs are classified by their location in relationship to the fossa ovalis 
and several types of ASDs can be distinguished [3].

Pathophysiology
Regardless of the specific anatomical type, ASD typically results in left-to-right shunt. The 
amount of shunting is determined by the defect size, the relative compliance of the right 
ventricle (RV) and left ventricle (LV), and the relative contributions from the left atrial 
(LA) and right atrial (RA) pressures. The shunt flow is predominantly left-to-right due to 
the higher LA pressure and the greater RV compliance; the net result is an increased pul-
monary blood flow (pulmonary over-circulation) with progressive RA and RV dilatation.
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A reduced LV compliance or an increased LA pressure (e.g. 
from hypertension, ischaemic heart disease, cardiomyopathy, 
aortic and mitral valve disease, and ageing) results in an increase 
of the left-to-right shunt. Conversely, the left-to-right shunt may 
be decreased or even reversed by conditions increasing RA pres-
sure or RV stiffness (tricuspid valve (TV) disease, pulmonary 
stenosis (PS), and/or pulmonary arterial hypertension (PAH), 
respectively).

While often asymptomatic during childhood, older patients 
with unrepaired ASDs frequently present exercise intolerance, 
shortness of breath, atrial arrhythmias, paradoxical embolism, 
or right-sided heart failure during adulthood. Over time, up 
to 5–10% of patients with a significant left-to-right shunt may 
develop pulmonary vascular disease leading to PAH [4].

Types
The most common ASD is the ostium secundum defect account-
ing for approximately 80% of ASDs. It sits relatively centrally 
within the atrial septum at the level of the fossa ovalis (% Fig. 61.1). 
An ostium secundum ASD is always characterized by a gap of 
atrial septal tissue, conversely a patent foramen ovale (PFO) may 
show a valve-like morphology. Especially in adult patients, por-
tions of the atrial septum may be difficult to visualize, and in these 
cases transoesophageal echocardiography (TOE) is indicated [5].

The so-called primum ASD is in reality the partial form of 
the atrioventricular septal defect (AVSD) where there is not 
only a deficiency in the lower portion atrial septum, but usually 
a common atrioventricular (AV) junction but often with two 

anatomically separate AV valves; there is a lack of AV valve offset 
and no ventricular septal defect (VSD) component. This partial 
AVSD is located between the inferior margin of the fossa ovale 
and the AV valves (% Fig. 61.1). It accounts for approximately 
15% of atrial septal communications and will require careful inter-
rogation of the atrial septum and the inflow valves, particularly 
the three-leaflet left AV valve. This lesion should have ideally 
undergone early surgical correction to avoid pulmonary vascular 
obstructive disease.

The sinus venosus defects occur at the cavo-atrial junctions and 
account for nearly 5% of ASDs. The superior sinus venosus defect 
is much more common than the inferior type (< 1%) and is almost 
invariably associated with partial anomalous pulmonary venous 
connection. Typically the one or both right-sided pulmonary 
veins enter the superior vena cava (SVC).

The rarest form of ASD is the unroofed coronary sinus; this is a 
partial or complete deficiency of the wall separating the LA from 
the coronary sinus. It is almost always associated with a persistent 
left SVC draining to the roof of the LA.

Most ASDs occur sporadically, however familial clusters with 
different inheritance modalities have been described.

Echocardiographic diagnosis and quantification

The goals of the echocardiographic examination are the assess-
ment of defect location, size, relationships with the surrounding 
structures (AV valves and pulmonary and systemic veins), 
measurements of defect rims (for assessment of suitability for per-
cutaneous closure), haemodynamic evaluation (shunt direction, 

Fig. 61.1 (a) Subcostal coronal view, focused on interatrial septum. Note the drop-out at the mid portion of the septum (ASD type II) with a left-to-right shunt. 
(b) Modified apical four-chamber view showing an ASD type II (echo drop-out with well-defined edges) with a left-to-right shunt at colour Doppler evaluation. 
(c) Subcostal coronal view, focused on the interatrial septum, showing a drop-out in the inferior portion of the interatrial septum, just above the atrioventricular 
valve plane: Note the atrioventricular valves are on the same plane. ASD type I is part of the spectrum of atrioventricular septal defect. (d) Bicaval view showing a 
drop-out at the supero-posterior portion of the interatrial septum, just below the superior vena cava (SVC) (sinus venosus ASD) with a left-to-right shunt. Note 
the SVC overrides the defect .

(a)

(c)

(b)

(d)
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transseptal pressure gradient, RA and RV enlargement, and pul-
monary artery (PA) dilatation), associated cardiac abnormalities, 
biventricular systolic and diastolic function, and estimation of 
pulmonary artery pressure (PAP). The atrial septum is a complex 
three-dimensional (3D) structure made up of overlapping embry-
ological septae and in part may be quite thin. False drop-out of the 
acoustic signal at atrial septal level may occur as a result of parallel 
orientation between the ultrasound beam and the atrial septum. 
Thus, if a defect is seen from one acoustic window its presence 
must always be confirmed from at least another perpendicular 
window. Often ASDs do not exhibit a circular shape therefore 
ASD size measurements should be performed by multiple views 
and the largest diameter should be considered to plan the type of 
correction. The use of 3D echocardiography has further enhanced 
our ability to characterize these defects more comprehensively 
before intervention or surgery [6].

Direct ASD visualization should be attempted from a subcostal 
acoustic window (because of perpendicular orientation between 
the ultrasound beam and the septum) and parasternal short-axis 
(PSAX) view. Unfortunately, the subcostal views are often unsat-
isfactory in most adults (especially obese). The standard apical 
four-chamber view (A4C) view is not ideal for the evaluation of 
ASDs because of parallel orientation between the ultrasound beam 
and the septum leading to a characteristic T-artefact. A modified 
A4C view (from conventional A4C view move the probe towards 
the sternum until the atrial septum is nearly perpendicular to the 
ultrasound beam and then angulate anteriorly) is probably the 
best approach in adults [7]. Doppler colour flow mapping (CFM) 
is indispensable to confirm an ASD and to quantify the amount of 
the shunt. Shunt ratio calculations can be attempted from the time 
velocity integral of pulmonary and aortic flow and the according 
cross-sectional flow areas [8], but accuracy is hampered by meas-
urement errors, particularly of the pulmonary valve area, which is 
difficult to accurately quantify and may lead to incorrect pulmo-
nary to systemic flow ratio (Qp/Qs) estimates [9].

Assessment of RV and RA dimensions are an indirect way to esti-
mate the haemodynamic relevance of an ASD. PAP can be estimated 
from the tricuspid regurgitation (TR) velocity plus the estimated 
RA pressure. In the elderly, prior to ASD closure, particular atten-
tion should be paid to the LV systolic and diastolic function.

Current guidelines [5] recommend ASD closure in patients 
with a significant shunt, with echocardiographic evidence of RV 
volume overload, even if asymptomatic. Device closure is cur-
rently the method of choice. In the presence of a PAP (estimated 
from the TR) greater than 50% of systolic blood pressure, invasive 
assessment of pulmonary vascular resistance (PVR) is mandatory. 
This can be achieved by cardiac catheterization or more precisely 
with flow measurements by hybrid cardiac MRI [10].

In these cases, closure is still indicated if PAP and resistance 
are less than two-thirds of systemic levels and should be consid-
ered in patients with higher PAP but still a left-to-right shunt or 
demonstrated vasoreactivity. Additionally and in line with current 
guidelines, patients with previous paradoxical embolism should 
be considered for ASD closure. In the current era, secundum 
ASDs are generally closed by percutaneously delivered device(s) 

following TOE assessment of suitability (ASD with stretched 
diameter < 38 mm and adequate rim (~ 5 mm), even without 
adequate retro-aortic rim) [11]. Two-dimensional (2D) TOE, 
intracardiac echocardiography (ICE), and 3D TOE are particu-
larly helpful for monitoring the catheter intervention. A surgical 
approach is the only possible option for ostium primum (partial 
AVSD) and sinus venosus ASDs [5].

TOE indications
If the image quality is suboptimal and the evaluation is incon-
clusive or there is a suspicion of an abnormal pulmonary venous 
return then TOE is indicated. Indeed, TOE is superior to tran-
sthoracic echocardiography (TTE) allowing for clear imaging of 
the fossa ovalis, sinus venosus septum, pulmonary veins, more 
accurate measurement of defect size, assessment of residual sep-
tum morphology, and rim size. When ASD closure is planned, 2D 
and 3D TOE is the primary imaging modality for pre-intervention 
assessment and for actual procedural monitoring. Even when sur-
gery is required for ASD closure, intraoperative 2D or 3D TOE is 
now considered routine [7].

In selected cases with poor acoustic window or other contrain-
dications for TOE (oesophageal varices, previous oesophageal 
surgery, etc.), cardiac MRI can be used to define pulmonary 
venous return, quantify RV volume and function, and measure 
shunt ratio. Contrast echocardiography is a helpful technique in 
patients with poor acoustic windows or for the diagnosis of per-
sistent left SVC associated with an unroofed coronary sinus defect 
[11–13].

Three-dimensional echocardiography added information
Three-dimensional echocardiography allows appreciation of the 
defect’s shape which cannot be assumed to be circular, and pro-
vides a better evaluation of RV volume and function compared 
with 2D echocardiography [6].

Transoesophageal 3D echocardiography has gained popularity 
in the guidance of ASD percutaneous closure allowing a real time 
3D evaluation of the defect and its relationship with the nearby 
structures [6].

Findings after ASD repair and follow-up
Follow-up is required after any transcatheter or surgical repair 
of all ASD types. Residual transseptal shunts with CFM signal 
through the device are seen frequently by TOE or ICE immedi-
ately after ASD device closure, but most of these residual shunts 
will disappear over time. Echocardiographic surveillance after 
device closure is mandatory to evaluate possible late complica-
tions such as arm fractures and changes in device configuration, 
embolization or migration of the device, thrombus, local erosion, 
pericardial effusion, obstruction, perforation, and rupture of 
neighbouring structures [11–13]. After surgical closure, intraop-
erative echocardiography can exclude residual shunt and follow-up 
echocardiographic evaluation should include evaluation of RA 
and RV size, biventricular function, assessment of pulmonary and 
systemic venous pathways, evaluation of AV valve function, esti-
mation of RV systolic pressure and pericardial effusion.
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Ventricular septal defect
VSD is a communication at the level of the interventricular sep-
tum (IVS). It represents the most common form of CHD (~ 30%). 
VSDs may be isolated or are frequently associated with additional 
cardiac anomalies or as an integral part of a more complex con-
genital heart defects (e.g. tetralogy of Fallot (ToF), double outlet 
right ventricle, and common arterial trunk) [1].

Pathophysiology
The direction and magnitude of the shunt depends on the size of the 
defect, the PVR, systemic vascular resistance, and the presence of 
associated abnormalities. In isolated VSD there is a left-to-right shunt 
due to the higher LV pressure resulting in an increased blood flow to 
the pulmonary circulation, yielding volume overload with LA and 
LV enlargement due to the higher pulmonary venous return. Small 
restrictive VSDs do not cause dilatation of the left heart, are rarely 
associated with endocarditis, and the life expectancy is similar to that 
of the general population. Conversely, patients with a large left-to-
right shunting, if not corrected, may develop intractable heart failure. 
Patients who survive gradually increase their PVR, and the shunt 
may become bidirectional and eventually right to left (Eisenmenger 
physiology) with consequent systemic oxygen desaturation

Types
Depending on the location of the defect within the IVS and the 
relationship to the membranous septum, VSDs are classified as:

1. perimembranous defects

2. subarterial (also called doubly committed subarterial, conal)

3. muscular defects:

 a. inlet
 b. outlet
 c. apical.

Despite these classifications, defects can and do extend across dif-
ferent portions of the septum (e.g. perimembranous to outlet).

Defects in the perimembranous septum represent the most 
common form of VSD (accounting for ~ 80% of defects) and have 
fibrous continuity between the aortic and tricuspid valves. The 
defect, however, can extend into the inlet or outlet part of the IVS. 
A rare defect in the septum separating the LV from the RA can 
cause a LV-to-RA shunt called the Gerbode defect [14].

Subarterial VSDs account for 5–10% of VSDs, are located 
immediately below the aortic and pulmonary valves, and have 
fibrous continuity between the semilunar valves. These defects are 
relatively rare in Europe (only ~ 5% of VSDs) but relatively com-
mon in Asian population (~ 30% of VSDs). There is potential for 
right aortic coronary cusp prolapse (up to 70% of cases) and pro-
gressive aortic regurgitation (AR).

Inlet VSDs (account for 5–8% of all VSDs) are located posteri-
orly and inferiorly immediately adjacent to AV valve plane. They 
can occur in isolation or as part of an AVSD.

Other muscular VSDs account for approximately 5–20%, have 
surrounding muscular rims, and are thus completely located in 

the muscular part of the IVS. Muscular VSDs can be multiple, 
producing the so-called Swiss-cheese septum when present in large 
numbers.

The type of VSD has important prognostic and interventional 
implications since apical and mid-muscular defects tends to close 
spontaneously, as do many perimembranous defects. VSD loca-
tion is critical to surgical planning particularly with reference to 
the location of the specialized conduction fibres and the risk of 
postoperative heart block [16].

Echo diagnosis and quantification
Except in patients with very limited acoustic windows, TTE is the 
mainstay for a complete evaluation of VSD and its haemodynamic 
impact. A combination of multiple windows and planes should 
be used. The goals of echocardiographic evaluations are VSD 
location and size, relation with surrounding structures, haemo-
dynamic load, shunt direction, estimation of RV systolic pressure, 
biventricular size and function, and associated abnormalities.

The parasternal long-axis (PLAX) view is well suited to the 
detection and evaluation of perimembranous defects with outlet 
extension, muscular, and doubly committed VSDs. Tilting the 
transducer from the standard PLAX view towards the tricuspid 
valve may help to visualize perimembranous to inlet VSDs, while 
tilting the transducer towards the pulmonary valve, subarterial 
VSD can be imaged (% Fig. 61.2).

The PSAX at the base demonstrates perimembranous VSD 
adjacent to the tricuspid valve in the sector between 9 and  
12 o’clock on an imaginary clock face, while a subarterial VSD is 
best seen between 12 and 2 o’clock [12,13] (% Fig. 61.2).

Progressively sweeping down the PSAX from basal level to 
mitral valve level first and then to apical level different muscular 
VSDs can be visualized. At mid and apical level, between 7 and 
10 o’clock posterior muscular VSDs are seen, between 10 and  
12 o’clock mid-muscular VSDs, while between 12 and 2 o’clock 
anterior muscular VSDs are seen. Inlet VSDs can be imaged by 
PSAX view at mitral valve (MV) level immediately below the AV 
valve plane. The A4C view is especially suited for the evaluation of 
inlet septum defects (immediately below the AV valve plane). The 
apical five-chamber (A5C) view is helpful to visualize the subaor-
tic outflow tract, but malalignment of the outlet septum cannot be 
judged from this view.

Prolapse of the right coronary cusp can be seen by both PLAX 
and PSAX views as a diastolic bulging of the right cusp into the RV. 
A subaortic ridge located at the inferior aspect of the VSD is seen 
in about 5% of perimembranous VSDs and is best viewed from 
PLAX and A5C views. Double-chambered right ventricle (DCRV) 
where the RV is divided into a high-pressure inlet chamber and a 
low-pressure outlet chamber by anomalous muscle bundles may 
also be associated with VSD.

Indirect signs for the presence of a haemodynamically signifi-
cant VSD are LV and LA dilation (Qp/Qs > 1.5) and an elevated 
RV pressure. End-diastolic velocity of a discrete pulmonary regur-
gitation (PR) jet may be informative but the peak continuous wave 
(CW) Doppler velocity of TR will give a clearer indication of right 
heart pressure. The VSD jet may contaminate the TR jet making 
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the measurement unreliable and/or a high-velocity jet may rep-
resent a shunt from the LV to the RA, through the accessory 
tricuspid tissue which is partially occluding the native defect. Such 
a high-velocity LV–RA jet must not be mistaken for TR or PAH. 
VSD gradient can be used for an estimation of RV pressure (sys-
tolic blood pressure − VSD gradient), as long as the CW Doppler 
trace of the VSD gradient is plateau-shaped. When the VSD gra-
dient has an early peak, then it is recommended to measure the 
mean gradient or the end-systolic gradient.

As the VSD should not be assumed to be circular, its size should 
be assessed in multiple planes on 2D echocardiography or ideally 
using 3D echocardiography [6]. A high-velocity turbulent flow 
is suggestive of a restrictive VSD. In contrast, large non-restric-
tive VSDs are characterized by laminar flow, with low velocities. 
However, variations in PVR significantly impact on the velocity 
of VSD shunt. Perimembranous VSD may be (partially) closed by 
accessory TV tissue or, rarely, by true aneurysms of the ventricular 
septum. Caution should be paid to not misread the flow within 
this aneurysm as a residual VSD.

TOE may play a major role in the assessment of VSDs when 
TTE images are suboptimal. Intraprocedural TOE has a well-
defined role to guide and evaluate surgical repair or device closure 
(mostly for muscular and perimembranous VSD).

Three-dimensional echocardiography has the potential to bet-
ter assess VSD size and shape, to better measure LV volumes, and 

to help in the understanding of the relationship between the defect 
and the surrounding structures. The major limitation of the 3D 
approach for VSD evaluation is the ‘signal drop-out’ which may 
lead to an overestimation of VSD sizes [6,12].

Echocardiography and treatment decision
Current guidelines [5] recommend VSD closure regardless of 
symptoms in patients with significant left-to-right shunt and signs 
of LV volume overload. Patients with progressive AR due to pro-
lapsing of aortic cusps into the VSD should also be considered for 
surgery. As for ASDs, if the Doppler-estimated PAP is greater than 
50% of the systolic blood pressure, invasive assessment of PVR is 
advisable. It has been suggested that patients with VSD and estab-
lished pulmonary hypertension should be considered for closure if 
there is preserved net left-to-right shunting and pulmonary pres-
sures or PVR is less than two-thirds of the systemic value when 
challenged with vasodilators, preferably inhaled nitric oxide, or 
after targeted PAH therapy. Conversely, there is general agreement 
that in the presence of a small, non-subarterial VSD, without LV 
volume overload or pulmonary hypertension, and no history of 
infective endocarditis, surgery can be avoided. However, follow-
up is needed because a mid-term follow-up of adolescents and 
young adults with a small and unrepaired perimembraneus VSD 
was not uneventful as electrocardiographic and structural changes 
were noticed [15].

Fig. 61.2 (a) Parasternal short-axis view at the basal level, showing a left-to-right shunt (colour Doppler) between the tricuspid valve and the aorta, but located 
closer to the tricuspid valve (perimembranous inlet VSD). (b) Same view showing a left-to-right shunt between the tricuspid valve and the aorta, extending more 
towards the aorta (perimembranous outlet VSD). (c) Zoomed parasternal short-axis view showing a shunt between the aortic valve and the pulmonary valve 
(subarterial or doubly committed VSD). (d) Parasternal long-axis view anteriorly tilted towards the pulmonary valve showing a subarterial (or doubly committed 
VSD). (e) Parasternal long-axis view showing a prolapse of the right coronary cusp into the right ventricle to close a perimembranous VSD (arrow). Note the 
deformation of the cusp. (f) Parasternal short-axis view showing a double-chamber right ventricle (DCRV). Note the colour flow acceleration between the high 
pressure and the low pressure chamber, and the hypertrophied muscular bands (arrow) dividing the right ventricle in two chambers.

(a) (b) (c)

(d) (e) (f)
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Findings after VSD repair and follow-up

After VSD repair echocardiography should aim to evaluate the 
presence of any residual VSD, commonly located at the margins 
of the surgical patch. The majority of these with a jet diameter by 
colour Doppler evaluation smaller than 4 mm will undergo spon-
taneous closure [17]. Importantly, after closure of a large VSD, 
other remote defects (preoperatively hidden by equalization of 
ventricular pressures) can become manifest.

Ventricular dysfunction may occur postoperatively, secondary 
to the effect of ventriculotomy, acute LV volume unload, acute 
LV pressure overload, or cardiopulmonary bypass. The thorough 
evaluation of valves adjacent to the VSD (tricuspid, aortic, and 
pulmonary valves) is paramount, since significant tricuspid or AR 
may persist. Valve lesions may be progressive and due to the ongo-
ing risk of infective endocarditis, postoperative follow-up should 
be long term.

Atrioventricular septal defects
AVSDs are a group of CHDs characterized by deficiency of AV 
septation and a variety of AV valve abnormalities. The prevalence 
of AVSDs is around 5%, but it increases up to 15–30% in patients 
with Down syndrome [18]. Viewing a normal heart from the base, 
the aortic valve (AoV) is wedged between the mitral and tricus-
pid valves. In AVSD the presence of a common AV valve makes it 
impossible for the aorta to lie between the inlet valves and it is thus 
‘unwedged’ antero-superiorly, making the left ventricular outflow 
tract (LVOT) elongated and narrow (‘gooseneck deformity’).

Pathophysiology
Clinical effects of AVSD largely depend on the degree of shunting 
and or valvar regurgitation. Predominant atrial shunting leads to 
RV enlargement, whereas ventricular shunting leads to increased 
pulmonary blood flow and left heart volume overload. If AVSD is 
not surgically addressed pulmonary vascular disease may develop. 
Children and young adults with Down syndrome are at higher risk 
of developing PAH. AV valvular regurgitation may lead to atrial 
enlargement.

Types
There are various nomenclature systems for AVSD but to mini-
mize confusion AVSD can be subdivided as follows:

◆	 Complete AVSD: an atrial component (ostium primum type) 
plus an unrestrictive ventricular component (inlet type), 
a common AV valve with five-leaflets (left and right mural 
leaflet, right anterosuperior leaflet, and superior and inferior 
bridging).

◆	 Partial AVSD: an atrial component (ostium primum type), no 
VSD component, the five-leaflet common AV valve is variably 
attached to the crest of the ventricular septum thus dividing the 
AV valve into separate left and right AV valves, resulting in a 
‘cleft’ between the superior and inferior bridging leaflets of the 
left AV valve.

◆	 Transitional AVSD: an atrial component (ostium primum 
type), and due to significant chordal attachments of the supe-
rior bridging leaflet, only a restrictive ventricular component, 
the left and right AV valves are separate like the partial AVSD.

Echocardiographic assessment

Imaging the adult with AVSD can be difficult, subcostal views are 
often challenging, thus apical views provide most of the informa-
tion. Adults with complete AVSD will, in general, present after 
repair.

The AVSD should be assessed from multiple views (% Fig. 61.3). 
In adult patients the A4C view allows the visualization of the 
atrial and ventricular components of any septal defects, the quan-
tification by colour Doppler of AV valve regurgitation, and the 
assessment of both ventricular and atrial dimensions. The lack of 
the usual AV valve offset, with both inlet valves on the same plane, 
can be easily visualized. The degree to which the ventricles share 
the AV junction is described as ‘balanced’ as inflow is equally 
shared and ventricular size comparable; or ‘unbalanced’ if there is 
significant ventricular disproportion.

The A5C view helps to assess the LVOT and to detect obstruc-
tion by using colour and spectral Doppler (pulsed wave (PW) 
and CW). Parasternal views should be used to visualize the 
elongation and curvature of the LVOT, to assess LVOT obstruc-
tion, and to estimate AV valve regurgitation. The PSAX view is 
helpful to visualize the position of the inlet VSD and any addi-
tional muscular VSDs and is paramount in the evaluation of 
the AV valve(s) and subvalvar apparatus. Visualization of the 
common AV junction and the five-leaflet AV valve should be 
attempted from the PSAX view. The ‘cleft’ in the left AV valve is 
the usual origin of left AV valve regurgitation and is due to non-
apposition of the superior and inferior bridging leaflets. The left 
AV valve is no longer ‘fish-mouth’ like a true mitral valve but 
rather trileaflet, with characteristic drop-out towards the IVS  
(% Fig. 61.3b). Papillary muscle orientation can be assessed 
from PSAX view; in AVSD the LV papillary muscles are counter-
clockwise rotated thus contributing to narrowing of the LVOT. 
A stenotic double-orifice left AV valve has been described in up 
to 5% of AVSDs.

Surgery is indicated [5] in most patients with AVSD, with 
echocardiography providing all necessary information. If the 
Doppler-estimated PAP is greater than 50% of systolic blood pres-
sure, invasive assessment of PVR is mandatory. In these cases, 
repair is still indicated if PAP is less than two-thirds of systemic lev-
els and should be considered in patients with higher PAP but still 
left-to-right shunt or demonstrated vasoreactivity to pulmonary 
vasodilators. In patients with established Eisenmenger physiology, 
surgical repair is contraindicated. Re-intervention primarily for 
residual AV valve regurgitation, less commonly residual shunting or 
for LVOT obstruction, is also primarily guided by echocardiography.

Findings after surgery and follow-up
Postoperative echocardiography is used to assess residual septal 
defects, AV valve regurgitation (the most common) or stenosis, 
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LVOT obstruction (up to 15% of patients after repair), ventricular 
function, and estimation of PAP.

Persistent ductus arteriosus
The arterial duct (ductus arteriosus) is a tubular vascular 
structure connecting the junction of the main PA and the left 
PA to the descending aorta just distal to the origin of the left 
subclavian artery. It is a vital structure during fetal life allow-
ing blood to bypass the fetal lungs. After birth, the arterial duct 
closes in the first days of life. A persistent ductus arteriosus 
(PDA) has been reported to account for approximately 5–10% 
of patients with CHD, however in adults it is usually an isolated  
finding.

Pathophysiology
A PDA results in left-to-right shunting from the aorta to the pul-
monary circulation. The amount of shunt is determined by the 
calibre and length of PDA and by PVR. Small ducts are without 
haemodynamic significance, while long-standing moderate to 
large PDAs may lead to LA and LV volume overload and pulmo-
nary hypertension, with potential for an eventual shunt reversal 
and development of Eisenmenger syndrome. Rare complications 
are endocarditis and aneurysm formation. Long-standing persis-
tent arterial ducts may even calcify.

Echocardiographic assessment

The PDA is typically visualized from the high left parasternal 
infraclavicular view, from PSAX at level of main PA or from 
suprasternal view (% Fig. 61.4a). The Doppler evaluation dem-
onstrates a systolic–diastolic flow pattern. Indirect signs are the 

presence of a diastolic flow reversal in descending aorta and 
in the abdominal aorta in the absence of a significant AR [19]. 
In the presence of Eisenmenger syndrome the demonstration 
of a PDA can be challenging because of slow bidirectional flow. 
Echocardiography must assess the haemodynamic consequences 
of the PDA, measuring left heart dimensions and systolic function 
as well as estimating PAP (using TR velocity and/or PDA velocity). 
Adults with a small PDA typically present with normal LV and LA 
size and normal PAP. Patients with a moderate to severe PDA may 
present either with predominant LV volume overload (they may 
be misdiagnosed as dilated cardiomyopathy) or with predominant 
signs of PAH such as RV hypertrophy and dilatation, reduced RV 
function (PSAX and A4C), D-shaped LV (PSAX), and elevated 
PAP as estimated from the TR (they may be misdiagnosed as idi-
opathic PAH) [20].

Echocardiography and treatment decision

Device closure is the current method of choice for the PDA in 
adults. Closure is indicated regardless of symptoms in patients 
with a PDA and LV volume overload. Device closure can be 
considered in patients with a small PDA and a continuous mur-
mur. Estimated PAP greater than 50% of systolic blood pressure 
mandates invasive measurement of PVR. Patients with PVR of 5 
Wood units or higher but less than two-thirds of systemic vas-
cular resistance or PAP less than two-thirds of systemic pressure 
(baseline or when challenged with vasodilators, preferably inhaled 
nitric oxide, or after targeted PAH therapy) and evidence of net 
left-to-right shunt (Qp:Qs > 1.5) may be considered for interven-
tion. In patients with a small duct only visible by echo but without 
murmur and those with established Eisenmenger syndrome, PDA 
closure is not recommended [5].

Fig. 61.3 (a) Partial AVSD. Apical four-chamber view showing a drop-out at the inferior atrial septal level (ASD type I). The two atrioventricular (AV) valves are 
on the same plane. The potential inlet VSD is sealed by chordal attachments. (b) Transitional AVSD. Apical four-chamber view showing ASD type I, AV valves 
on the same plane, the inlet VSD closed by significant AV tissue. (c) Complete AVSD. ASD type I, Common AV valve, inlet VSD. (d) Parasternal short-axis view 
showing the cleft mitral valve. Note the mitral valve no longer has the fish-mouth aspect, but rather a triangular aspect with an opening (cleft) towards the 
interventricular septum. (e) Parachute mitral valve, note the mitral valve is inserted on a single papillary muscle. (f) Parasternal short-axis view demonstrating a 
double orifice mitral valve.

(a) (b) (c)

(d) (e) (f)



CHAPTER 61 adult congenital heart disease514

Follow-up recommendations

According to current guidelines, echocardiographic evaluation 
should include assessment of left-side cardiac chamber dimen-
sions, biventricular function, PAP, residual shunt, aortic arch flow 
(device protrusion in the aortic isthmus has been described in 
children undergoing PDA closure), pulmonary flow, and associ-
ated lesions. Patients with no residual shunt, normal LV size and 
function, with a normal PAP do not require regular follow-up after 
6 months. Patients with LV dysfunction and patients with residual 
PAH should be followed at intervals of 1–3 years depending on 
severity, including evaluation in specialized adult congenital heart 
centres.

Anomalous pulmonary venous return
In adults, the commonest form would be partial anomalous 
pulmonary venous return (PAPVR), as total anomalous venous 
return (TAPVR) is most likely to have required corrective surgery 
in childhood. PAPVR is an uncommon congenital anomaly rang-
ing from 0.4% to 0.7%, where there is an abnormal connection of 
one or more (but not all) pulmonary veins to a site other than the 
morphological LA. Many patients with PAVPR may also have an 
ASD, which may be secundum or sinus venosus type.

Pathophysiology
The clinical effect is similar to an ASD. The amount of increased 
pulmonary blood flow depends on the number of anomalous 
pulmonary veins and on the presence and size of any associ-
ated ASD. Variable degrees of dyspnoea may develop during 
adulthood.

Types of anomalous venous return

◆	 Supracardiac: the most common type, where the right pulmonary 
vein(s) join a confluence that drains through a common ascending 
vein to the innominate vein or directly to the right SVC.

◆	 Cardiac: when the pulmonary vein(s) insert to the coronary 
sinus or directly to the RA.

◆	 Infracardiac: the pulmonary vein(s) usually converge to conflu-
ence from which a vertical vein descends below the diaphragm. 
This type of connection is the most prone to obstruction as the 
vertical vein crosses the diaphragm and also most challenging 
to repair.

◆	 Mixed: a combination of the previous types.

Echocardiographic findings

Suspicion of PAPVR should be raised in adults with dilated right 
chambers without an ASD or when the right-sided dilatation is 
out of proportion compared to the ASD size. In these situations 
when TTE is not conclusive, TOE is the best alternative allowing 
a clear visualization of the atrial septum, pulmonary veins, and 
caval veins. Cardiac MRI can be particularly helpful in delineating 
the anomalous pulmonary venous return (especially in the mixed 
types), and to properly quantify the amount of shunt, and measure 
RA and RV volume.

From the high PSAX view the pulmonary veins and the left and 
the right atria can be seen (% Fig. 61.4). The pulmonary veins can 
be identified with cranial–caudal angulation of the transducer.

An enlarged coronary sinus (CS) is visible in the PLAX view. 
The enlarged CS may due to a persistent left superior caval vein 

Fig. 61.4 (a) High parasternal view showing a small PDA (arrow). (b) Supracardiac partial anomalous pulmonary vein return (PAPVR). Suprasternal view 
visualizing the pulmonary veins entering the vertical vein (VV, red flow), than the innominate vein (IV) and finally the SVC. (c) Intracardiac PAPVR. Subcostal view 
demonstrating two pulmonary veins (PVs) entering the coronary sinus (CS). (d) Scimitar syndrome. Subcostal view showing a PV (arrow) entering the inferior 
vena cava. Note the colour flow acceleration, infracardiac PAPVR are frequently obstructed.

(a)

(c) (d)

(b)

SVC
IV

VV

CS

PVPV
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seen best in the high PSAX view but can also be due to anomalous 
pulmonary venous drainage to CS.

When the drainage site is below the diaphragm, a confluence 
may lie just below the diaphragm anteriorly to the abdominal 
aorta and posteriorly to the inferior vena cava (IVC) and is usually 
imaged with caudal angulation. When pulmonary venous drain-
age is intracardiac, either via the CS or directly into the RA, the 
draining confluence and the veins draining into it can be seen with 
more cranial angulation. With supracardiac pulmonary venous 
drainage, one must direct the subcostal transducer plane in the 
most cranial angulation. In addition to the confluence, it is impor-
tant to identify all pulmonary veins draining into it. This can be 
aided by CFM. The suprasternal view allows the visualization of 
the supracardiac type, visualizing the pulmonary veins entering 
the vertical vein, than the innominate vein and finally the SVC. 
A typical systolic–diastolic flow directed towards the suprasternal 
notch entering the SVC can be visualized.

Scimitar syndrome is a rare association of partial anomalous 
right pulmonary vein(s) drainage to IVC, right lung hypoplasia, 
as well as right bronchus hypoplasia and aberrant arterial supply 
to the right lung. It is a very rare syndrome (1–3 cases/100,000 
births). The term ‘scimitar’ is due to the curved sword-like 
appearance on the chest X-ray of the anomalous pulmonary vein 
descending to IVC. Adult patients with this syndrome present 
with dyspnoea, new-onset atrial arrhythmias, and right cardiac 
chamber dilatation. From subcostal views the anomalous right 
vein(s) can be seen entering the IVC (% Fig. 61.4d). Owing to the 
hypoplastic right lung, the heart tends to be shifted to the right. A 
significant left-to-right shunt, as demonstrated by dilated RA and 
RV, or the presence of obstructed PV return are indications for 
surgery. When the echocardiographic evaluation is inconclusive 
then other imaging modalities (such as MRI) can be required.

Obstructive lesions
Valvar aortic stenosis
The normal AoV is a 3D crown-shaped structure formed by three 
cusps. Congenital forms of valve disease are unicuspid, bicuspid, 
or quadricuspid AoV. Bicuspid AoV is the most common (1–2% 
in the general population). Bicuspid AoV is associated with aortic 
root dilatation and aortic coarctation. Familial clustering and her-
itability have been demonstrated for bicuspid AoV [21].

Pathophysiology
Pathophysiology of LVOT obstruction is similar to that of acquired 
AoV stenosis and is described in Chapter 32.

Echo features and treatment decision
Qualitative and quantitative echocardiographic assessment of AS 
is described in Chapter 32.

Parasternal short-axis images are best to assess the number 
of AoV cusps, but the diagnosis of a primary bicuspid valve can 
be difficult once calcification has occurred. True bicuspid AoV 
with only two cusps is quite rare, most frequently the valve is 

functionally bicuspid because two of the three cusps are fused or 
one of the commissures between cusps is underdeveloped (raphe).

The difference between functional bicuspid AoV and normal 
true tricuspid AoV can be appreciated from the PSAX view during 
systole when the valve opens. A functionally bicuspid AoV opens 
like a fish mouth and the size of the cusps may be markedly differ-
ent, so that the closure line becomes eccentric (PLAX or M-mode 
tracing at AoV level) (% Fig. 61.5a,b). Doming of the AoV leaflets 
(PLAX) is common when valve stenosis is present. Because of the 
complex 3D ‘crown-like’ structure of the AoV, and the eccentric 
valve orifice orientation, the measurement of the valve orifice area 
by 2D echocardiography is unreliable. TOE is helpful for morpho-
logical assessment of the AoV.

The trans-AoV gradient quantification should be based on the 
highest recorded velocity obtained from different views. While in 
acquired AS the best alignment and thus the highest transvalvar 
gradient is measured from apical or right parasternal approach, in 
congenital AS the suprasternal (or the subcostal when available) 
approach may be preferred.

Diagnostic criteria and therapeutic options for severe AS are sim-
ilar to those used in patients with acquired heart disease. In selected 
congenital AS patients without calcification or relevant regurgita-
tion, balloon valvuloplasty may represent an option. For young 
adults with isolated AS, the Ross procedure (a pulmonary autograft 
is used to replace the AoV, with a homograft in pulmonary position 
and coronary artery reimplantation) has given very good results 
in experienced centres with the main advantage that the autograft 
grows with the patient [22] and no need for anticoagulation therapy.

Subaortic stenosis
Subaortic stenosis may be due to

◆	 isolated subvalvar fibromuscular ridges
◆	 circumferential membrane
◆	 diffuse tunnel-like narrowing of the LVOT.

In addition, subaortic stenosis can occur in association with AVSD, 
VSD, Shone syndrome, or may develop during the follow-up of 
adults with previous surgical repair of congenital heart anomalies.

Echo features and treatment decision
The PLAX, A5C, and A3C views provide direct visualization of the 
LVOT and thus the morphological evaluation of the subaortic ste-
nosis (% Fig. 61.5c). Colour flow and PW Doppler demonstrate a 
flow acceleration starting below the AoV, while CW Doppler allows 
the measurement of the mean and peak gradients to assess the 
severity of obstruction. The echocardiographic evaluation should 
include AoV morphology and function, the presence or progres-
sion of AR, LV dimensions and systolic function, and the presence 
and degree of LV hypertrophy. According to the current guide-
lines, indications for surgical resection of a subaortic membrane 
are based on symptoms, the severity of the obstruction (mean gra-
dient > 50 mmHg), the presence of AR and its progression, and 
the presence of LV hypertrophy. If TTE is inconclusive, 2D and 3D 
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TOE should be performed. In the presence of combined lesions 
(valvar and subvalvar AS), intraoperative TOE can be of great help 
in guiding the repair and in the evaluation of surgical result.

Supravalvar aortic stenosis
Supravalvar aortic stenosis is a narrowing localized above the 
AoV typically at the level of the sinotubular junction. Among the 
LVOT obstructions, supravalvar stenosis is the rarest. Supravalvar 
aortic stenosis may present in three types: the hourglass type, the 
diaphragmatic type, or the tubular type. Most often it is seen in 
patients with Williams syndrome, although it can also occur as 
an autosomal dominant lesion or sporadically. The supravalvular 
aortic stenosis can be part of a syndrome affecting systemic and 
PA vessels.

Echo features and treatment decision
The supravalvar stenosis is best seen in the PLAX view or 
in suprasternal views oriented towards the ascending aorta 
(% Fig. 61.5d). Colour Doppler demonstrates the origin of flow 
acceleration in relation to the AoV plane. Quantification of the ste-
nosis can be provided by using CW Doppler. LV function, degree of 
hypertrophy, and dimensions should also be assessed. Pulmonary 
branch stenosis and neck vessel stenosis must be ruled out from 
the PSAX and suprasternal views. According to the current guide-
lines [5], treatment indications include a mean Doppler gradient 
less than 50 mmHg but with symptoms attributable to obstruc-
tion (exertional dyspnoea, angina, syncope) and/or LV systolic 
dysfunction, and severe LV hypertrophy. Asymptomatic patients 
with gradients greater than 50 mmHg and no other criteria for 
intervention may be considered for surgery. Echocardiography can 

commonly provide the diagnosis, but because of the possible wide-
spread involvement of the arterial tree, a detailed assessment of the 
aorta and distal PAs is recommended by MRI or CT angiography.

Aortic coarctation
Aortic coarctation (CoA) is a narrowing of the aorta in the region 
of the origin of the left subclavian artery and close to the insertion 
of the arterial duct. It accounts for about 5–8% of all congeni-
tal heart defects. Morphologically the lesion can occur either as 
a localized discrete narrowing (the more common form) or as a 
tubular hypoplastic aortic segment. Coarctation is commonly 
associated with other lesions of the aorta, such as a bicuspid AoV 
(up to 85%), hypoplasia of the arch and anomalies of the head and 
neck vessels including intracranial aneurysms. CoA is more com-
mon in patients with Turner or Williams syndrome, congenital 
rubella syndrome, neurofibromatosis, and Takayasu disease.

Pathophysiology

Severe CoA is clinically manifest during infancy; adult patients 
with previously undiagnosed CoA typically present less severe 
forms or a well-developed collateral circulation. CoA should be 
suspected in young adults with arterial hypertension (typically 
upper-body arterial hypertension), and reduced lower-body per-
fusion (cold feet, leg claudication, weakness or absence of arterial 
femoral pulse).

Echo features and treatment decision

The suprasternal long-axis view is considered the window of 
choice to image the aortic arch (% Fig. 61.5e). With a good 

(a) (b) (c)

(d) (e) (f)

Fig. 61.5 (a) Parasternal long-axis view demonstrating the abnormal closure line (arrow) of the aortic valve due the difference in size between cusps in a patient 
with a bicuspid aortic valve. (b) Parasternal short-axis view showing the characteristic fish-mouth appearance of the bicuspid aortic valve. (c) Parasternal long-axis 
view allowing the detection of a subaortic membrane (arrow). (d) Parasternal long-axis modified view to assess the ascending aorta. Note a significant narrowing 
at the level of the supravalvular junction (arrow). (e) Suprasternal long-axis view showing the morphology of the aortic arch, note the narrowing at the level of the 
sinotubular junction (arrow). (f) Suprasternal long-axis view demonstrating a tubular narrowing of the aorta at the isthmus level (arrow, aortic coarctation) with 
colour flow acceleration.
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acoustic window it may provide important information on the 
morphology of the aortic arch and on the type of CoA (localized 
fibrous shelf or hypoplastic aortic arch). Colour Doppler dem-
onstrates turbulent flow at the site of CoA. The isolated presence 
of high-velocity signal with CW Doppler evaluation does not 
represent a reliable sign of significant coarctation. Conversely, 
the presence anterograde flow that continues throughout dias-
tole (diastolic tail), is more specific for severe CoA. However, the 
presence of extensive collaterals, or associated cardiac defects 
(MV stenosis, aortic stenosis, or VSD), or an increased stiffness 
in the ascending aorta can make Doppler signs of CoA unreli-
able. Thus, the best approach is the morphological evaluation of 
the aortic arch. When this cannot be achieved by echocardiogra-
phy then additional imaging modalities (CT or MRI) should be 
employed. An indirect sign of CoA is the presence of an antero-
grade flow in abdominal aorta during the diastole associated with 
a reduced systolic velocity [19]. The echocardiographic evalua-
tion must include the assessment of the LV dimensions, function, 
and quantification of LV hypertrophy. Morphological evaluation 
of the AoV is very important; the presence of a bicuspid AoV 
should raise the suspicion of coarctation.

According to the current European Society of Cardiology 
guidelines [5], intervention is recommended in patients with a non-
invasive pressure difference greater than 20 mmHg between upper 
and lower limbs and arterial hypertension, or a pathological blood 
pressure response during exercise, or significant LV hypertrophy. 
Hypertensive patients should be considered for intervention inde-
pendently of the pressure gradient if there is more than 50% aortic 
narrowing relative to the aortic diameter at the diaphragm (CT 
or MRI). Although echocardiography may provide the diagnosis 
in most patients, management decisions will be better informed 
by additional MRI or CT imaging, as assessment of the pressure 
difference between upper and lower limbs. In the current era, per-
cutaneous aortoplasty with stent implantation is considered the 
treatment of choice for adults with native or re-coarctation.

Right ventricular outflow tract obstruction
Right ventricular outflow tract obstruction (RVOTO) can occur at 
subvalvar, valvar, or supravalvar levels.

Subvalvar stenosis is frequently part of more complex cardiac 
lesions such as double-chambered RV or ToF.

Valvar PS is the most common type of RVOTO (9% of congeni-
tal heart defects) and may result from commissural fusion, cusps 
dysplasia, or a bicuspid valve. Valvar PS may be isolated or part of 
other CHD (ToF).

Supravalvar PS is a narrowing above the pulmonary valve at 
can be located at the level of the main pulmonary trunk, or pul-
monary branches and is commonly associated with ToF, Williams 
syndrome, and Noonan syndrome. Supravalvar stenosis may be 
acquired as a complication of a previous PA banding.

Pathophysiology
Depending on the severity of RVOTO a varying degree of RV 
hypertrophy may develop. RV hypertrophy may be responsible 

per se for (dynamic) subvalvar RVOTO. Poststenotic dilatation of 
the main PA may develop in the presence of significant PS. Mild 
PS is usually asymptomatic, whereas moderate to severe PS can 
lead to exertional dyspnoea, fatigue, and right heart failure.

Echo features and treatment decisions
Visualization of RVOTO and the pulmonary valve in adults can 
be attempted from the PLAX view with leftward tilt of the trans-
ducer, from the PSAX view, and from a modified A5C view (with 
anterior angulation) (% Fig. 61.6). Doppler CFM demonstrates 
turbulent accelerated flow and can be used to define the level of 
stenosis. The severity of the stenosis can be assessed by using CW 
Doppler. According to current guidelines RVOTO is considered 
mild if the peak gradient across the valve is less than 36 mmHg 
(peak velocity < 3 m/s), moderate if the peak gradient is 36–64 
mmHg (peak velocity 3–4 m/s), and severe if the gradient is 
greater than 64 mmHg (peak velocity > 4 m/s). Unfortunately, 
Doppler measurements may be not very accurate. Indeed, the 
gradient may be overestimated in the presence of long tubular 
narrowing or may be underestimated with poor alignment of the 
ultrasound beam to the region of interest, or because of poor RV 
systolic function. Thus, the severity of obstruction should always 
be checked by estimating the RV pressure from TR velocity. RV 
hypertrophy should be quantified as RV anterior wall thickness 
either subjectively or by M-mode measurement. Also RV systolic 
function can be assessed by using tricuspid annulus peak systolic 
excursion (TAPSE) or by fractional area change.

Long-standing RV hypertrophy may increase RV stiffness and 
RV filling pressure. A PW Doppler evaluation can demonstrate 
the abnormal RV filling by showing a diastolic pattern of RV 
restrictive physiology: a large ‘a’ wave on transpulmonary Doppler 
presented for at least two consecutive beats, a small Doppler ‘a’ 
wave on transtricuspid flow, or an increased and prolonged retro-
grade flow velocity during atrial systole on hepatic veins [7].

Poststenotic dilatation of the main PA is commonly reported 
in adult patients. Branch PAs can be visualized by PSAX, and 
suprasternal long-axis and short-axis views. If echocardiography 
cannot provide all morphological and functional details, CT or 
MRI is required.

Echocardiography and treatment decisions

Balloon valvotomy is recommended for patients with significant 
valvar PS and for patients with peripheral PS, where balloon dila-
tion and stent implantation can be performed. Surgery represents 
the mainstay of therapy for all other forms of RVOTO and patients 
with dysplastic or hypoplastic branch PAs.

Intervention is recommended [5] in severe PS even in asymp-
tomatic patients as long as RV function is normal; and in 
asymptomatic patients when RV systolic pressure is higher than 
80 mmHg. A Doppler gradient less than 64 mmHg may justify 
intervention in patients with symptoms related to PS, decreased 
RV function, DCRV, important arrhythmias, or right-to-left 
shunting via an ASD or VSD. If severity of PS and/or the level of 
the stenosis is uncertain, additional modalities including invasive 
catheterization may be required.
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Complex congenital heart disease
The segmental approach
Isolated congenital heart defects (such as simple ASD or PS) do 
not change the basic anatomy of the heart and as such can be easily 
described assuming a normal cardiac anatomy. Complex CHDs 
fundamentally change the anatomy of the heart and assumptions 
about the connections are no longer valid. In this situation a sys-
tematic approach is needed to unequivocally describe segment 
by segment the individual components of the malformed heart. 
The sequential segmental analysis [3] is a rigorous and organized 
approach to describe the heart segments and the connections 
between segments. Using this approach, a complete assessment of 
cardiovascular anatomy can be obtained even in the most mal-
formed heart. In the sequential segmental analysis, the heart is 
subdivided into three cardiac segments (atria, ventricles, and great 
arteries) and two connections between segments (AV connection 
and ventriculo-arterial (VA) connection).

By using this approach, congenital heart lesions are described 
identifying first the anatomical pattern of the abdominal and tho-
racic organs, the position of the heart and direction of the apex, 
then each component of the heart by their unequivocal morpho-
logical features, and the relation of each component with the other 
in a sequential, step-by-step manner.

Thoraco-abdominal situs may be one of the following:
◆	 Situs solitus: the spleen and the stomach on the left, the liver 

on the right. The left lung has two lobes with a long left main 
bronchus subdivided into two lobar bronchi. The right lung has 

three lobes with a short right main bronchus and three lobar 
bronchi. Below the diaphragm the aorta is located posterior and 
to the left of the IVC.

◆	 Complete situs inversus: mirror imaged arrangement of the 
bronchi and the abdominal organs. Thoracic situs inversus 
might present, without abdominal situs inversus and vice versa. 
Below the diaphragm the aorta is located posterior and to the 
right of the IVC.

◆	 Situs ambiguous: represents a laterality disturbance where the 
arrangement of thoracic and abdominal organs may show 
abnormal symmetry and can be inconsistent. Below the dia-
phragm the great vessels lie to the same side of the spine. In 
patients with right atrial isomerism, the aorta is located pos-
terior and to the right of the IVC, whereas in patients with LA 
isomerism, the IVC is generally interrupted and venous return 
continues via an enlarged azygos vein. As a consequence, the 
aorta lies anterior to this vein.

Heart position within the thorax can be described according to the 
location of the majority of the cardiac mass:
◆	 levocardia: the majority of the cardiac mass is positioned in the 

left hemithorax
◆	 dextrocardia: predominantly in the right hemithorax
◆	 mesocardia: the heart is midline. In addition, the location of the 

apex must be specified (directed to the left, right, or the midline).
Atrial arrangement may be:
◆	 solitus (usual): morphological LA on the left and morphological 

RA on the right

Fig. 61.6 (a) Parasternal short-axis view at the basal level on the pulmonary valve (PV). Note the dysplastic and doming PV, with turbulent and accelerated flow 
at colour Doppler evaluation. (b) High parasternal short-axis view. Note the narrowed pulmonary arteries and the turbulent and accelerated flow. (c) Parasternal 
long-axis view demonstrating a large VSD (arrow) with overriding aorta. (d) Parasternal short-axis view at the basal level, showing a large perimembranous-outlet 
VSD with anterocephalic deviation (arrow) of the conal septum creating right ventricular outflow tract obstruction. Note the pulmonary valve is dysplastic and 
thick. (e) Parasternal short axis view at basal level in a case of pulmonary atresia–VSD. Note the dilated aortic root and the absence of the PV. In this case, the main 
pulmonary artery and branch pulmonary arteries are present but disconnected from the right ventricle. (f) High parasternal short-axis view allows the detection 
of disconnected branch pulmonary arteries (arrow).

(a)

(d)

(b)

(e) (f)

(c)
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◆	 inversus (mirror image)
◆	 ambiguous (isomerism, laterality disturbance): LA isomerism 

(two morphological LAs) and RA isomerism (two morphologi-
cal RAs).

The most constant feature to distinguish the morphologically 
RA from the morphologically LA is the atrial appendage. The 
LA appendage is long and narrow (finger-like), whereas the right 
appendage is triangular in shape with a broad base, and is anteri-
orly positioned relatively to the LA appendage.

The RA is characterized by the crista terminalis and the 
Eustachian valve. Conversely, the coronary sinus is a specific fea-
ture of the morphologic LA, and the valve of the foramen ovalis 
lies on the left surface of the interatrial septum.

Generally RA isomerism is associated with asplenia and LA 
isomerism with polysplenia. Patients with RA isomerism are likely 
to have total anomalous pulmonary venous connection, whereas 
LA isomerism is associated with interruption of the IVC and 
venous return passing via the azygos or hemiazygos veins.

Ventricular arrangement
First of all, the right and the left ventricles must be unequivocally 
identified based on their unique anatomical features:
◆	 The RV is characterized by a triangular shape, presence of 

coarse trabeculations, a moderator band, septal attachment of 
the tricuspid valve, and the TV is more apically positioned than 
MV. Of note, the inlet valve ‘belongs’ to the ventricle; the RV 
can be further identified by having a tricuspid valve.

◆	 The LV is characterized by cone shape, fine trabeculations, 
smooth superior septal surface, attachments of the mitral valve 
by papillary muscles inserting to the LV free wall, and the MV 
(again belongs to the LV) is more basally located compared with 
the TV. There is fibrous continuity between the anterior leaflet 
of the MV and the AoV.

Next, the connections between the atria and ventricles should be 
described:

The AV connections can be:
◆	 Biventricular connections, where two AV valves connect with 

two ventricles. Biventricular connections can be concordant 
(morphological RA connects with the morphological RV, and 
morphological LA connects with the morphological LV) or dis-
cordant (morphological RA connects with morphological LV, 
and morphological LA connects with morphological LV).

◆	 Univentricular connections can be double inlet (two AV valves 
emptying in 1 ventricle), single inlet (one AV valve is atretic, 
so a single AV valve is connected to the ventricle), or common 
inlet (presence of a common AV valve). After the description of 
the type of connection, a careful evaluation of valve morphol-
ogy and function is vital.

VA connections can be concordant, discordant, or double-outlet 
(when a valvar annulus overrides a ventricular cavity > 50% that 
valve is assigned to the ventricular cavity receiving the majority 
of the annulus). Echocardiographically, the aorta is identified as 

the vessel giving rise to the coronary arteries, and the PA as the 
vessel which bifurcates. A VA valve can be atretic and thus a single 
aortic or pulmonary trunk is present. Conversely a single outlet 
which then gives rise to the aorta, the coronaries and at least one 
pulmonary vessel is called common arterial trunk. The arterial 
relationship should be described using anterior–posterior and 
right–left coordinates. Finally, the morphology and the function 
of each VA connection must be evaluated.

Tetralogy of Fallot
ToF, the most common cyanotic congenital cardiac defect, is char-
acterized by:
◆	 a large unrestrictive VSD
◆	 RVOTO
◆	 an overriding aorta
◆	 RV hypertrophy.

Even though these four aspects appear to be completely unrelated 
to each other, they all result from the antero-cephalic deviation 
of the outlet septum. According to the severity of RVOTO and 
aorta override, ToF is part of a spectrum that ranges from con-
ditions without significant RVOTO to a variant with pulmonary 
atresia and VSD, or when aortic overriding is greater than 50% to 
double-outlet RV. Frequently associated abnormalities with ToF 
are right-sided aortic arch, anomalous coronary arteries, ASD, or 
additional VSDs. ToF is associated in up to 25% of the cases with 
Di George syndrome (22q11 microdeletion) [23].

Pathophysiology
The clinical features of ToF largely depend on the degree of infun-
dibular stenosis. Severe infundibular stenosis leads to cyanosis 
soon after birth. Less severe infundibular stenosis may be respon-
sible of cyanosis during childhood or no cyanosis (‘pink Fallot’). 
In the current era, patients generally undergo corrective surgery 
in infancy.

Echocardiographic assessment
Adults with unrepaired ToF are now unusual. In patients with 
uncorrected ToF, echocardiography can demonstrate all the ana-
tomical features of the disease (% Fig. 61.6). The PLAX view 
demonstrates the subaortic VSD with overriding aorta, and the 
PSAX view visualizes the narrowed RVOT, valvar stenosis, and 
size of the PAs. Coronary arterial abnormalities, including a sig-
nificant branch crossing the right ventricular outflow tract, may 
occur in about 10% of patients and may be of surgical relevance to 
the planning of repair. From suprasternal view, PAs can be visual-
ized and aortic arch sidedness assessed.

From PSAX and suprasternal views additional source of 
pulmonary blood supply may be seen (PDA and multiple aorto-
pulmonary collateral arteries (MAPCAs)), the latter being more 
common in pulmonary atresia with VSD and evidenced by con-
tinuous turbulent flow on colour flow Doppler, usually in the 
region of the descending aorta.
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There are different palliative procedures aimed to increase 
pulmonary blood flow: the classical Blalock–Taussig shunt 
anastomoses the subclavian artery to PA directly; the modified 
Blalock–Taussig shunt uses an interposition graft between sub-
clavian artery and PA; the Waterston shunt has a side-to-side 
anastomosis of the ascending aorta to main PA; and the Potts 
shunt has a side-to-side anastomosis of the descending aorta to 
left PA. These procedures have been largely abandoned due to 
early complete correction and because of frequent complications 
of long-term shunts. Shunts are best seen from suprasternal view. 
Colour flow and CW Doppler are usually helpful for assessing the 
patency of the shunt.

The most frequent scenario in adult patients is the evaluation 
of a patient with repaired ToF. Corrective surgery includes patch 
closure of the VSD and relief of the RVOTO. The latter may have 
required pulmonary valvotomy; resection of infundibular mus-
cular band(s); infundibular patch or transannular patch (which 
crosses the pulmonary valve annulus leading to free PR); in 
patients with coronary anomalies crossing the RVOT, a conduit 
may be used to restore RVOT continuity. In the presence of branch 
PA stenosis patch augmentation is performed. Sequelae and com-
plications include PR (always present in patients who underwent 
transannular patch repair), residual RVOTO, RV dilation and dys-
function, residual VSD, or additional VSDs (which may become 
evident after the initial surgical repair). Aortic root dilation, AR, 
and LV dysfunction due to ventriculo-ventricular interaction in 
the presence of RV dysfunction may coexist.

The degree of PR is generally best assessed in a PSAX view. 
Criteria suggestive of severe PR may include diastolic flow rever-
sal in the distal PA branches and a rapid return to baseline of the 
regurgitant PW Doppler. RV dimensions and function must be 
assessed.

Residual RVOTO after surgical repair should be defined by level 
and severity. Distal obstruction can be detected in the PAs and 
might be a consequence of a previous shunt. PLAX, PSAX, and 
suprasternal views are the best to assess RVOT anatomy. Doppler 
criteria used to assess the severity of RVOTO are the same as those 
used to assess the severity of isolated PS.

Residual VSD may be detected at the margins of the VSD patch 
by colour Doppler (PLAX, PSAX, and A5C views). Additional 
muscular VSD can also be detected.

Aortic root dimension and presence and severity of AR can be 
measured from PLAX and PSAX. AR can be detected and quanti-
fied by colour Doppler from PLAX and A5C view. LV dimensions, 
volumes and function can be measured in the usual manner.

Echocardiography and treatment decision
According to the current guidelines [5], PV replacement is rec-
ommend in symptomatic patients with severe PR and/or PS. 
PV replacement should be considered in asymptomatic patients 
with severe PR and/or PS in the presence of decreasing objective 
exercise capacity, progressive RV dilation, progressive RV dysfunc-
tion, progressive TR, severe RVOTO (RV systolic pressure > 80 
mmHg), or sustained arrhythmias. Cut-off values for RV volumes 
to consider elective PV replacement are based on MRI measures 

and generally range between 150–170 mL/m2 for RV end-dias-
tolic volumes and greater than 80 mL/m2 end-systolic volumes. 
Although echocardiography may provide sufficient information 
for the decision to intervene, diagnostic work-up should include 
MRI and occasionally cardiac catheterization. VSD closure is indi-
cated in patients with residual VSD and signs of significant LV 
volume overload.

Pulmonary atresia and ventricular septal defect
Pulmonary atresia and ventricular septal defect (PA-VSD) accounts 
for about 3.5% of all CHDs. The intracardiac anatomy is similar to 
ToF but the pulmonary valve is atretic, with no patency between 
RV and PA. PA-VSD is also characterized by a wide variability of 
the main and branch PAs arrangement; the PAs can be conflu-
ent and good-sized, confluent but hypoplastic, discontinuous, or 
absent. PAs can be supplied by PDA, or by MAPCAs, or both.

Pathophysiology
The pathophysiology of PA-VSD is dependent on the source of 
pulmonary blood flow. If the PDA is the only source of pulmonary 
blood flow, severe cyanosis and haemodynamic decompensation 
occurs as soon as the PDA starts to close. If MAPCAs are the main 
source of pulmonary flow, the initial clinical presentation may 
vary from cyanosis (inadequate pulmonary blood flow) to con-
gestive heart failure because of pulmonary over circulation. Adults 
with unrepaired PA-VSD may exhibit progressive cyanosis due to 
the progressive stenosis and inadequacy of MAPCAs.

Patients with confluent PAs and an adequate pulmonary trunk 
are candidates for a single-stage complete repair (VSD closure and 
RV to PA conduit).

Patients with hypoplastic PAs may require a staged approach 
(sequential unifocalization of MAPCAs to form confluent cen-
tral PAs, which can receive a systemic to pulmonary artery shunt 
initially). Given adequate PA growth, a later complete repair 
with VSD closure and RV–PA valved conduit can be considered. 
Patients with non-confluent PAs with adequate, but not excessive, 
pulmonary blood flow in infancy can survive into adulthood with-
out surgery.

Echocardiographic assessment
Unrepaired adults: PLAX and PSAX views show the RV hyper-
trophy, large subaortic VSD, and the overriding dilated aorta. 
Aortic root dilatation often results in variable degrees of AR, and 
consequent LV dilatation due to AR and from aorto-pulmonary 
collaterals. MAPCAs and PAs may be assessed from the supraster-
nal and PSAX views (% Fig. 61.6).

Repaired patients: satisfactory VSD closure is confirmed from 
PLAX, PSAX, and A4C views. Next is the echo evaluation of the 
RV-PA conduit. Two-dimensional echo may be difficult due to an 
anterior retrosternal location and frequent calcification. Despite 
these limitations, CFM flow and CW Doppler may be helpful in 
detecting conduit stenosis. The estimation of RV systolic pressure 
from TR is very important to cross-check the severity of the ste-
nosis. From suprasternal views MAPCAs are often seen in these 
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patients. Systolic RV function and restrictive filling pattern can be 
evaluated as previously described.

Transposition of the great arteries
Transposition of the great arteries (TGA), the most common 
cyanotic heart lesion in neonates, is characterized by AV con-
cordance but VA discordance (the morphological RV connects 
to the aorta, while the morphological LV connects to the PA) 
(% Fig. 61.7). TGA is also called simple in the absence of other 
abnormalities (two-thirds of cases) or complex, in the presence 
of associated malformations (VSD, LVOTO, PS, and occasionally 
CoA). The anatomy of the coronary arteries may vary.

Pathophysiology
In TGA, the pulmonary and systemic circulations run in parallel, 
causing severe hypoxaemia incompatible with life unless associ-
ated lesions (ASD, VSD, or PDA) allow adequate mixing of blood. 
In the absence of significant intracardiac shunting lesions, a bal-
loon atrial septostomy is generally performed in the first days of 
life to allow for adequate blood mixing.

Up to about 1990, TGA patients underwent atrial redirection 
operations (Senning or Mustard repair). Currently, the arterial 
switch operation is the procedure of choice for TGA patients (the 
great arteries are switched, with translocation of the PAs anteri-
orly to the aorta by performing the Le Compte manoeuvre and 
re-implantation of the coronary arteries). For complex TGA, 

different procedure may be used: the Rastelli procedure (intraven-
tricular tunnel through the VSD connecting the LV to the aorta, 
and an RV to PA conduit) [24], the REV, Réparation à l’ Etage 
Ventriculaire (VSD enlargement, intraventricular tunnel through 
the VSD connecting the LV to the aorta, and direct anastomosis 
between RV and PA without conduit), or the Nikaidoh procedure 
(the aortic root is harvested from the RV and moved to the LV, 
direct RV to PA anastomosis, without conduit) [25].

Echocardiographic assessment
Adult patients are followed indefinitely after surgical procedures 
for transposition and the echocardiographic evaluation is targeted 
to the type of surgical repair previously described.

Atrial switch operation (Mustard or Senning repair)

After this type of repair the most frequent complications are ste-
nosis of the systemic and/or pulmonary baffle, baffle leak, RV 
dysfunction, and TR.

Baffle obstruction

It may be difficult to visualize on TTE and a multiple view- multiple 
sweep approach is needed. The venous pathways should be fol-
lowed throughout their course by combining subcostal views, 
apical views, and parasternal views. Doppler and colour Doppler 
information may help even in the presence of suboptimal 2D 
image quality; colour flow acceleration, Doppler velocities greater 
than 1.5 m/s, loss of the characteristics systo-diastolic phasic flow 

Fig. 61.7 (a) Parasternal short-axis view at basal level in a case of simple TGA. Note that the aorta and the pulmonary valve are both in short axis (double 
circle appearance) due to their parallel orientation. Aorta is recognized because of the coronary arteries. (b) Parasternal long axis, from the left ventricle arises 
a great vessel that folds posteriorly (the pulmonary artery). (c) Simple TGA after arterial switch operation. High parasternal short-axis view. After the Lecompte 
manoeuvre the main pulmonary artery is anterior to the aorta, and the ascending aorta is in between the branch pulmonary arteries. (d) Apical four-chamber 
view of a ccTGA. Note the morphological right ventricle (recognized by the more apical location of the tricuspid valve and the presence of moderator band) is 
located on the left. Conversely the morphological left ventricle (mitral valve located more towards the base and no gross trabeculations) is located on the right. 
(e) Echo contrast study showing a baffle leak (arrow) in a patient after Mustard procedure.

(a)

(d) (e)

(b) (c)
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are all suggestive signs of a baffle obstruction. Another indirect 
sign is a discrepancy in flow velocities between IVC and SVC. 
Contrast echo (% Fig. 61.7) can be very helpful in the diagno-
sis of baffle stenosis. Contrast injected into the cubital vein may 
appear into the heart from the IVC in the presence of a superior 
baffle stenosis, contrast injected into the femoral vein may enter 
the heart from above in the presence of inferior baffle stenosis. 
The presence of dilated left-side cardiac chambers should give 
rise to the suspicion of baffle leak, in these cases contrast echo-
cardiography with injection of agitated saline in a cubital vein 
may confirm the diagnosis (contrast appears in the pulmonary 
venous chamber and in the systemic chamber). However, given 
the difficulties of this evaluation, TOE or MRI/CT is frequently 
performed to confirm the diagnosis. Quantification by echo of 
systemic RV function is challenging particularly when there is 
coexisting TR. Quantitative approaches include biplane fractional 
area change, TAPSE, peak systolic tricuspid annular velocity by 
TDI, with a proposed a cut off value of less than 11.5 cm/s to 
identify systemic RV dysfunction, or more recently using speckle 
tracking echocardiography [26], with a cut off value of −10% for 
RV global longitudinal strain to predict clinical events in those 
patients [27]. However, for clinical decision-making, the systemic 
RV functional evaluation is more often based on RV ejection frac-
tion assessed by MRI.

Arterial switch operation

This approach avoids almost all the complications associated with 
the atrial switch operation, and most importantly with this type 
of repair the morphological LV returns to be the systemic pump-
ing chamber. Typical complications are aortic root dilatation, 
neo-AoV regurgitation, supravalvular PS, and coronary artery 
abnormalities. The PLAX view will assess aortic root dimensions, 
and the PLAX and A5C views are best for the presence and sever-
ity of AR with superimposed colour flow. Supravalvular PS and 
branch PA stenosis is best seen from the suprasternal views due 
to their anterior relocation following the LeCompte manoeu-
vre (% Fig. 61.6). The Doppler interrogation may be unreliable 
because of poor alignment and thus should be checked against 
systolic RV pressure estimated from TR velocity. Global and 
regional LV function, origin of the coronary arteries, and their 
proximal course should be assessed. Stress echocardiography as 
well as strain echocardiography may detect abnormal regional 
function even in patients with angiographically normal calibre 
coronaries, but the clinical significance of these findings remains 
controversial.

Rastelli operation

The obstruction of the RV to PA conduit after the Rastelli opera-
tion is unfortunately the rule. Other complications include the 
obstruction of LV to aorta pathway (subaortic stenosis) and 
residual VSD. The echocardiographic examination should focus 
on RV to PA conduit patency, which is not easy to visualize espe-
cially in adults. Doppler gradients across the conduit may be 
difficult to measure and may be unreliable because of poor align-
ment. Therefore, RV pressure estimation from TR velocity is of 

particular importance. Residual VSDs are often difficult to assess, 
due to the unusual course of the conduit or patch used to connect 
the LV to the aorta.

REV procedure

Free PR is always present after this repair. Residual VSD and coro-
nary artery abnormalities can also occur.

Nikaidoh procedure

Free PR, coronary ischaemia and ventricular dysfunction can 
complicate the postoperative period.

Echocardiography and treatment decision
According to the current guidelines for transposition [5], valve 
repair or replacement should be performed in symptomatic 
patients with severe systemic AV valve regurgitation without sig-
nificant ventricular dysfunction (RV ejection fraction ≥ 45%). 
Significant systemic ventricular dysfunction, with or without 
TR, should be treated conservatively or eventually with cardiac 
transplantation. Significant baffle obstruction should be treated by 
stenting in symptomatic patients. Occlusion of baffle leaks should 
be performed in symptomatic patients with significant right-to-
left (cyanosis) or left-to-right shunt (heart failure) and should be 
considered in asymptomatic patients. Subpulmonary outflow tract 
obstruction should only be addressed surgically when patients are 
symptomatic or subpulmonary ventricular function deteriorates. 
In patients post-arterial switch operation, complications such 
as relevant PS, AR, or coronary ischaemia should be addressed 
according to current guidelines.

According to current guidelines, in patients with a previous 
Rastelli repair, conduit stenosis requires intervention in symp-
tomatic patients with RV pressure higher than 60 mmHg (TR 
velocity > 3.5 m/s). Surgical repair of RVOTO should be per-
formed regardless of symptoms when RV dysfunction develops 
(in this case RV systolic pressure may be lower). Surgical repair 
should be considered in asymptomatic patients with RVOTO and 
systolic RVP greater than 80 mmHg (TR velocity > 4.3 m/s).

Congenitally corrected transposition of the 
great arteries (AV and VA discordance)
Congenitally corrected transposition of the great arteries (ccTGA) 
is a rare anomaly (1% of congenital cardiac malformations) char-
acterized by AV and VA discordance. The morphological RA 
connects to the morphological LV which in turn connects to the 
PA, and the morphological LA connects to the morphological RV 
which in turn connects to the aorta. The great arteries are parallel 
to each other with the aorta commonly located anterior and to the 
left of the PA.

AV/VA discordance is commonly associated with other car-
diac malformations: VSDs (50%, usually perimembranous), PS 
(30–50%), malformations of the TV (90% at autopsy, including 
Ebstein-like malformation), CoA (1.4%), and conduction system 
abnormalities that may lead to complete heart block (risk of 2–3% 
per annum).



complex congenital heart disease 523

Pathophysiology

In AV/VA discordance (ccTGA), deoxygenated blood passes from 
the RA to the morphological LV and then enters the PA, and the 
oxygenated blood goes through the LA into the morphologically 
RV and then to the aorta. Therefore, the systemic and pulmonary 
circulations are arranged in series, but the systemic circulation 
is supported by the morphological RV. Associated cardiac mal-
formations are mainly responsible for early symptoms in AV/VA 
discordance, but without significant associated malformations, 
ccTGA may go undiagnosed before adulthood, when the main 
presentation is related to systemic RV failure, systemic tricuspid 
valve insufficiency, or arrhythmias.

Echocardiographic assessment
From the A4C view (% Fig. 61.7), there is a usual atrial arrangement, 
but reversed offsetting of AV valves, as the more apically displaced 
TV is left sided; the morphological RV is identified by the pres-
ence of the moderator band. Colour Doppler may reveal (systemic) 
TV regurgitation or in many cases an Ebstein-like abnormality of 
the left-sided TV. The VA discordance can be confirmed from the 
PLAX view; the usual mitral-aortic continuity is not seen, the great 
arteries run parallel, and the aorta is most anterior. From the PSAX 
view, the bifurcating PA is seen posteriorly. Associated lesions 
including VSD, ASD and subpulmonary LVOTO can be identified. 
Evaluation of systemic RV size and function remains challenging 
for standard 2D echocardiography. Three-dimensional or speckle 
tracking echocardiography may be informative, but for the clinical 
decision-making, current guidelines recommend MRI to provide 
intracardiac and great vessel anatomy and for quantification of 
ventricular volumes, mass, and ejection fraction.

Echocardiography and treatment considerations
Systemic AV valve (tricuspid valve) surgery for severe regurgitation 
should be considered before systemic (subaortic) ventricular func-
tion deteriorates (before RV ejection fraction < 45%). Anatomical 
repair with a ‘double switch’ (atrial switch + arterial switch) or 
Rastelli type repairs may be feasible in selected cases.

Ebstein’s anomaly
Ebstein’s anomaly represents about 0.5% of CHDs, but it is the 
most common form of congenital TV disease [28]. Ebstein’s 
anomaly is characterized by an apical displacement of the sep-
tal and posterior TV leaflets from the AV junction towards the 
RV cavity. The anterior leaflet usually originates normally at 
the TV annulus level. All the leaflets are abnormal, the septal 
and the posterior are dysplastic, adherent to RV walls and teth-
ered by short anomalous cords; the anterior leaflet is elongated, 
redundant, and sail-like. The RV portion included between the 
anatomical tricuspid annulus and the functional annulus is 
called the atrialized RV, reducing the size of the functional RV. 
Associated lesions include abnormalities of the MV, ASD, or PFO 
(> 50% of patients), accessory conduction pathways (~ 25%), as 
well RVOTO, VSD, and CoA.

Pathophysiology

The haemodynamic and clinical spectrum of this disease is broad. 
The pathophysiology is determined by the degree of tricuspid 
leaflet displacement, the degree of atrialization of the RV, the 
severity of TR, the functional capacity of remaining RV, the degree 
of RVOTO, the degree of LV functional impairment determined 
by RV compression, the amount of left-to-right or right-to-left 
shunting at atrial level, and by arrhythmias.

Echocardiographic assessment
Usually in adults with Ebstein’s anomaly, TTE provides good 
image quality (because of right heart enlargement displaces the 
lungs). From the A4C view (% Fig. 61.8) the apical displacement 
of the tricuspid septal leaflet can be assessed; displacement of the 
septal TV leaflet by 0.8 cm/m2 or more when compared to the 
hinge point of the anterior MV leaflet is consistent with Ebstein’s 
anomaly, there may be short cords and decreased excursion of 
the septal leaflet, the chamber areas can be measured and a (RA 
+ atrialized RV)/(RV + LA + LV) ratio of 1 or higher is associated 
with a very poor prognosis [11–13]. From the PLAX view through 
the RV inflow tract the anterior and posterior TV leaflet can be 
imaged. From the PSAX view the sail-like movement of the ante-
rior TV leaflet and RVOTO can be assessed. Three-dimensional 
echocardiography can be particularly useful allowing the simul-
taneous visualization of the three TV leaflets. The severity of TR 
should be evaluated based on morphology and colour Doppler 
imaging. Systolic flow reversal in the superior and inferior vena 
cavae and hepatic veins confirms severe TR. All standard views 
(PLAX, PSAX, and A4C) demonstrate dilated right-side cham-
bers, a compressed LV, and paradoxical septal motion because of 
right-side volume overload. LV function may be impaired due 
to inter-ventricular interaction or intrinsic LV abnormalities. 
ASDs are common in Ebstein’s anomaly and may cause cyanosis 
or systemic desaturation on exercise. TOE and/or contrast echo-
cardiography with the Valsalva manoeuvre should be used for 
evaluation.

Echocardiography and treatment decision
According to the current guidelines, surgical repair should be 
performed in symptomatic patients with more than moderate 
TR or deteriorating exercise capacity measured by cardiopul-
monary exercise test. ASD/PFO closure should be performed 
surgically at the time of valve repair. Isolated device closure of 
ASDs/PFOs could be considered in the case of documented sys-
temic embolism caused by paradoxical embolism or cyanosis. 
Repair should be considered independently of symptoms in 
patients with progressive right heart dilation or reduction of RV 
systolic function.

Common arterial trunk (truncus arteriosus)
The common arterial trunk (CAT) is a rare congenital cardiac 
abnormality (0.7% of all CHD) characterized by a single-outlet 
VA connection, which gives rise to the aorta, PAs, and coronary 
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arteries. There is almost always a large-outlet VSD. The lesion is 
classified into three main types based on the origins of the PAs:
◆	 Type I, a segment of main PA arises from the CAT and divides 

into left and right PAs. This is the most common type (~ 60%).
◆	 Type II, both PAs arise directly from the CAT (without any 

main pulmonary trunk). The PAs are close and originate from 
the left-posterior aspect of the CAT (~ 30% of cases).

◆	 Type III, the PAs arise directly from the CAT, from widely sepa-
rately mouths.

CAT is frequently associated with coronary artery abnormalities 
(up to 15%), right aortic arch (25% of the cases), interrupted aortic 
arch (15%), aberrant subclavian artery (5–10%), secundum ASD 
(10–20%), and CoA.

Pathophysiology
The main pathophysiological characteristic of the CAT is common 
mixing and potential for high pulmonary blood flow. However, 
PAs may be stenotic or hypoplastic protecting the lungs from over-
circulation. Thus, presentation may be variable but in most cases 
the dominant physiology is pulmonary over-circulation. If truncal 
valve regurgitation is present, severe heart failure may develop.

Echo findings
From the PLAX view (% Fig. 61.9), there is a large single vessel 
overriding the ventricular septum. The truncal valve is located in 
the AoV position, but with a larger annulus, is very often dysplas-
tic resulting in various degrees of stenosis and/or regurgitation. 

The truncal valve may be tricuspid but many permutations 
ranging from unicuspid to hexacuspid have been described 
(% Fig. 61.9). The PSAX view is best for defining the valve cusps. 
Three-dimensional echocardiography may add further details of 
the truncal valve morphology. Functional assessment for truncal 
stenosis or regurgitation with colour and CW Doppler is similar 
to that used to assess the AoV. Preoperatively the truncal valve 
regurgitation can be underestimated because low PVRs promote 
the forward flow. PAs can be assessed from PSAX and supraster-
nal views thus allowing definition of the CAT type. The VSD is 
usually large and located in an outlet position and can be imaged 
from a variety of parasternal, apical, and subcostal views. From 
the apical and PSAX views, additional VSD must be ruled out. 
The suprasternal long-axis view is able to image the anatomy of 
the aortic arch, and head and neck vessels. Coronary arteries can  
be assessed from the PSAX view at the level of the truncal valve.

Echo in the follow-up
Surgical repair is always indicated except for adult with 
Eisenmenger syndrome. Surgical repair, in the absence of other 
associated abnormalities, consists of VSD closure, separation of 
the PAs from the common trunk, and placement of a RV to PA 
conduit, plus repair or replacement of the truncal valve in case 
of severe dysfunction. All patients with a valved conduit will 
undergo conduit replacement during their lifetime because of 
progressive conduit obstruction. Thus, echocardiographic evalua-
tion at follow-up must be focused on colour and spectral Doppler 
evaluation of the conduit. Branch PA stenosis can be assessed from 
parasternal and suprasternal views. Since the alignment is usually 

Fig. 61.8 (a) Apical four-chamber view in a patient with Ebstein’s anomaly. Note the abnormal (> 8mm/m2) apical displacement of the tricuspid valve septal 
leaflet hinge point (arrow). (b) Apical four-chamber view in a severe form of Ebstein’s anomaly. Note the severe apical displacement of the tricuspid leaflet. Almost 
all the right ventricle visualized from the apical view is atrialized. The septum and the right ventricular free wall are extremely thin. (c) Parasternal long-axis view 
in a patient with Ebstein’s anomaly. Note the severe dilatation of the atrialized right ventricle, the interventricular septum is pushed posteriorly narrowing the left 
ventricular outflow tract. (d) Parasternal short-axis view at mid-apical level demonstrating the severe dislocation of the tricuspid valve leaflets. Severe dilatation of 
the atrialized right ventricle.

(a) (b)

(c) (d)
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poor between the ultrasound beam, the conduit, and the PAs, RV 
systolic pressure estimation must be cross-checked from the TR 
jet if present. Residual VSDs can be detected at the margins of the 
patch. A careful and life-long evaluation of truncal valve function 
is required since stenosis and/or regurgitation (more often) can be 
progressive. Aortic arch abnormalities should always be reviewed 
at follow-up particularly if the patient presented with aortic arch 
abnormality before surgical repair.

Univentricular heart
Univentricular heart (UVH) represents a heterogeneous group 
of anomalies where the AV connection is completely or pre-
dominantly to a single ventricular chamber. In most cases there 
are two morphological ventricles, but one of them is too small 
to sustain either the pulmonary or the systemic circulation. For 
a ventricle to be considered univentricular, it must be connected 
from more than 50% of the contralateral AV valve. The ventricu-
lar chamber receiving less than 50% of the inflow is considered 
a rudimentary chamber and is connected to the main ventricle 
through the bulbo-ventricularis foramen. Comprehensive sequen-
tial segmental analysis must be performed as are often associated 
with a laterality disturbance (isomerism). The fundamental mor-
phology of the dominant chamber should be identified. However, 
indeterminate characteristics are often present. In this situation 
the chamber location may help; the ventricle located anterior 
and superior is generally a morphological RV, whereas the LV is 
located posteriorly. The bulbo-ventricularis foramen size should be 
assessed as it may be restrictive initially or become restrictive with 
time (an area < 2 cm2/m2 is predictive of subsequent restriction) 
[11–13]. VA connection is frequently discordant in UVH. Aortic 

and or pulmonary stenosis or atresia may be present. Especially in 
the presence of a laterality disturbance, anomalous venous return 
(either systemic or pulmonary) could be present, complicating the 
clinical and surgical management.

Physiopathology
The pathophysiology as well as the clinical presentation may 
vary significantly in this heterogeneous group of patients based 
on the anatomical and functional associations. If there is unre-
strictive pulmonary blood flow, the clinical picture will be that 
of overt heart failure. A certain amount of restrictive pulmonary 
blood flow is generally better tolerated, but if the restriction is too 
much then severe cyanosis will dominate. Patient with a restrictive 
systemic flow will present with signs of low cardiac output, up to 
cardiogenic shock. By definition, a functionally UVH is unsuitable 
for biventricular repair and only palliative procedures are possible.

Palliative procedure
Pulmonary over-circulation

PA banding: a surgically created stenosis of the main PA to protect 
the pulmonary circulation from pulmonary vascular disease due 
to high blood flow and pressure.

Reduced pulmonary circulation

Palliative shunt (generally a modified Blalock–Taussig shunt) to 
increase pulmonary blood flow.

Reduced systemic circulation

Aortic arch repair in cases of coarctation or even Norwood, Sano, 
or Damus–Kaye–Stansel procedures for hypoplastic left heart or 
unbalanced AVSD with severe left heart obstruction.

Fig. 61.9 (a) Parasternal long-axis view showing a large VSD, overriding of the truncal valve. Note the dilatation of the truncal valve and the dysplastic 
morphology of truncal cusps. (b) Parasternal short-axis view in a case of truncus arteriosus. Note the dilated valve root, the quadricuspid morphology of the 
valve, and the absence of the pulmonary valve. (c) Apical five-chamber view, zoomed on the truncal valve, note (arrow) a small main pulmonary artery arising 
from the truncus arteriosus (type I). (d) Suprasternal long-axis view, showing the origin of the branch pulmonary arteries from the posterior aspect of the truncus 
arteriosus, close to each other and without a main pulmonary artery (truncus arteriosus type II) .

(a) (b)

(c) (d)
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Superior cavo-pulmonary connection (Glenn or hemi-Fontan 
shunt)

Generally performed between 3 to 6 months (when PAP is low). It 
is a SVC to PA connection, aimed at increasing pulmonary blood 
flow, and systemic oxygen saturation, avoiding systemic ventricu-
lar volume overload.

Total cavo-pulmonary connection (Fontan operation)

Generally performed between 2 and 6 years of age. The princi-
ple is to divert the systemic venous return to the PA, without the 
interposition of a subpulmonary ventricle. From the original proce-
dure (direct anastomosis of the RA onto the PA), several technical 
modifications have been employed, including constructing a lateral 
tunnel within the atrium or an extra cardiac conduit outside the 
atrium: IVC blood is directed to the PA via the inferior cavo-pulmo-
nary connection, the SVC having been previously anastomosed to 
the PA (see earlier). With either approach, a small communication 
(fenestration) is made between the Fontan tunnel and the pulmo-
nary venous atrium, leading to an obligate right-to-left shunt.

Echocardiographic assessment
Depending on thoracic situs, the heart may be located abnormally 
(e.g. right hemithorax) and this may affect acoustic windows thus 
mandating cardiac MRI. It is recommended to first assess the 
cardiac connections systematically using a sequential segmental 
approach. Next a detailed analysis of the morphology and systolic 
function of the dominant ventricle, the degree of any AV valve 
regurgitation, any significant regurgitation or stenosis of the arte-
rial valves, the size and haemodynamic characteristics of any VSD 
(based on colour Doppler imaging and Doppler gradients), and in 
patients with PA banding, the location and efficacy of the PA band, 
which can migrate with time and unevenly compress one of the PA 
branches (% Fig. 61.10).

In patients after Fontan palliation the patency of the cavo-pul-
monary connections (SVC-PA and IVC-PA connection) should 
be evaluated. In non-obese adults, subcostal views can dem-
onstrate the IVC, hepatic veins, the IVC to PA connection, and 
whether a fenestration is present. Any thrombus or spontaneous 
echo-contrast should be noted and the diameter of IVC should be 
measured since this will increase in the presence of poor ventricu-
lar function and or increased Fontan pressures.

Apical windows (% Fig. 61.10) are, however, better for visualiza-
tion of the fenestration. The mean gradient across the fenestration 
can be used to estimate the transpulmonary gradient. The presence 
and the degree of AV valve regurgitation should always be assessed.

The high parasternal and suprasternal views (% Fig. 61.10) 
allow the visualization of the SVC to PA anastomosis and the flow 
into the branch PAs. Pulmonary venous obstruction is a known 
complication after Fontan in patients with a laterality disturbance 
(isomerism/heterotaxy). The suprasternal views are the best for 
the assessment of PVs.

Assessment of systemic ventricular function both systolic and 
diastolic is of paramount importance for the success of Fontan cir-
culation. If the UVH is of left morphology a biplane Simpson can 
still be used to estimate ejection fraction. In all the other situa-
tions the best approach is to use non-geometrically based indices 
such as biplane fractional area change, longitudinal annular peak 
systolic excursions, or peak systolic strain. Rather than an abso-
lute value to define function, the changes of these parameters 
over time are the best way to detect early systolic dysfunction. For 
diastolic function it has been proposed to measure the duration 
of atrial flow reversal in pulmonary veins minus the duration of 
atrial flow across the AV valve. A significant prolongation (> 28 
ms) is a sign of elevated filling pressure [12]. Also a significant 
shortening of deceleration time of the early diastolic flow across 
the AV is associated with a worse prognosis in these patients [12].

Fig. 61.10 (a) Apical four-chamber view demonstrating an atresic tricuspid valve (arrow), large VSD, hypoplastic right ventricle, and dilated left ventricle. 
(b) Subcostal short-axis view showing the foramen bulboventricularis connecting the main ventricle with the supero-anterior rudimental chamber. (c) Subcostal 
coronal view allowing the visualization of the atretic tricuspid valve, the hypoplastic right ventricle, a small VSD, and the pulmonary artery (arrow) arising from 
the morphological left ventricle. (d) Modified Blalock–Taussig shunt. High suprasternal short-axis view with high velocity flow demonstrated by colour Doppler. 
(e) Continuous wave Doppler allowing the demonstration of a continuous high-velocity flow across the shunt .

(a)

(d) (e)

(b) (c)
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Echocardiography and treatment decision

Although in some patients with UVH echocardiography may 
provide enough comprehensive evaluation, the frequently limited 

image quality in adults and missing information on PAP and PVR 
make additional MRI or CT and invasive evaluation necessary for 
ultimate treatment decisions.
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CHAPTER 62

Acute cardiac care
Susanna Price, Roxy Senior, and  
Bogdan A. Popescu

Summary
Echocardiography in patients with acute/critical cardiac conditions requires an apprecia-
tion of the challenges of image acquisition and interpretation in the context of critical 
illness and its associated interventions, therefore incorporating a number of factors not 
considered relevant in the outpatient setting (% Box 62.1). Additionally, the purpose of 
echo in the critical setting is frequently not simply to make a diagnosis, but also to provide 
information to the treating clinician as to how to optimize cardiac output (CO) whilst 
maintaining the lowest filling pressures, and advise where echo findings suggest urgent 
intervention is required. This demands a level of competence and training of the opera-
tor at least equivalent to the level necessary to perform elective studies, including a clear 
understanding of the pathophysiology found and interventions undertaken in the criti-
cally ill [1].

Logistics of acute cardiac care echocardiography
Transthoracic echocardiography (TTE) is the initial echo modality of choice in acute 
cardiac care, and indicated in the majority of cardiac emergencies. Although hand-
held imaging devices have been recommended for rapid initial screening in the 
emergency setting, these systems and studies have marked limitations of which the 
practitioner should be aware [2]. Where imaging is suboptimal, contrast echo can 
improve endocardial visualization, but more frequently transoesophageal echocardi-
ography (TOE) will be used, depending upon the clinical setting [3]. TOE must not 
be undertaken in patients who are hypoxic and/or unable to protect their own air-
ways without prior intubation and ventilation. Care must also be taken to exclude/
correct significant coagulopathy prior to probe insertion, if necessary intubating the 
oesophagus using direct laryngoscopy to minimize trauma. During the study, airway 
and haemodynamics must be managed by an intensivist/anaesthetist, independent of 
the echo practitioner, and who can provide the haemodynamic parameters required 
when requested.

Focused echo (focused cardiac ultrasound (US)) protocols have been proposed for the 
rapid detection of significant cardiac pathology in time-critical scenarios including car-
diac arrest and trauma, and to facilitate decision-making information in the acute setting 
[4,5]. Such studies are not synonymous with substandard/simple echo, and should be 
performed and interpreted with great care. Outside these emergency settings, in gen-
eral, studies should be as comprehensive as possible, unless a focused study is specifically 
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Acute coronary syndromes
Reliance on symptoms, electrocardiogram (ECG) changes and 
biomarkers reveal only about 30% of acute ischaemic events in 
patients with acute coronary syndromes. Although discussed else-
where in detail, in the acute setting, certain specific issues should 
be considered. First, the absence of a wall motion abnormality 
(WMA) in patients with ongoing/prolonged chest pain (> 45 min-
utes) effectively excludes major myocardial ischaemia. Second, 
although LV deformation imaging (or post-ejection shortening 
on long axis) may reveal subtle WMAs, a normal study cannot 
definitively rule out a transient episode of ischaemia in patients 
with chest pain of short duration. Where time and the clinical 
setting allow, contrast echo may be considered, as diminished per-
fusion in the region of WMAs in patients with recent chest pain 
may suggest ongoing ischaemia, requiring revascularization, or 
by contrast, where there is normal perfusion in the at risk area, a 
well-collateralized/open vessel, or the diagnosis takotsubo be con-
sidered. Third, in the presence of negative troponin at 12 hours, 
and non-diagnostic ECG changes, stress echo may be considered 
for further risk stratification [6]. Additionally, although infre-
quently used in the critical care setting, dobutamine stress echo 
(DSE) can be used to diagnose/exclude ischaemia as a cause of 
failure to wean from mechanical ventilation.

Acute myocarditis
Echocardiographic findings in patients with acute myocardi-
tis include LV systolic/diastolic dysfunction, regional WMAs, 
non-specific changes in image texture, intracardiac thrombi, 
secondary mitral regurgitation (MR) and/or tricuspid regurgi-
tation (TR), and coexistent pericardial involvement. Reduction 
in global systolic longitudinal strain/strain rate correlates with 
intramyocardial inflammation, but cannot differentiate systolic 
longitudinal strain reduction from other causes (subendocardial 
ischaemia, infiltrative processes, toxin-related myocardial dam-
age). Where myocardial contrast echocardiography is used, the 
presence of perfusion defects that do not match a coronary terri-
tory should raise the suspicion of myocarditis [7].

Acute dyspnoea
Acute dyspnoea is frequently seen in the acute setting, however 
many causes are non-cardiac. Echocardiography can be used to 
confirm/exclude a cardiac diagnosis, and where non-cardiac, 
determine the secondary effects of respiratory/metabolic disease 
on cardiac function.

Heart failure
Heart failure (HF) is the most common cardiac cause of acute dysp-
noea, related to either new onset, or worsening of pre-existing HF. 
When suspected in the critically ill, a TTE should be performed, 
as findings will guide potentially life-saving treatment. Unlike 

indicated. An experienced echocardiographer will use all echo 
modalities appropriately and frequently interchangeably in order 
to obtain the information required, synthesizing findings with the 
clinical, pathological, and pharmacological context to immedi-
ately provide relevant information and guidance to the attending 
physician.

Cardiac arrest
The most extreme presentation of the critically ill cardiac patient 
is cardiac arrest. International guidelines support the use of echo 
in an advanced cardiac life support (ACLS)-compliant man-
ner, by appropriately trained practitioners in order to diagnose/
exclude potentially reversible causes of cardiac arrest (hypovolae-
mia, tamponade, pulmonary embolism, severe left (LV) or right 
ventricular (RV) dysfunction, myocardial infarction, and tension 
pneumothorax) and guide immediate post-resuscitation man-
agement. Specific training in ACLS-compliant focused cardiac 
US is required even for experienced echo practitioners, to ensure 
images are obtained and recorded only during the pulse/rhythm 
check, thereby not interrupting chest compressions, and also that 
communication with the resuscitating team is appropriate and 
effective [4,5].

Acute chest pain
Patients with acute chest pain represent 20–30% of emergency 
department attendances, have a high mortality, and require rapid 
assessment as treatment may be time-critical. Unfortunately 
patients do not always present de novo with a definitive diagnosis. 
Here echo can be used to help identify and differentiate between 
a number of causes of acute chest pain and related complications.

Box 62.1 Considerations that may influence echocardiographic 
findings and interpretation in acutely/critically ill patients

◆ Positive pressure ventilation
◆ Filling status
◆	 Inotropic/vasodilator support
◆	 Metabolic status
◆	 Effects of sedation on myocardial contractility and function
◆	 O2 and CO2 levels
◆	 Mechanical circulatory support
◆	 Differential effects of interventions on right vs left heart
◆	 Ventricular–ventricular interaction in context of respiratory 

support
◆	 Definition of the normal range in the critical care setting
◆	 Exclusion of most acutely/critically ill patients from studies/

RCTs.
CO2, carbon dioxide; O2, oxygen; RCTs; randomized controlled trials.
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(IVC) distension. In the appropriate clinical context a ratio of RV 
end-diastolic diameter to LV end-diastolic diameter greater than 
0.6, and RV end-diastolic area to LV end-diastolic area greater than 
1.0 are consistent with massive PE [10]. Conversely, in patients 
with suspected high-risk PE presenting with shock, the absence 
of RV pressure overload or/and dysfunction virtually excludes 
massive PE as the cause. The pulmonary artery systolic pressure 
(PASP) may help in the diagnosis, but may be significantly under-
estimated in the presence of severe RV dysfunction and/or severe 
TR. In acute PE, TR velocities should be no higher than 2.5–3.5 
m/s, as a PASP greater than 60 mmHg suggests a more chronic 
process. Other modalities (tissue Doppler imaging and strain) 
remain experimental, in particular in the acute setting.

Pneumothorax
Tension pneumothorax (PTX) is a potentially life-threatening 
condition in patients with acute dyspnoea with/without chest 
pain. In normal lung, the two pleural layers are closely opposed, 
and US shows the respiratory movement of parietal over visceral 
pleura (lung/pleural sliding). When air separates the two layers 
the parietal pleura is still visualized, but sliding is absent. Although 
required for the sonographic diagnosis of PTX, absence of sliding 
does not necessarily confirm PTX, as it occurs in several other 
conditions (massive atelectasis, main bronchus intubation, and 
pleural adhesions) [9]. Additional signs required for the diagnosis 
include absence of B-lines, absence of lung pulse, and presence 
of lung point (% Fig. 62.2). First, as opposition of the parietal 
and visceral pleura is necessary to visualize B-lines, the presence 
of a B-line excludes PTX in the area scanned. Demonstration of 
the lung pulse (the rhythmic movement of visceral upon pari-
etal pleura and underlying lung tissue synchronous with cardiac 
movement) excludes PTX in the area scanned (% Fig. 62.2). PTX 
is further characterized by the absence of both sliding and the lung 
pulse. The lung point (the point on the chest wall where the nor-
mal pleural interface contacts the edge of the PTX) represents the 
physical limit of the PTX, and is its most specific sonographic sign 
(% Fig. 62.2). Algorithms for the detection/exclusion of pneumo-
thorax should be applied systematically; however, if suspected in 
the haemodynamically unstable patient, PTX should be treated 
clinically, rather than relying on US features, in particular where 
the sonographer is not an expert in the field [9].

Heart–lung interactions and intermittent 
positive pressure ventilation
An understanding of the effects of intermittent positive pressure 
ventilation (IPPV) on heart–lung interactions and the relevant 
echocardiographic findings is essential in the acute setting. CO is 
largely determined by the pressure difference between peripheral 
mean systemic pressure and right atrial pressure. During normal 
inspiration, as this pressure difference becomes greater, venous 
return increases as a result. The increased right heart flows and 
volume result in correspondingly reduced left heart flow due to 
ventricular–ventricular interaction. During IPPV, these changes 

the non-acute setting, ejection fraction (EF) is not helpful as an 
assessment of systolic function in the critically ill; normal values 
are unknown, and must be interpreted in the context of the level 
of cardiorespiratory support. Further, although 2D speckle track-
ing echocardiography (STE) offers potentially useful information 
in acute HF patients with underlying cardiomyopathies and pre-
served EF, it is also largely unexplored in the critical setting.

In patients with dyspnoea and bilateral pulmonary infiltrates on 
chest X-ray, echo parameters can be used together to help differ-
entiate significantly elevated from low/normal left atrial pressure. 
Using a combination of transmitral filling pattern (E/A ratio, 
E-wave deceleration time, and isovolumic relaxation time), E/e′ 
ratio, pulmonary venous Doppler, and M-mode colour Doppler 
propagation velocity has been recommended [8]. Interstitial 
oedema can further be detected using lung US, with demonstra-
tion of an abnormally high number and distribution of bilateral, 
homogeneous sonographic B-lines originating from water-thick-
ened interlobular septa (% Fig. 62.1). These may develop rapidly 
in response to elevated pulmonary venous pressure, however, they 
merely indicate the presence of interstitial oedema, not its under-
lying cause [9].

Pulmonary embolism
The diagnosis of acute pulmonary embolism (PE) is challeng-
ing as symptoms and clinical signs are non-specific. TTE has a 
sensitivity of 50–60% and specificity of 80–90%, and is discussed 
elsewhere in detail. In the acute setting, although other investi-
gations are indicated, where the patient is shocked, TTE may be 
the only appropriate immediately available imaging investigation. 
Visualization of thrombus in the right heart and/or pulmonary 
artery is diagnostic; however, more commonly seen are RV dilata-
tion, hypokinesia, abnormal septal motion and inferior vena cava 

Fig. 62.1 Sonographic features of interstitial oedema. B-lines (or comet 
tails, small white arrows) are seen arising from the pleural line (large green 
arrow) and extending to the edge of the ultrasound sector. They obliterate 
some of the normal ultrasound features of lung, and where present, indicate 
the absence of pneumothorax, and when there are multiple, homogeneous 
B-lines, suggest the presence of interstitial oedema.
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requires demonstrating/excluding the presence of significantly 
elevated left atrial pressure (either at rest or on weaning) and 
identification of potentially reversible cardiac causes. Estimation 
of left atrial pressure in this patient population is complex, and 
few techniques have been fully evaluated in the context of wean-
ing failure. Physiological stress echo (targeted echo during a 
weaning trial) may be limited by tachycardia, tachypnoea, and 
patient agitation. Here, other stress modalities may be required, 
including DSE and volume/pressor loading (in particular where 
dynamic MR is suspected; % Fig. 62.3). Other causes of failure 
to wean should be actively sought including progressive LV/RV 
dysfunction, excessive tachycardia/bradycardia, or development 
of left ventricular outflow tract obstruction (LVOTO). Finally, 
exclusion of static/dynamic intracardiac or intrapulmonary 
shunting should be undertaken in the presence of disproportion-
ate hypoxaemia.

are reversed and additionally, the increase in transpulmonary 
pressure during inspiration increases RV afterload, resulting in 
reduced RV ejection. This also reduces LV afterload and increases 
LV preload, resulting in an increase in left heart ejection. These 
cyclical changes are readily demonstrated using Doppler echo, 
and form the basis of diagnosing some echo features of tam-
ponade, excessive ventilatory pressures, and predicting volume 
responsiveness.

Between 3% and 83% of critical care patients have problems 
weaning from mechanical ventilation. Although alveolar oedema 
is the most frequently cited cardiac cause, additional cardiac-
related factors may contribute, as during weaning there is 
increased work of breathing, heart rate, blood pressure, systemic 
vascular resistance, and pulmonary capillary wedge pressure. 
Determining any cardiac contribution may be challenging 
and therefore echo can be pivotal to weaning success [1]. This 

(a)

(c)

(b)

(d)

Fig. 62.2 Ultrasound features of 
normal lung and in pneumothorax. 
(a) M-mode through normal lung 
shows the seashore sign (with the bat 
sign in the 2D miniature at the top). 
(b) On breath-holding, the lung pulse 
is seen as fine movements of the lung 
synchronous with the ECG (solid 
arrows). (c) In pneumothorax, the lung 
pulse is not seen and the seashore sign 
has been replaced with the featureless 
stratosphere sign. (d) The lung point 
(transition between normal lung and 
pneumothorax) is clearly seen (dashed 
arrow) as the pneumothorax moves in 
and out of view under the probe.

(a)

(c)

(b)

(d)

Fig. 62.3 The effects of volume 
and pressor loading on the severity 
of MR in a critically ill patient with 
dynamic regurgitation and failure to 
wean from mechanical ventilation. 
(a) Mid-oesophageal four-chamber 
TOE demonstrating trivial central 
regurgitation. (b) Corresponding 
continuous wave Doppler. The 
patient’s systemic blood pressure was 
95 mmHg at the time of the study. 
(c) Mid-oesophageal four-chamber 
TOE demonstrating severe mitral 
regurgitation with failure of leaflet 
coaptation due to acute increase in 
afterload with volume and pressor 
loading. (c) Corresponding continuous 
wave Doppler, with a notable fall in 
peak velocity compared with image 
(b), despite a significant increase in 
systemic blood pressure to 120 mmHg.
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Left ventricular outflow tract obstruction

A subset of patients with LV hypertrophy and/or severe RV dys-
function may develop dynamic LVOTO (+ associated systolic 
anterior motion and secondary MR) in response to hypovolaemia 
and/or increasing inotropic support. There should be a high index 
of suspicion in such patients, especially where they fail to increase 
CO in response to escalating inotropic support. Echocardiography 
is diagnostic.

Cardiac tamponade
Tamponade results from an increase in intrapericardial pres-
sure causing an important reduction in transmural pressure, 
chamber filling, and ventricular ejection. Compensatory tachy-
cardia and vasoconstriction maintain CO and blood pressure 
until intrapericardial pressure becomes critically elevated. Owing 
to ventricular–ventricular interaction, the changes in transvalvu-
lar flows during respiration become exaggerated with inspiratory 
increase in RV inflow velocity (> 35–40%) and a parallel (but 
slightly delayed for transpulmonary transit) reduction in LV 
inflow and aortic ejection velocities. These phasic changes with 
respiration are reversed in IPPV. Post-cardiac surgery warrants 
special consideration, as collections may be small and localized, 
and early postoperatively Doppler features of tamponade fre-
quently absent (even in the presence of profound haemodynamic 
compromise) [12]. Reliance on TTE therefore potentially leads to 
missed diagnoses, and where suspected either the patient should 
undergo immediate surgical re-exploration, or TOE prior to inter-
vention where the surgeon requires.

Cardiogenic shock
Cardiogenic shock occurs when CO is insufficient to meet the 
demands of the body, the commonest cause being LV dysfunc-
tion secondary to ischaemic heart disease. Other causes include 
mechanical complications of acute myocardial infarction (AMI), 
cardiomyopathy, severe valvular disease, myocarditis, myocardial 
contusion and acute aortic dissection. Echo can determine the 
underlying diagnosis in addition to assessing the haemodynamic 
status of the patient and should be performed early.

Cardiogenic shock complicating acute myocardial 
infarction

Either extensive myocardial necrosis or stunned, non-functional 
but viable myocardium may contribute to post-AMI shock. Echo 
shows depressed LV global or regional function, reduction in 
stroke volume, elevated left atrial and pulmonary pressures with/
without secondary MR. The presence of normal/hyperdynamic 
LV in a shocked AMI patient strongly suggests a mechanical 
complication.

Ventricular wall rupture is one of the most serious complica-
tions of AMI. In subacute free wall rupture only a pericardial 
collection may be seen, and careful scanning should be performed. 
Septal rupture may demonstrate multiple defects, usually easily 
seen using colour Doppler. Here the extent of LV dysfunction may 

Haemodynamic instability and shock
Prompt diagnosis and treatment of the cause of haemodynamic 
instability/shock can be life-saving. In addition to determining 
the underlying cause, echo is used to evaluate a number of rel-
evant haemodynamic parameters in the critical setting, and direct 
and monitor the response to acute interventions (beneficial or 
harmful). Shock can be broadly categorized as hypovolaemic, car-
diogenic, distributive, and obstructive.

Hypovolaemic shock
Hypovolaemic shock is caused by a critical reduction in stressed 
intravascular volume resulting in decreased cardiac filling and 
reduced stroke volume. Unless compensated by tachycardia, 
CO falls. Echo features include both static and dynamic param-
eters. Static parameters (LV end-diastolic area < 5.5 cm2/m2, IVC 
end-expiratory dimension < 10 mm (spontaneously ventilating),  
< 15 mm IPPV) have been validated predominantly in the gen-
eral intensive care unit (ICU) setting, and are frequently invalid 
in patients with cardiac disease [1]. Dynamic parameters relating 
to heart-lung interactions (IVC collapsibility index, superior vena 
cava (SVC) distensibility index) are equally questionable in the 
presence of cardiac disease, and require a number of ventilatory 
conditions to be met.

Distributive shock, sepsis, and the sepsis 
syndromes
Distributive shock is caused by an insufficient intravascular volume 
secondary to vasodilation. Some degree of pulmonary hyperten-
sion and/or elevated pulmonary vascular resistance is common. 
Septic shock is the commonest cause, frequently additionally 
associated with hyperkinetic biventricular systolic function and 
elevated CO. Diffuse transient hypokinesia may be observed but 
the CO generally remains high or normal. Emerging studies sug-
gest the potential use of STE to detect ventricular dysfunction in 
septic shock, but this remains experimental [11]. Septic shock 
can be associated with endocarditis or line/cannula infection, as 
well as other, systemic causes of infection. In sepsis accompany-
ing pneumonia, where respiratory failure supervenes assessment 
of RV function should anticipate the potential effects of extracor-
poreal respiratory support. Evaluation of sepsis related to line/
wire/cannula infection can be challenging; however, progressive 
enlargement of mobile masses despite adequate anticoagulation 
may suggest the diagnosis of prosthetic material-related infection.

Obstructive shock
Mechanical factors that impede cardiac filling (tamponade, medi-
astinal masses, IVC/SVC compression or thrombosis, tension 
PTX, severe asthma, intracardiac/extracardiac tumours, or clot) 
or emptying (acute massive PE, aortic stenosis (AS), LVOTO) may 
cause obstructive shock.
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Acute mitral regurgitation
Acute MR can complicate AMI or develop during an episode of 
transient myocardial ischaemia involving the posterior and lateral 
LV wall, result from spontaneous chordal rupture (degenerative/
rheumatic), endocarditis, acute HF, trauma, or mitral prosthetic 
dysfunction. In isolated acute MR, left heart dimensions are 
normal or only mildly increased. The evaluation of MR sever-
ity is complex and discussed elsewhere. In the critically ill, echo 
findings must be interpreted in the context of the cardiorespira-
tory support of the patient, as IPPV and pharmacological agents 
used for sedation/analgesia can significantly reduce MR severity. 
Where dynamic acute MR is suspected, stress echo (generally 
with volume/pressor loading; % Fig. 62.3) should be considered. 
When feasible, measurement of the vena contracta and the PISA 
method are recommended (vena contracta width > 7 mm or an 
effective regurgitant orifice area ≥ 40 mm2 indicating severe MR) 
[13]. Short duration of regurgitation and pulmonary venous sys-
tolic flow reversal are also suggestive (% Fig. 62.4). Note that only 
moderate MR developing acutely into a small non-compliant left 
atrium may cause severe pulmonary congestion.

Acute aortic regurgitation
Acute AR usually results from acute aortic dissection, trauma, endo-
carditis, or degeneration of previous bioprosthesis. An integrated 
approach is also recommended, with a vena contracta width larger 
than 6 mm or an effective regurgitant orifice area of at least 30 mm2 
indicating severe regurgitation [% 13]. Other parameters indicating 
severe AR include a short pressure half-time (< 200 ms) and dias-
tolic flow reversal in the descending aorta (end-diastolic velocity > 
20 cm/s) (% Fig. 62.4). In very acute severe AR, premature diastolic 
opening of the aortic valve (AV)and premature closure of the mitral 

be underestimated, with significantly elevated diastolic pressures 
suggested by persistent diastolic flow across the defect(s). Acute 
MR is a potentially life-threatening complication of AMI, result-
ing from acute papillary muscle dysfunction or rupture (complete/
partial). Here echo demonstrates a partial/complete flail of the 
mitral valve with the head of the papillary muscle seen attached to 
the tip of the flail leaflet. Colour Doppler usually shows an eccen-
tric jet directed away from the flail leaflet. Where catastrophically 
severe, the colour jet may underestimate the severity of MR, as 
pressures between the two chambers rapidly equilibrate. RV 
infarction is frequently associated with inferior AMI but may be 
an isolated condition. Echo shows RV dyssynergy, dilatation, and 
paradoxical septal motion, usually with reduced tricuspid annulus 
plane systolic excursion (TAPSE). Assessment of LV function in 
the presence of acute, severe RV dysfunction can be challenging as 
the LV may be relatively unloaded.

Cardiac murmurs and severe, acute 
valvular disease
A murmur suggestive of structural heart disease in a patient with 
acute cardiorespiratory symptoms is a definite indication for echo. 
Valvular disease leading to emergency admission is likely to be 
severe and affecting the left-sided valves (% Fig. 62.4). Right-sided 
valvular pathology rarely leads to acute haemodynamic decom-
pensation, but the underlying pathology (i.e. endocarditis) may 
necessitate admission. Where new MR or aortic regurgitation 
(AR) occurs in the setting of acute clinical symptoms, there should 
be a high index of suspicion for endocarditis, TTE performed 
early and TOE should be undertaken where there is diagnostic 
doubt and/or in planning the surgical strategy [13].

(a) (b)

(c) (d)

Fig. 62.4 Composite figure showing 
Doppler features of important left-
sided valvular regurgitation.  
(a) Continuous wave Doppler (TTE) 
from a patient with septic shock 
demonstrating pre-systolic MR 
secondary to prolonged PR interval 
due to an aortic root abscess.  
(b) Continuous wave Doppler in 
a patient with severe secondary 
MR following a significant AMI. 
(c) Continuous wave Doppler in 
a patient with severe AR: note the 
near-equalization of pressures in 
the ascending aorta and LV at end-
diastole, reflected by a short pressure 
half-time (broken arrow). (d) Pulsed-
wave Doppler (TOE) from a patient 
with free AR from truncal endocarditis.
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Cardiac arrhythmias
In the critically ill patient population, heart rates considered 
acceptable in the outpatient setting may be inappropriate. Thus, 
where stroke volume is limited (e.g. restrictive RV) a relative 
tachycardia may be required to maintain adequate CO (up to 
110–120 bpm). Other pathologies represent different challenges; 
a long diastolic time may be required to maintain a low left atrial 
pressure in mitral stenosis, a short diastolic time only required in 
LV/RV restriction, and in any patient with temporally long MR  
(% Fig. 62.4a) or TR, tachycardia may severely limit ventricular 
filling and hence CO. When assessing any critically ill patient the 
optimal heart rate for that patient and their pathology should 
be considered, in order to maintain the optimal CO at the low-
est filling pressure. In atrial fibrillation, it should be remembered 
that critically ill patients may be in a pro-thrombotic state and/
or treated with pro-coagulant drugs and be at increased risk of 
intracardiac thrombus formation. Thus the indications for TOE 
prior to undergoing cardioversion on the ICU may not necessarily 
reflect those in the non-critical patient. Where prolonged tach-
yarrhythmia and/or hypotension have occurred, LV dysfunction 
may appear disproportionately severe. Patients with ventricular 
arrhythmias require diagnosis of the underlying cause, with TTE 
frequently performed as soon as the arrhythmia is successfully 
terminated. Ischaemia/infarction may be suggested by standard 
features. Parameters for risk stratification of ventricular arrhyth-
mias, future prognosis, and decision-making for ICD in patients 
with previous myocardial infarction in the context of cardiorespi-
ratory support in the ICU are not known.

Traumatic injuries of the heart and 
aorta
Blunt or penetrating chest trauma may cause severe injury to the 
heart and great vessels. In modern trauma centres, rapid com-
puted tomography (CT) scanning using trauma protocols is the 
imaging modality of choice. TOE can be used intraoperatively, 

valve with diastolic MR imply catastrophic regurgitation. Evaluation 
of AR when considering mechanical circulatory support is a special 
consideration (see % ‘Mechanical circulatory support’; % Fig. 62.5).

Acute decompensation in valvular stenosis
Mitral stenosis may mimic acute respiratory distress syndrome, 
presenting with poor gas exchange and bilateral pulmonary 
infiltrates, however the history, clinical examination and TTE 
usually suggest the underlying diagnosis. A precipitant for acute 
deterioration may be the onset of atrial fibrillation or increase in 
CO (i.e. pregnancy). Echo is used to assess the aetiology, severity 
and consequences of mitral stenosis in addition to determining 
anatomical suitability and excluding contraindications to per-
cutaneous mitral commissurotomy—the treatment of choice 
in the critically ill patient [14]. Critical AS may be the primary 
reason for ICU/emergency admission, or an incidental finding in 
an ICU patient presenting with other symptoms. The diagnosis 
may be challenging in a low CO state; however, TTE findings are 
characteristic. Critical AS can be managed using balloon aortic 
valvuloplasty as a bridge to surgery (or transcatheter AV implan-
tation) in haemodynamically unstable patients who are at high 
risk for surgery, or in patients with symptomatic severe AS who 
require urgent major non-cardiac surgery. Echo is mandated in 
pre-procedural evaluation as well as to guide intervention [14].

Acute decompensation in the presence of valve 
prostheses
Haemodynamic instability in the presence of prosthetic valve 
replacement raises suspicion of prosthesis dysfunction, and/
or endocarditis in patients with sepsis. As with native valves, 
right-sided pathology rarely results in acute deterioration/decom-
pensation. Left-sided prosthetic dysfunction should be suspected 
where there is normalization of septal motion, in particular in the 
presence of a dynamic left ventricle and features of pulmonary 
oedema and/or cardiogenic shock [14]. Any suspected prosthe-
sis-related emergency should be evaluated by an expert, and is 
discussed in detail elsewhere.

(a) (b)

Fig. 62.5 Echocardiography in a patient on peripheral veno-arterial extracorporeal membrane oxygenation (VA ECMO) with aortic regurgitation. (a) Colour 
Doppler showing continuous aortic regurgitation (no interruption for ejection) and (b) corresponding continuous wave Doppler demonstrating a pressure 
difference of 16 mmHg in diastole. With a corresponding aortic diastolic blood pressure of 40 mmHg, the estimated LV end-diastolic pressure is elevated at 
approximately 34 mmHg. This was confirmed at catheterization, and the patient was converted to central VA ECMO.
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◆	 MCS is not a treatment per se, but rather a supportive therapy 
whilst awaiting resolution of the underlying pathological pro-
cess. Thus comprehensive echo has a vital role in excluding/
diagnosing any potentially treatable underlying pathology and 
directing potential intervention.

◆	 Echo is required to determine the requirement for RV and/or 
LV support, the level of support required, and assessing the 
ability of the right and left heart to support any extracorporeal 
circuit.

◆	 Echo is mandatory to exclude cardiovascular contraindications 
to initiation of support (% Table 62.1).

◆	 Echo has a vital role in its successful implementation, including 
confirming/guiding correct cannula placement, ensuring the 
goals of support are met, detecting complications, and assess-
ing tolerance to assistance.

◆	 Various echo parameters are proposed to be used in conjunc-
tion with clinical and haemodynamic assessment in order to 
attempt to predict successful weaning.

Currently veno-arterial extracorporeal membrane oxygenation 
(VA ECMO) is the MCS of choice for full cardiac/cardiorespira-
tory support acutely, with transition to a ventricular assist device 
(VAD) at a later stage if indicated [18,19]. Other temporary MCS 
devices exist (% Table 62.2) with differing levels of support, access 
routes, and impact on cardiac function. Each side of the heart 
must be assessed, whilst considering the existing level of inotropic 
and respiratory support, and anticipating the additional circula-
tory load of any extracorporeal circuit, including anticipating the 
effect of the additional forward stroke volume delivered to the 
apparently non-affected ventricle.

Impella
This axial pump may be used to provide short-term (5–10 days) 
partial assistance to either the left or right heart. For LV support, 
the device is usually inserted percutaneously, positioned across 
the AV into the cavity of the LV. Echo guidance is used to monitor 

supporting and informing surgical and anaesthetic decisions; 
however, 5–25% of trauma patients have cervical spine fractures 
and in these patients TOE is relatively contraindicated. In gen-
eral, following trauma, hypotension should be assumed to be due 
to haemorrhage until proven otherwise; however, the presence 
of isolated chest trauma should also prompt active exclusion of 
tamponade and/or PTX/haemothorax, and focused US protocols 
(i.e. focused assessment with sonography for trauma—FAST) can 
be used in this setting [1,5]. Arrhythmia should raise the suspi-
cion of cardiac trauma, with unexplained persistent tachycardia, 
new bundle branch block, and even minor arrhythmia mandat-
ing rapid echocardiographic evaluation. Echo should be used  
in the presence of signs of HF or abnormal heart sounds to 
diagnose the underlying cause, estimate the need for volume resus-
citation or inotropic support, and identify other injuries requiring 
intervention.

Blunt cardiac trauma results from compression of the heart 
between the spine and sternum, acute chest and abdominal pres-
sure changes, deceleration, and blast injury. Unless experienced in 
trauma, it is easy to underestimate the potential severity of organ 
damage, in particular in blast injuries. Aortic injury from blunt 
trauma is a substantial cause of morbidity and mortality, being 
immediately lethal in 80–90% of cases. If detected early, 60–80% 
of patients who reach the hospital alive will survive following 
definitive therapy. Features include aortic rupture, dissection, 
intramural haematoma or pseudoaneurysm. The right heart is 
most commonly affected by cardiac contusion, due to its ante-
rior position; ventricular dysfunction may be global or regional. 
TAPSE should be measured, considering haemodynamics, cardi-
orespiratory support, and arterial blood gases at the time of the 
study. The RV free wall should be examined for thinned myocar-
dial segments or a pseudoaneurysm—both with potential risk of 
rupture. Although immediate/early rupture has been reported, 
less severe injuries may lead to delayed necrosis manifesting as 
late rupture. Valvular injury is rare from both blunt and penetrat-
ing trauma, and includes leaflet tears/perforation and papillary 
muscle and/or chordal disruption, with associated acute valvular 
regurgitation. Acute myocardial infarction can result from coro-
nary artery dissection, laceration, and/or thrombosis, with the left 
anterior descending most frequently affected [15].

Mechanical circulatory support
◆	 Indications for mechanical circulatory support (MCS) include 

cardiogenic shock and refractory low CO, hypotension 
despite adequate intravascular volume and high-dose ino-
tropic agents, inability to wean from cardiopulmonary bypass 
post cardiotomy, primary graft failure after heart/heart–lung 
transplantation, severe myocardial depression of sepsis, drug 
toxicity, myocarditis, and post-cardiac arrest [16]. Depending 
on the clinical situation, MCS may be used as a bridge to recov-
ery, transplantation, or decision for further intervention, or as 
destination therapy [17]. Although echo for MCS is highly spe-
cialist, certain key principles apply [16]:

Table 62.1 Echocardiographic contraindications to extracorporeal 
support

Absolute contraindications to  
VA ECMO/LVAD

Absolute contraindications  
to VV ECMO

Absolute contraindications
Unrepaired aortic dissection
Severe aortic regurgitation
Unrepaired coarctation of the aorta

Absolute contraindications
Severe ventricular dysfunction
Severe pulmonary hypertension

Relative contraindications Relative contraindications

Severe aortic atheroma
Abdominal/thoracic aneurysm with 
intraluminal thrombus

Large PFO/ASD
TV pathology (TS/TVR)

ASD, atrial septal defect; LVAD, left ventricular assist device; PFO, patent foramen ovale;  
TS, tricuspid stenosis; TV, tricuspid valve; TVR, tricuspid valve replacement; VA ECMO, 
veno-arterial extracorporeal membrane oxygenation; VV ECMO, veno-venous 
extracorporeal membrane oxygenation.
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cannula. The inlet cannula should be located in the mid RA pro-
viding unobstructed flow of blood into the circuit. In peripheral 
VA ECMO, although the tip of the return cannula is not visible 
using TOE, arterial cannulation can be confirmed by demonstra-
tion of the guidewire in the aorta. Echo is then used to ensure there 
is no inappropriate unloading of one of the ventricles (progressive 
dilatation/failure to decompress). This may additionally be sug-
gested by retrograde diastolic transmitral flow and/or retrograde 
systolic waves in pulmonary venous flow [16]. Where decompres-
sion is not achieved, venting is required either by a surgical or 
percutaneous approach.

The frequency of echo assessment in VA ECMO is debated; 
however, it should be performed when a complication is sus-
pected, or there is a change in oxygenation (increase or decrease). 
In a patient previously requiring cardiorespiratory support, 
when the heart begins to recover and eject, but there is persis-
tent respiratory failure, this can result in the upper body being 
supplied by profoundly deoxygenated blood, whilst the lower 
body is hyperoxygenated (supplied by the ECMO circuit)—the 
Harlequin syndrome. If cardiac recovery is seen in this situa-
tion, the echocardiographer should warn the attending team that 
the heart is now ejecting and that they should consider chang-
ing to veno-venous (VV) ECMO if cardiac function is adequate. 
In general, daily assessment should be considered if the patient 
has potential to be weaned (haemodynamic stability, persistent 
LV ejection with only minimal inotropic support, and adequate 
gas exchange). Echo parameters suggesting the patient is poten-
tially weanable include an EF greater than 35%, LVOT velocity 
time integral greater than 10 cm, absence of LV dilatation, and no 
tamponade [16,21,22]. Although there are no universally applied 
protocols for predicting successful weaning, in general this 
requires staged reduction in flows, monitored by clinical, haemo-
dynamic, and echo variables. Various regimens exist including 
gradual reduction to 0.6 L/min/m2 over a few minutes, or sequen-
tial reduction (66% 15 minutes, 22% 15 minutes).

Ventricular assist devices
VADs (left/right/biventricular) are used according to existing 
guidelines and registries as longer-term support for cardiac fail-
ure. Echo plays a key role in the management of such patients. 
With LVAD insertion a major echo challenge is predicting tol-
erance of the RV to the increased preload, as RV dysfunction 
post-LVAD insertion is associated with increased mortality and 
morbidity. A number of parameters have been proposed to predict 
adequate RV function including RV transverse diameter less than 
3.8 cm, fractional area change greater than 40%, TAPSE greater 
than 1.5 cm, and systolic strain/strain rate less than 16%/1.1 m/s, 
however none taken alone is ideal. The strongest pre-implantation 
predictors of RV failure are pulmonary hypertension (PASP > 50 
mmHg) and severe RV systolic dysfunction [16,23,24]. As with all 
types of LVAD, AR may become continuous, and increase PCWP 
and PASP, further impairing RV function. When judged to be 
severe, AR may require surgical intervention at the time of VAD 
implantation.

catheter progression across the AV; ensure there is no disrup-
tion/distortion of the mitral subvalvar apparatus and no increase 
in MR [16,20]. Correct positioning is confirmed by demonstra-
tion of inlet flow in the LV (no more than 40 mm below the AV), 
and return flow approximately 10 mm above the AV. As the LV is 
decompressed, its dimensions should decrease in parallel, with a 
reduction in any previously documented MR. Right heart support 
using the Impella RD (either RA-PA, or retrograde insertion from 
PV to RV) demands surgical insertion, with correct positioning 
confirmed using TOE.

Veno-arterial extracorporeal membrane 
oxygenation
VA ECMO is indicated for the short-term assistance of either or both 
ventricles, with/without associated respiratory failure, as a bridge to 
recovery, or to improve organ function prior to longer-term VAD 
insertion. Cannulation may be peripheral or central, draining blood 
from the RA and pumping it through an oxygenator to be returned 
to either the ascending (central) or descending (peripheral) aorta. 
Echo findings will influence the choice of central versus peripheral 
cannulation. Thus, in the presence of very severe LV failure, the 
delivery of oxygenated blood to the descending aorta can increase 
LV afterload, resulting in worsening pulmonary congestion. If AR 
coexists, in the absence of AV opening, AR becomes continuous (% 

Fig. 62.5), and may worsen LV dilatation. One potential option is to 
introduce a minimal level of inotropic support in order to achieve 
some degree of LV ejection and AV systolic opening (monitored by 
echo) [16,21]. Where this is not possible and/or measurement of 
the pressure difference between the ascending aorta and LV indi-
cates a potentially very high LV diastolic pressure, conversion to 
central cannulation should be considered.

Intraprocedurally, TOE is used to confirm inlet and outlet 
cannulae positions, avoidance of the cannulae impacting on any 
cardiac/extracardiac structure, and no kinking/distortion of the 

Table 62.2 Flow rates associated with commonly used types of 
extracorporeal support

Device Flow (L/min) Comments

Impella < 2.5 or 5.0 Percutaneous positioning 
across AV (left heart). 
Surgical RA–PA insertion 
(right heart)

Tandem heart < 4.0 Catheter insertion with 
transseptal puncture

Centrifugal < 9.0–10.0 Relatively rapid insertion

Centrifugal VA ECMO < 9.0 Surgical or percutaneous 
(oxygenation)

Centrifugal VV ECMO < 3.0 Surgical or percutaneous

Extracorporeal AVCO
2
 

removal
< 1.0–1.8 Percutaneous femoral 

AV, aortic valve; AVCO
2
; arterio-venous carbon dioxide; PA, pulmonary artery; RA, right 

atrium; VA ECMO, veno-arterial extracorporeal membrane oxygenation; VV ECMO, 
veno-venous extracorporeal membrane oxygenation.
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impairment (possibly with no ejection). Further, a large collec-
tion, even causing significant compression of a cardiac chamber, 
may have no clinical relevance until weaning from extracorporeal 
support is attempted.

Despite full anticoagulation echo may detect thrombus related 
to the cannulae, cardiac chambers, or across the ventriculo-arterial 
valves. Where VAD or VA ECMO are used post AV replacement, 
thrombosis of the valve (particularly where there has been no ejec-
tion) has been reported. Pulmonary artery thrombosis has also 
been described in VA ECMO in the absence of right heart ejec-
tion. Thrombi related to the cannulae is not uncommon, and when 
small, usually unimportant. Large thrombi and/or the presence of 
an inter-atrial communication, or thrombi in the systemic circula-
tion may require intervention. In patients with long-term LVAD 
the consequences of device thrombosis may be catastrophic. 
Direct evidence may be found where thrombus is seen related to 
the cannula inlet. Indirect evidence may be provided by insen-
sitivity of echo parameters to change with altering pump speed, 
and/or when new AV opening is seen.

Conclusion
Echo in acute and intensive cardiac care includes its use for 
haemodynamic evaluation as well as a diagnostic investigation. 
Practitioners must be aware of the challenges provided by the 
critical care setting, and the confounding effects of associated 
interventions on echo findings; however, appropriate application 
can provide information to the treating clinicians that may prove 
life-saving. Echo is of unique importance for this patient popu-
lation, where cardiac magnetic resonance is contraindicated, and 
cardiac CT has limited applications. As the role of extracorporeal 
support expands, this will require echocardiographers to become 
familiar with the normal and abnormal features of the hearts and 
circuits of these highly complex patients, as well as the pathophys-
iological milieu of critical illness.

Intraoperative TOE is used to assist in optimal placement 
of cannulae, ensuring they do not impact on any intracardiac 
structure and are orientated appropriately. Immediately after 
implantation echo is used to assist de-airing, and optimize LV 
filling whilst increasing pump speed to the required level of sup-
port. Here, using the mid-oesophageal four-chamber view, the 
interventricular septum should be in the midline. In LVAD, a 
rightward shift suggests too high a pump speed, and leftward 
too low. Finally, the AV should be seen to open every few beats, 
although this may not be achievable in all patients, including 
an echo ramped speed study. Here the RPM are decreased until 
one or more of the following are seen; the AV opens with each 
beat, the LV becomes more dilated, and/or MR worsens (mini-
mal speed). In order to determine the maximal speed the RPM 
are increased from the set speed until there is septal shift and/or 
development of ventricular dysrhythmias. The ideal state is that 
which allows tolerance of normal alterations in volume status, 
and is generally approximately 400 mL/min below the maximal 
speed.

Echocardiographic-detected complications of 
mechanical circulatory support
Echo is key in detecting complications resulting from extracor-
poreal support. The most frequent include:

◆	 cannula displacement
◆	 worsening regurgitation
◆	 tamponade
◆	 thrombus
◆	 inadvertent overload/excessive offloading of one/both ventricles.

Tamponade due to a pericardial collection is common, particularly 
early after institution of therapy. Echocardiographic diagnosis is 
challenging, in particular in the presence of non-pulsatile flow 
and small/no tidal volume ventilation plus severe ventricular 
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CHAPTER 63

Cardiac rhythm disorders
Kristina H. Haugaa, Francesco Faletra,  
and João L. Cavalcante

Atrial fibrillation
Atrial fibrillation (AF) is the most common cardiac arrhythmia. Patients with AF are at 
increased risk for mortality, heart failure, and thromboembolic events. The loss of atrial 
contraction and the beat-to-beat changes in preload and left ventricular (LV) contractil-
ity, affect diastolic filling and ejection. Rapid and irregular heart rhythms can represent 
a challenge for accurate assessment of cardiac function by several non-invasive imaging 
methods. As such, averaging the measurements from  several beats is necessary.

Causes
AF is more prevalent in men and with increasing age. Although it is usually associated with 
some underlying heart disease and/or structural cardiac remodelling. AF is divided into 
valvular versus non-valvular. Valvular AF relates to rheumatic valvular disease (predomi-
nantly mitral stenosis) or prosthetic heart valves. For non-valvular AF, hypertensive heart 
disease is the most common cause. Atrial enlargement, atrial pressure elevation, and infil-
tration/inflammation of the atria are often seen. In particular, left atrial (LA) enlargement 
seems to precede and predispose to AF. Other emerging risk factors for AF include atrial 
premature beats, autonomic nervous system dysfunction, obesity, diabetes and metabolic 
syndrome, and increased predisposition for diastolic dysfunction and atrial dilation.

Left atrial size
Measurements

Indexed LA volume should be the preferred method over linear (two-dimensional (2D) 
or M-mode) measurements of the LA size, allowing accurate assessment of the asym-
metric LA remodelling/dilation. The normal cut-off values for indexed LA volume differ 
between 22 ± 6 mL/m2 [1] and the 2014 European NORRE study (28 ± 6 mL/m2) [2]. 
In the latter study, the upper reference values for LA volumes were 41.9 mL/m2 in men 
and 41.5 mL/m2 in women using the area–length method, and 37.2 mL/m2 in men and 
36.9 mL/m2 in women with the Simpson method.

Left atrial appendage
Anatomy of the normal left atrial appendage

The left atrial appendage (LAA) is a very complex  anatomical structure with unique 
morphological characteristics (see also % Chapter 22 in this textbook). The LAA pre-
sents a multi-lobulated configuration with secondary lobes protruding in different 
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circumference, and area of the LAA orifice can be measured or 
in 2D imaging derived by a 3D data set or directly on 3D images  
(% Fig. 63.2c,d).

Normal Doppler flow patterns in the left atrial 
appendage
Using pulsed wave Doppler, LAA emptying velocity can be 
measured reflecting the blood flow velocity generated from each 
contraction of LAA. Lower emptying velocities are associated with 
spontaneous echo contrast formation (discussed subsequently) 
and with higher predisposition for thrombus formation.

In a normal LAA spectral Doppler trace (% Fig. 63.3), four 
waves are seen during sinus rhythm:

1. During atrial systole, LAA contraction and emptying is seen 
above the baseline. LAA emptying velocity is normal (~ 80 cm/s).

2. During early ventricular systole, LAA filling is seen below the 
baseline. Velocity is 65 cm/s.

3. Passive flow during the remainder of systole is seen as alternat-
ing small waves both sides of the baseline.

4. Early diastolic LAA emptying during LV early filling seen above 
the baseline. Velocity is 20 cm/s.

Generally, flow velocities during AF are lower than those dur-
ing sinus rhythm. However, flow velocities in patients with AF 

directions from the main cavity. Although several techniques 
allow both 2D and three-dimensional (3D) visualization of the 
LAA, there is no doubt that for its versatility and high temporal 
and spatial resolution, multiplane 2D transoesophageal echo-
cardiography (TOE) remains the primary imaging modality. 
Recently, the new matrix array transducer allows visualizing the 
LAA either simultaneously in two orthogonal planes (% Fig. 
63.1a,b) or in real-time 3D TOE imaging.

Three-dimensional TOE is particularly suitable for imaging the 
LAA. Indeed, the position of the LAA, situated near the atrioven-
tricular grove in the anterolateral position, is relatively close to the 
transducer (nearly at the same distance from the mitral valve). 
Two main 3D views are particularly useful for imagining LAA: one 
view visualizes the LAA orifice ‘en face’ from the LA perspective 
(% Fig. 63.1c); the second view (obtained after having cropping 
the LAA longitudinally) visualizes the LAA in its length from a 
lateral perspective (% Fig. 63.1d). This later view may reveal lobes 
arising from the main cavity.

Measurements of the left atrial appendage
Precise knowledge of the LAA dimensions is crucial before per-
cutaneous closure. The complex anatomy of the LAA makes 
dimensions obtained with 3D TOE more precise than 2D TOE 
although device choice and sizing in based on 2D TOE measure-
ments. [3]. Diameters of landing zone, depth of the main cavity, 

Fig. 63.1 X-plane image obtained by the matrix array transducer. This transducer is able to display two orthogonal planes simultaneously. (a) ‘Classic’ 2D TOE left 
atrial appendage (LAA) in short-axis view of the aorta (Ao). From this view, the LAA appears a simple ‘single-lobed’ cavity. (b) Orthogonal view generated from 
blue dashed line in (a) shows a more complex morphology with two lobes (asterisks) arising in opposite direction from the main cavity. Cx, circumflex coronary 
artery. (c) Three-dimensional image from above showing the orifice of LAA ‘en face’. In normal subjects the LAA orifice is elliptical, while it tends to assume a 
round-shaped configuration as long as the left atrium enlarges. (d) Three-dimensional image of LAA in its longitudinal perspective. Asterisks mark two lobes from 
the main cavity. MV, mitral valve.
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Fig. 63.2 (a) and (b) Linear dimensions taken using 2D images derived by 3D data set. (c) Diameters, circumference, and area obtained directly on a 3D image 
from an above perspective. (d) Diameter and length of the left atrial appendage (LAA) measured directly on a longitudinal view of LAA.

(a) (b)

(c) (d)

Fig. 63.3 Normal left atrial appendage (LAA) pulsed wave Doppler tracing in patient with sinus bradycardia demonstrating four distinct phases (1—LAA systole; 
2—ventricular systole → early LAA filling; 3—passive flow → late LAA filling; 4—early LAA emptying).

1

2 3

4
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The role of red cells in spontaneous echo contrast has been dem-
onstrated by in vitro studies [4] with higher haematocrit in patients 
with LA spontaneous echo contrast [5]. However, low haemoglo-
bin does not necessarily protect against spontaneous echo contrast 
[6], suggesting that both haematological and haemodynamic fac-
tors contribute to the formation of LA spontaneous echo contrast.

The LAA emptying velocities measured with pulsed wave 
Doppler are the most important haemodynamic determinants. 
The Stroke Prevention in AF (SPAF) study demonstrated that AF 
had lower peak LAA emptying velocities (20–29 cm/s vs 60–69 
cm/s, P < 0.001). Importantly, there was an exponential increased 
risk for annualized rate of cardioembolic events once the peak 
LAA velocities decreased below 29 cm/s [7].

Presence of LA spontaneous echo contrast is a strong risk factor 
for the development of LA thrombus and a risk factor for sys-
temic embolism in both patients with sinus rhythm or AF with 
an increase in the embolic rate from 3% to 12% per year [5,8]. 
Currently, there is no consensus on the treatment of spontaneous 
echo contrast in the absence of definite LA/LAA thrombus or AF; 
though its presence mandates a comprehensive examination of 
the LA and LAA for possible thrombus.

are highly variable and with wide continuum of LAA contractile 
dysfunction, from relatively preserved contraction to complete 
paralysis of the appendage.

Left atrial appendage thrombus, spontaneous echo 
contrast (smoke), sludge
Spontaneous echo contrast, also called ‘smoke’, is an echocardio-
graphic phenomenon observed in low-flow states. It is mostly seen 
in the LA and LAA in conditions such as AF, mitral stenosis, and 
dilated LA. LA spontaneous echo contrast is best appreciated with 
higher gain settings and can be differentiated from background 
‘noise’ by its swirling motion. It is difficult to quantify, but is gener-
ally graded into mild or dense/severe (also known as ‘sludge’). The 
presence of ‘sludge’ may carry the same stroke risk of thrombus 
and could be considered as a stage further along the continuum 
toward thrombus formation.

Thrombi, and in most cases dense sludge (i.e. the dynamic 
dense echo contrast), are obvious contraindications in patients 
scheduled either for a cardioversion or for a percutaneous closure. 
Two-dimensional and 3D TOE are effective in assessing the pres-
ence of thrombi/sludge (% Fig. 63.4).

(a) (b)

(c) (d)

Fig. 63.4 (a) Two-dimensional and 
(b) 3D TOE image of a thrombus into 
left atrial appendage (LAA) (arrows). 
(c) Two-dimensional and (d) 3D image 
of a small thrombus located deep into 
the ‘cul de sac’ of LAA (red arrow) with 
sludge moving around (white arrows).
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Indications and techniques

Catheter ablation is recommended as an alternative to 
antiarrhythmic drug therapy for patients with symptomatic 
recurrent paroxysmal AF on antiarrhythmic drug therapy [17]. 
Catheter ablation is recommended as first line in patients with 
paroxysmal AF preferring interventional treatment with low risk 
for procedure-associated complications. Ablation techniques 
include conventional RFA and cryoballoon ablation.

Evaluation of pulmonary vein (2D/3D)
Owing to the tomographic nature of 2D TOE and the restricted 
lateral motion of the probe into the oesophagus, visualization 
of the pulmonary veins with this technique is usually limited to 
their long axis. Conversely, 3D echocardiography allows view-
ing the orifice of the pulmonary veins ‘en face’ as if the observer 
was ‘sitting’ in the left atrium. The TOE transducer is very close  
(3–4 mm) to the posterior atrial wall and at this distance, the 
pyramidal beam is too narrow to embrace the entire roof of the 
left atrium together with the pulmonary veins. So the pair of left 
and right pulmonary veins must be imaged separately.
◆	 Left pulmonary vein. To visualize the left upper pulmonary 

vein, the zoom mode focusing on the LAA should be used. A 
slight counter clockwise rotation of the staff allows visualizing 
the ostium of the left upper pulmonary vein ‘en face’. A fur-
ther counter clockwise rotation enables visualization of the left 
lower pulmonary vein.

◆	 Right pulmonary veins. Using zoom modality large enough to 
embrace the left side of the atrial septum in ‘en face’. A counter 
clockwise rotation of the probe allows viewing the right pulmo-
nary veins running adjacent to the atrial septum (% Fig. 63.6).

Guiding the pulmonary vein ablation procedure
Theoretically, ablation of pulmonary veins can be monitored using 
2D or (better) 3D TOE. This technique is capable of:

Echo and atrial fibrillation treatment
TOE-guided cardioversion

Based on the results of the ACE [9] and ACUTE I [10] and II [11] 
trials, management guidelines for patients with new onset of AF 
of 48 hours or longer recommend immediate anticoagulation with 
unfractionated intravenous heparin, or low-molecular-weight 
heparin followed by TOE-guided cardioversion, provided there 
is no detectable intracardiac thrombus and therapeutic antico-
agulation is achieved [12,13]. Sometimes, however, it is difficult 
to differentiate dense LA spontaneous echo contrast from LAA 
thrombus. Hence, the use of intravenous echocardiographic con-
trast agent can be of great value in these studies, where determining 
the presence/absence of LAA thrombus is of critical importance 
(% Fig. 63.5).

Echo predictors of success and recurrence (conventional 
and new indices)
Independent predictors of direct current cardioversion success 
are AF duration of less than 2 weeks, mean LAA emptying veloc-
ity greater than 31 cm/s, and the LA diameter less than 47 mm 
[14]. Lower left ventricular ejection fraction (LVEF) has also been 
associated with lower likelihood of direct current cardioversion 
success [15]. The evaluation of atrial function with strain rate 
imaging appears to be helpful in predicting maintenance of sinus 
rhythm [16] but more experience is needed for the clinical appli-
cability and usefulness of this new parameter.

Pulmonary vein ablation in atrial fibrillation
Pulmonary vein isolation using catheter-based radiofre-
quency catheter ablation (RFA), may offer a long-term cure in 
a significant subset of patients with AF, and may produce bet-
ter outcomes than medical therapy. However, the techniques of 
RFA are evolving, and the procedure includes a risk of serious 
complications.

Fig. 63.5 (a) Left atrial appendage (LAA) with two suspicious echogenic materials (orange arrows) at the tip of the left lateral/‘Coumadin’ ridge (ligament of 
Marshall) and attached to the ‘cul de sac’ of the LAA. (b) Post-intravenous contrast TOE image demonstrating a single filling defect (white arrow) due to LAA 
thrombus.

(a) (b)
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according to the type of AF (higher success rates for paroxysmal vs 
persistent AF). With multiple procedures, the long-term success 
rate increase to nearly 80%. Complications after pulmonary vein 
ablation include acute complications such as cardiac tamponade 
occurring in approximately 1% of procedures. Some cases of tam-
ponade may be delayed in onset. Chronic complications include 
pulmonary vein stenosis which can cause dyspnoea, cough, chest 
pain, or haemoptysis and most commonly occur 2–5 months 
after the procedure. A maximum Doppler flow velocity from a 
pulmonary vein greater than 110 cm/s by TOE is suspicious for 
severe pulmonary vein stenosis. Patients who develop respira-
tory symptoms after pulmonary vein ablation should additionally 
be evaluated with computed tomography or cardiac magnetic 
resonance [18].

Left atrial appendage closure
Indications and devices

More recently, minimally invasive epicardial techniques and 
interventional transseptal techniques have been developed for 
occlusion of the LAA orifice to reduce the stroke risk. These 
devices may provide an alternative to oral anticoagulants for AF 
patients at high risk for stroke, but with contraindications for 
chronic oral anticoagulants. The evidence of efficacy and safety 
is currently insufficient to recommend these approaches for any 
patients other than those in whom long-term oral anticoagulants 
is contraindicated [17].

Suitable left atrial appendage morphology  
(2D/3D measurement)
Accurate echocardiographic measurement of the LAA anat-
omy, especially of the ostium, and LAA depth are critically 
important for successful LAA ostial closure. The echocar-
diographic ostium of the LAA, which is usually measured 
from the junction of the upper left pulmonary vein enter-
ing the LA to the junction of the LA and LAA, is somewhat 
larger than the anatomic ostium. Because the maximum 
device sizes range from 30 mm to 33 mm and the size of the 
device should be a few millimetres larger than the diameter  

◆	 imaging in ‘real time’ and in three dimensions the ‘terrain’ (i.e. 
ostia of pulmonary veins) where the ablation takes part

◆	 guiding in real time all catheter movements and positions
◆	 monitoring the catheter–tissue contact points during the energy 

delivery.

Although technically possible to guide pulmonary veins ablation 
with (2D/3D) TOE, there are several limitations and concerns:

◆	 Other imaging techniques (i.e. electro-mechanical mapping) 
are very effective and electrophysiologists are more familiar 
with this visualization.

◆	 All four pulmonary veins are difficult to visualize in the same 
patient.

◆	 The TOE probe produces heat that may augment the heat-
ing produced by the RFA. The effects of this summation are 
unknown and may increase the risk of potential injury of the 
oesophageal wall. Cryothermal ablation is now approved for 
clinical use and such complication is very uncommon.

◆	 A fully equipped echo-machine and an additional experienced 
operator are required in the electrophysiological laboratory.

Thus, currently, 2D or 3D TOE is not indicated for routine use 
during pulmonary vein ablation.

Potential complications of pulmonary vein ablations
Complications of pulmonary vein ablation occur in about 5% of 
patients. Severe complications include stroke (< 1% risk), tam-
ponade (~ 1%), peripheral vascular complications (~ 1%), and 
pericarditis (~ 2% risk). Furthermore, silent cerebral infarc-
tions, detectable by cerebral magnetic resonance imaging, may be 
induced by catheter ablation procedures. High-risk patients are 
older patients, women, and patients at increased risk for stroke. 
Male patients with a low risk for stroke (CHA2DS2-VASc score of 
0 or 1) are considered low-risk patients [17].

Follow-up and monitoring after pulmonary vein ablation
In patients treated with pulmonary vein ablation for AF, the 
success rate at 1 year is approximately 50%, although it varies 

(a) (b)

LUPV RUPV

RLPVLLPV Fig. 63.6 (a) Three-dimensional 
image showing the left upper (LUPV) 
and lower (LLPV) pulmonary veins. (b) 
Right upper (RUPV) and lower (RLPV) 
pulmonary veins.
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have sufficient compression for stable positioning. TOE is key in 
the procedure guidance by determining the device compression 
rate post-implant (up to 20% from the original width). In addi-
tion to the ‘tug test’, which verifies the device stability by TOE and 
fluoroscopy, 2D TOE with colour Doppler mapping using low 
Nyquist limit (i.e. 30–40 cm/s) is key to assess for the presence 
of any paradevice leak > 5 mm which would require recapture 
and reposition.

Potential complications
The implantation of these percutaneous devices in experienced 
hands has been very safe. Potential complications include over- 
or under-sizing, device migration, dislodgement or embolization, 
and haemopericardium or cardiac perforation. These are rare 
major complications (< 1% device embolization). Aside from 
monitoring for these potential, but rare complications, the guid-
ing echocardiographer should also check for the displacement, 
erosion, or encroachment of surrounding structures (i.e. mitral 
valve, left upper pulmonary vein, etc.).

Follow-up and monitoring
Percutaneous closure devices are promising and offer patients a 
genuine alternative to those patients with high CHA2DS2-VASc 
score of 2 or more, but who cannot tolerate/take oral anticoagula-
tion. One very important aspect is to document on the following 
TOE (generally recommended after 1 and 6 months and annually 
post-implant) is to verify on the adequacy of device stability and 
sealing. Ideally successful occlusion is defined as no and/or mini-
mal flow/leak (1–3 mm in diameter) in the LAA and no LA/LAA 
thrombus [20].

An underappreciated role of the LAA is as a trigger for recur-
rent AF after catheter ablation, as was seen in 27% of patients in 
a large review of 987 cases [21]. Future studies will be needed to 
investigate whether LAA electrical isolation could make the AF 
ablation procedure more successful and durable.

of the LAA orifice (to ensure stable positioning and avoid dis-
location/migration), the maximum diameter of landing zone 
should not exceed 28–30 mm. Given marked interindividual 
variability in its anatomy, standardization of these measure-
ments with 2D TOE appears to be troublesome and 3D imaging 
via either 3D TOE or preferably computed tomography angi-
ography might become useful for procedural planning [19]. 
For 2D measurements for device sizing selection, it is recom-
mended to image the LAA in several angles (i.e. 0, 45, 90, and 
135 degrees) to ascertain the size of the ostium and depth in 
different angles. In addition, for the ostium size, effort should 
be made to visualize the left circumflex artery and use it as the 
landmark drawing a straight line to the ligament of Marshall 
(‘Coumadin ridge’), approximately 1–2 cm below its tip. In case 
of a large LAA neck width (> 26 mm) or complicated LAA anat-
omy, additional preprocedural imaging with gated computed 
tomography angiography should be considered. Gated com-
puted tomography angiography is also helpful in patients being 
considered for percutaneous LAA suture ligation using Lariat 
device (SentreHEART, Redwood City, CA). CTA can determine 
the candidacy for this device which requires a LAA width < 40 
mm and a LAA morphology which is not posteromedial to the 
main pulmonary artery. CTA also determines the location and 
angulation for the pericardial access required for this procedure.

Guiding left atrial appendage closure
Two-dimensional and 3D TOE are both effective to guide the LAA 
closure from the transseptal puncture to the delivery of the device 
inside the LAA. % Fig. 63.7 shows how 3D TOE may guide all 
the steps of the procedure. At the end of the procedure it is neces-
sary to verify the correct position of the device (i.e. the circumflex 
artery must be always between the lobe and the disc). Because 
of its superior spatial and temporal resolution, 2D TOE should 
be preferred to the 3D imaging (% Fig. 63.7g). Of note, typically 
the device is chosen to be 10–20% larger than the LAA body to 

Fig. 63.7 (a) Three-dimensional imagie during transseptal puncture showing the needle while crossing the interatrial septum (IAS). (b) The guide catheter into 
the left atrial appendage (LAA), (c) opening of the lobe of the device. (d) Opening the disc. (e) The opened disc covers the entire LAA orifice. (f) The final result 
on 3D. (g) The final result on 2D clearly showing the device firmly engaged into the LAA. The circumflex artery (Cx) correctly sited between the disc and the lobe.

(a) (b) (c)

Disc
Cx

Lobe

(d) (e) (f)
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and increased trabeculation of the RV. A hypertrophied interven-
tricular septum with a wall thickness greater than 15 mm in the 
absence of other explanatory diagnoses, makes the diagnosis of 
hypertrophic cardiomyopathy probable. Echocardiography typi-
cally shows asymmetric hypertrophy, normal or slightly reduced 
ventricular volumes, diastolic dysfunction, and increased atrial 
volumes.

Importantly, if no echocardiographic or other imaging abnor-
malities are found in a young patient with ventricular arrhythmias, 
arrhythmia syndromes (e.g. ion channelopathies) have to be 
considered. Detailed recommendations regarding standard echo-
cardiography in these cases are outlined in guidelines [22].

Echo guiding indication for implantable 
cardioverter defibrillator
Implantable cardioverter defibrillator (ICD) therapy reduces 
mortality from ventricular arrhythmias in patients with ischae-
mic heart disease [23]. Cardiac function by LVEF is the most used 
parameter for risk stratification of ventricular arrhythmias, future 
prognosis, and decision-making for ICD in patients with previous 
myocardial infarction. An LVEF of less than 35–40% serves as the 
threshold for identifying high-risk individuals.

Predictors of ventricular arrhythmias
Conventional indices

Current guidelines recommend a primary prophylaxis ICD  
in patients with previous myocardial infarction who are at least 
40 days post infarction, with LVEF 30–40% and New York Heart 
Association functional class II–III [24]. In non-ischaemic dilated 
cardiomyopathy, a primary prophylaxis ICD is recommended in 
cases with LVEF less than 30–35% [24]. However, LVEF is limited 
in predicting ventricular arrhythmias in patients with relatively 
preserved ventricular function. Less than 50% of patients with 

Ventricular arrhythmias
Patients with ventricular arrhythmias require clarification of the 
aetiology of their arrhythmias for decision-making and ongoing 
care. Echocardiography is one of the first investigations and plays 
a key role in assessing the aetiology and for evaluation of treat-
ment and prognosis.

Causes
Ischaemic heart disease is the most frequent cause of ventricular 
arrhythmias. Echocardiography may reveal globally or regionally 
reduced function related to the occluded/obstructed coronary 
vessel. A regionally reduced function by echocardiography may 
help early referral of a patient with chest pain for coronary angi-
ography and revascularization even when the electrocardiogram 
shows non-ST elevation myocardial infarction or unclear altera-
tions. In chronic post-myocardial infarction patients, scar tissue 
and reduced cardiac function are important foci for arrhythmo-
genicity. Scar tissue may be difficult to detect by echocardiography. 
Indirect signs of regional hypokinesia/akinesia are important to 
evaluate and to report, in addition to ventricular aneurysms which 
indicate increased risk of ventricular arrhythmias It is critical to 
consider the use of intravenous contrast agents, whenever faced 
with a technically difficult echocardiographic study, to elucidate 
and visualize regional wall motion abnormalities..

Inherited genetic cardiac disease is the most frequent cause 
of ventricular arrhythmias in individuals under 35 years of age. 
Cardiomyopathies like arrhythmogenic right ventricular cardio-
myopathy (ARVC), hypertrophic cardiomyopathy, and dilated 
cardiomyopathy are conditions associated with ventricular 
arrhythmias which can be diagnosed with echocardiography. In 
ARVC, echocardiography may reveal a dilated right ventricle (RV) 
with reduced function, dilated RV outflow tract and in progres-
sive cases a thinning of the RV wall along with RV aneurysms or 

Patient after myocardial infarction Patient after myocardial infarction
with ventricular arrhythmias
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Fig. 63.8 Strain echocardiography from patients after myocardial infarction. Left panel shows strain curves in a patient after myocardial infarction without ventricular 
arrhythmias. White arrows indicate peak strain and time to peak negative strain. Right panel shows strain curves from a patient with ventricular arrhythmias after 
myocardial infarction. Time to peak strain is heterogeneous, reflecting pronounced contraction heterogeneity From Haugaa KH, Grenne BL, Eek CH, et al. Strain 
echocardiographyimproves risk prediction of ventricular arrhythmias after myocardial infarction. JACC Cardiovasc Imaging 2013; 6:841–50, with permission..
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prior myocardial infarction who die suddenly have an LVEF 
below 30% [25]. Additional markers are used in specific diseases. 
In hypertrophic cardiomyopathy, increasing maximum wall 
thickness is a risk factor for ventricular arrhythmias [24], along 
with the atrial diameter [26] and possibly the presence of fibrosis.

New indices
Some new echocardiographic indices have been suggested to help 
risk stratification of ventricular arrhythmias. Global longitudinal 
strain can assess subtle reduction in myocardial function and has 
been shown to be a predictor of adverse outcome and ventricular 
arrhythmias in recent reports of patients after myocardial infarc-
tion [27,28]. Heterogeneous myocardial contraction or degrees 

of dyssynchrony have been indicated to predict arrhythmic out-
come in patients after myocardial infarction, heart failure, and in 
patients with arrhythmic syndromes [27,29] (% Fig. 63.8).

Conclusion
Echocardiography is the most used diagnostic imaging tool in 
cardiac arrhythmic diseases. AF is a common disease. Risk assess-
ment of thromboembolic events and therapeutic procedures 
include echocardiographic assessment with all available modali-
ties. LVEF remains the most important predictor of ventricular 
arrhythmias.
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CHAPTER 64

Cardiac oncology
Maurizio Galderisi, Juan Carlos Plana,  
Thor Edvardsen, Vitantonio Di Bello,  
and Patrizio Lancellotti

Summary
In the last decade, significant progress has been made in the treatment of cancer with 
the introduction of innovative targeted therapies and adjuvant radiotherapy, which have 
increased cure rates, and in many cases converted cancer into a chronic disease [1]. The 
end result is a large emerging cohort of patients who will have survive long enough to 
experience the cardiovascular (CV) complications of the cancer therapeutics used in their 
treatment [2]. The most common cardiac side effect of cancer therapeutics is cardiac dys-
function [3–5].

Manifestations of cardiotoxicity and radiotherapy
Cancer therapeutics may induce cardiac damage in the left and to a lesser extent the 
right ventricle [6]. Radiotherapy-induced heart disease (RIHD) most frequently induces 
valvular damage (regurgitation and/or stenosis), carotid stenosis, and coronary artery 
disease (CAD) (% Fig. 64.1) [7]. Pericardial disease (pericarditis and pericardial effusion 
until cardiac tamponade) may be due to both chemo- and radiotherapy [6,7]. RIHD is 
generated by total cumulative dosage of radiotherapy (number and dose of irradiation) 
potentiated by the adjunctive chemotherapy. The manifestations of both chemo- and 
radiotherapy may be accelerated by the contribution of shared common CV factors. 
They can develop acutely but also become overt years after their use, in particular after 
radiotherapy.

Definition of cardiotoxicity
Different definitions of cardiotoxicity have been used over the years [9]. The recently 
published Expert Consensus document from the American Society of Echocardiography 
(ASE) and the European Association of Cardiovascular Imaging (EACVI) has defined 
cancer therapeutics-related cardiac dysfunction (CTRCD) as a decrease in left ventricu-
lar ejection fraction (LVEF) greater than 10 percentage points, to a value less than 53% 
(normal reference value for two-dimensional (2D) echocardiography) [6]. The decrease 
of LVEF should be confirmed by repeated cardiac imaging (2–3 weeks following the first 
study). LVEF decrease may be further categorized as symptomatic or asymptomatic, or 
as reversible (to within 5 percentage points of baseline), partially reversible (improved by 
≥ 10 percentage points from nadir, but remaining more than 5 percentage points below 
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capecitabine), microtubule agents (vinca alkaloids, taxanes), and 
antibiotics (anthracyclines, actinomycin D, bleomycin). Newer 
cancer therapeutics include hormone therapy (tamoxifen) and 
immunotherapy (most commonly monoclonal antibodies), 
and more recently, targeted therapies (tyrosine kinase inhibi-
tors). There are two agents that require special mention due to 
the frequency of CTRCD caused when used independently or 
in combination: anthracyclines and trastuzumab (% Table 64.1) 
[8]. Anthracyclines (such as doxorubicin) directly damage the 
myocardium through fragmentation of DNA, mitochondrial 
dysfunction, and production of oxygen free radicals, ultimately 
leading to apoptosis of the cardiac myocytes, with subsequent  

baseline), irreversible (improved by < 10 percentage points from 
the nadir, and remaining > 5 percentage points below baseline), or 
indeterminate (re-evaluation not available).

Classification of cardiotoxic drugs
Cancer therapeutics include different classes of agents with 
different targets and mechanisms of action. Traditional chemo-
therapy is classically represented by antiproliferative agents 
including alkylating agents (cyclophosphamide), platinum-based 
agents (cisplatin) antimetabolites (methotrexate, 5-fluorouracil, 

Fig. 64.1 Pathophysiological manifestations of radiation-induced heart disease for different radiosensitive structures within the heart. LV, left ventricle; RT, 
radiotherapy.
Lancellotti P, Nkomo VT, Badano LP, Bergler-Klein J, Bogaert J, et al, Expert consensus for multi-modality imaging evaluation of cardiovascular complications of radiotherapy in adults: a 
report from the European Association of Cardiovascular Imaging and the American Society of Echocardiography, Eur Heart J Cardiovasc Imaging (2015), 14, 8, 721–740 by permission of 
Oxford University Press.

Table 64.1 Characteristics of type I and II cardiac toxicity

Characteristics of the agent Type I
Anthracyclines (doxorubicin)

Type II
Trastuzumab

Clinical course and typical response to 
anti-remodelling therapy (beta-blocker, 
angiotensin-converting enzyme inhibitor use)

May stabilize, but underlying damage appears to be 
permanent and irreversible; recurrence in months 
or years may be related to sequential cardiac stress

High likelihood of recovery (to or near baseline 
cardiac status) in 2-–4 months after interruption 
(reversible)

Dose effects Cumulative, dose related Not dose related

Effect of re-challenge High probability of recurrent dysfunction that is 
progressive; may result in intractable heart failure 
or death

Increasing evidence for the relative safety of 
re-challenge (additional data needed)

Ultrastructure Vacuoles; myofibrillar disarray and dropout; 
necrosis (changes resolve over time)

No apparent ultra-structural abnormalities (though 
not thoroughly studied)

Adapted from Lancellotti P, Nkomo VT, Badano LP, Bergler-Klein J, Bogaert J, et al, Expert consensus for multi-modality imaging evaluation of cardiovascular complications of 
radiotherapy in adults: a report from the European Association of Cardiovascular Imaging and the American Society of Echocardiography, Eur Heart J Cardiovasc Imaging (2015),  
14, 8,721–740 by permission of Oxford University Press.
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LV shape and/or foreshortening of views. However, costs, avail-
ability, high reliance on image quality, and need of training for 
operators currently limit wide application of 3DE in the oncologi-
cal setting. When echocardiography reaches a threshold value of 
LV dysfunction, cardiac magnetic resonance (CMR) may be the 
preferred technique for LVEF measurement since both 3D and 
2D echocardiography have been demonstrated to be suboptimal 
in identifying patients with LVEF below a threshold value of 50% 
defined by CMR in a cohort of long-term survivors of chemo-
therapy [22,23]. CMR is also recommended in situations where 
discontinuation of chemotherapeutic regimens secondary to 
CTRCD is being entertained, or where the quality of echocardio-
graphic images makes controversial or unreliable the estimation 
of the LVEF. A substantial fraction of cancer patients experience 
asymptomatic alterations in LVEF. Although the clinical mean-
ing and persistence of these asymptomatic changes is not fully 
elucidated, its detection can have important implications for the 
pharmacological management of cancer patients undergoing 
chemotherapy. Late gadolinium enhancement CMR could add 
important information about the presence of necrotic or fibrotic 
myocardium in cancer patients undergoing chemotherapy and/or 
radiotherapy.

The value of left ventricular diastolic indices
Although changes of Doppler-derived transmitral indices of LV 
diastolic (isovolumic relaxation time, E/A ratio) and of pulsed 
tissue Doppler early diastolic (e′) velocity have been described 
during and after chemotherapy [24–26] (% Fig. 64.2), the assess-
ment of LV diastolic function does not appear to be useful in the 
early detection of CTRCD due to the inability to predict subse-
quent heart failure.

The value of left ventricular longitudinal 
function
The assessment of LV longitudinal function can be performed 
by M-mode (MAPSE), pulsed tissue Doppler of the mitral annu-
lus (systolic [s′] velocity) or speckle tracking echocardiography 
(STE)-derived longitudinal strain. A reduction of MAPSE [27] or 
s′ of the mitral annulus can be used as an adjunct in the diagno-
sis of CTRCD [28,29]. The value of an early decrease in s′, as a 
predictor of changes of LV systolic function after chemotherapy, 
was reported in a study of 42 patients with breast cancer treated 
with trastuzumab in the adjuvant setting [30]. Although there are 
no cut-off values that allow the prediction of CTRCD by using 
these two techniques, a progressive decline should raise concern 
for subclinical LV dysfunction.

Global longitudinal strain
A recent systematic review from 2014 on 21 peer-reviewed stud-
ies in cancer patients [31] shows that the decrease in deformation 
indices precedes the decrease in LVEF, and persists during the 
subsequent cancer treatment. Early decreases in radial and longi-
tudinal strain and strain rate have been noted in patients treated 

left ventricular (LV) dysfunction and, in some cases, to irre-
versible cardiomyopathy [9]. Anthracycline-related CTRCD 
(CTRCD type 1) is irreversible at the cellular level, characterized 
by ultrastructural changes by electron microscopy, and cumula-
tive dose-dependent. The cardiotoxic effects of anthracyclines 
can be potentiated by adjunctive chest irradiation, or by the use 
of concurrent cancer therapeutics (i.e. trastuzumab). Risk fac-
tors for anthracycline-related CTRCD include prior treatment 
with anthracyclines, arterial hypertension, and age [10-16]. 
Trastuzumab is a humanized monoclonal antibody against the 
extracellular domain of the HER2 receptor, and is a cornerstone 
in the treatment of breast cancer in patients with HER2 overex-
pression and/or amplification. Trastuzumab significantly alters 
the expression of myocardial genes for DNA repair, which is asso-
ciated with ultrastructural alterations in cardiomyocytes [17]. 
CTRCD type II caused by trastuzumab (and other tyrosine kinase 
inhibitors such as lapatinib, pertuzumab, imatinib, and bevaci-
zumab) is not tied to cumulative dose. Its toxicity is manifested as 
a decrease of LV systolic function which is reversible in most of the 
cases unless the patient has been previously treated with anthra-
cyclines. The risk of trastuzumab-associated CTRCD is increased 
in patients with pre-existing forms of heart disease in which the 
cardiac stress signals are presumably already activated [18].

Diagnosis of clinical and subclinical 
CTRCD
The value of left ventricular ejection fraction
The accurate calculation of LVEF at baseline and during follow-up 
is extremely important as this is the parameter used for the diag-
nosis of CTRCD. Nevertheless, the value of LVEF goes beyond the 
diagnosis of CTRCD.

LVEF at baseline and after anthracyclines has been shown to be 
predictive of subsequent heart failure in a large study of women 
with breast cancer treated with anthracyclines, with or without 
trastuzumab. A reduced LVEF (including LVEFs of 50–54%) at 
baseline or after anthracyclines was associated with higher rates of 
cardiac events at follow-up [19]. According to joint ASE/EACVI 
recommendations on chamber quantification, the method of 
choice for LV volumes measurements and LVEF calculation by 
2D echocardiography is the modified biplane Simpson’s method 
(or method of discs). According to the ‘Clinical Applications of 
Ultrasonic Contrast Agents in Echocardiography’ ASE consen-
sus statement and EAE recommendations [20,21], a contrast 
agent should be used when two contiguous LV segments from 
any apical view are not seen on non-contrast images. When avail-
able, 3D echocardiography (3DE) for the calculation of LVEF 
should be used in the surveillance and diagnosis of CTRCD in 
cancer patients [9]. Advantages of 3DE include better accuracy 
in detecting LVEF below the lower limit of normal, better repro-
ducibility, and lower temporal variability, as compared with 2D 
echocardiography. Three-dimensional volume measurements are 
not conditioned by errors induced by geometrical assumptions of 
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measured during their 6-month visit. An 11% reduction (95% 
confidence interval, 8.3–14.6%) was the optimal cut-off, with 
sensitivity of 65% and specificity of 94%. Accordingly, the ideal 
strategy for detection of subclinical LV dysfunction could be to 
compare the measurements of GLS obtained during chemother-
apy, with the one obtained at baseline, allowing the patient to serve 
as his/her own control. The 95% confidence interval suggests that 
a reduction of GLS of less than 8% compared to baseline is not 
meaningful, while a reduction of great than 15% is very likely to 
be of clinical significance (% Fig. 64.3). The abnormal GLS should 
be confirmed by a repeated study (2–3 weeks following the initial 
abnormal study). When comparing GLS values, it is important to 
report the timing of the echocardiogram (number of days before 
or after treatment) as well as the haemodynamics in the moment 
of the examination (blood pressure and heart rate measured dur-
ing the test), with respect to potential changes in preload and 
afterload. All current non-invasive measurements of LV function, 
including GLS measurements, are in fact load dependent. It is also 
important to recognize the limitations of STE such as the influ-
ence of gender and age in normal values [40–42] as well as the 
lack of available data on reproducibility of GLS in non-academic 
centres or community hospitals. Another most important limita-
tion is the inter-vendor variability [43,44] which could make the  
intra-individual comparison difficult over time. It is strongly recom-
mended to use the same vendor and software version in the serial 

with anthracyclines, with or without later decreases in LVEF  
[30,32–35]. There does not appear to be preferential impairment 
of one particular layer (subendocardial, mid-myocardial, or sub-
epicardial respectively) by anthracyclines, as both longitudinal 
and radial (and when studied, circumferential) strain were altered 
[33,36,37]. This result is concordant with experimental models of 
doxorubicin-induced CTRCD, in which cardiomyocyte apopto-
sis is present throughout the myocardial layers [38]. However, the 
majority of the studies assessed the alteration of global longitu-
dinal strain (GLS), with an extent ranging between 10% and 20% 
during the treatment period.

The prognostic value of early measurement of systolic deforma-
tion indices in the prediction of subsequent LV systolic function 
has been evaluated in several studies, both in animals and humans 
[30,32,34,35]. A recent study looked for the optimal myocardial 
deformation index to predict CTRCD at 12 months, in 81 women 
with breast cancer treated with trastuzumab, with or without 
anthracyclines [39].The strongest predictor of CTRCD was ΔGLS 

Fig. 64.2 Changes of E/e′ ratio during anthracycline-containing regimen 
in a breast cancer patient. The E/e′ ratio (e′ of lateral mitral annulus is = 15), 
suggestive of increased LV filling pressures according to current ASE-EAE 
recommendations on LV diastolic function. However, e′ velocities fluctuations 
in this patient could be the consequence of changes in loading conditions as a 
result of side effects associated with the chemotherapy (nausea, vomiting, and 
diarrhoea), more than the result of a real change in LV diastolic performance. 
(a) Transmitral Doppler inflow pattern; (b) pulsed tissue Doppler of the mitral 
annulus.
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Fig. 64.3 Serial assessment of global longitudinal strain in a 63-year-old 
woman with breast cancer: at baseline (a), after the end of FEC (Fluorouracil 
+ Epirubicin + Cyclophosphamide) cycle (b) and after the fourth cycle of 
trastuzumab (c). After anthracyclines GLS appears to be only mildly reduced 
(LVEF = 55% at this time) but its reduction appears clinically significant after 
the fourth cycle of trastuzumab. At this time, the troponin I was 0.06 (normal 
values < 0.013 mcg/L) and LVEF = 50%. The significant reduction of GLS 
combined with the reduction of LVEF and the rise of troponin I suggest the 
therapy discontinuation.
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anthracycline and trastuzumab breast cancer population sug-
gest that assessment of ultrasensitive TnI and STE-derived strain 
imaging obtained after anthracycline exposure has an improved 
specificity of 93%, in comparison to either parameter alone of 73% 
[35]. An elevation in ultrasensitive TnI or decrease in GLS of more 
than −19% was associated with a sensitivity of 87%, compared to 
48% or 74% for each parameter alone. If GLS and TnI are both 
normal, the negative predictive value increases to 91%. Some cen-
tres use an integrated approach with the use of echocardiography 
at standardized, clinical preselected intervals (e.g. every 3 months 
during trastuzumab therapy) with biomarker assessment prior to 
each cycle of trastuzumab (e.g. every 3 weeks) in patients at high 
risk of CTRCD. However, there is a critical need for additional 
research to further strengthen the validity of this approach.

Follow-up of chemotherapy and 
radiotherapy
A baseline comprehensive echocardiographic examination 
(including LVEF and GLS measurements) is warrant in all can-
cer patients before initiating chemo- and/or radiotherapy. An 
algorithm proposed by the ASE/EACVI Consensus for multi-
modality imaging evaluation of adult patients during and after 
cancer therapy is presented in % Fig. 64.4 [6]. The relative 
drop of GLS compared to baseline is clinically valuable. If the 
GLS has remained stable during chemotherapy and is normal 
6 months after completion of therapy with a type I agent, or TnI 
has remained negative throughout therapy, additional imaging 
surveillance for CTRCD is not requested. After completion of 
therapy, and particularly in the patients that were not followed 

assessment of LV systolic function of patients during cancer 
therapy.

Three-dimensional strain
Technological advances of real-time 3D echocardiography have 
allowed the creation of software which tracks motion of speck-
les irrespective of their direction in the three dimensions. The 
main potential advantage of 3D STE is the possibility to analyse 
the whole LV from a single volume data set, obtained from the  
apical transducer position. In addition, its use considerably 
reduces the time duration of analysis to one-third in compari-
son with 2D STE. The use of 3D STE in breast cancer patients 
undergoing anthracycline therapy has recently shown superiority 
in comparison with 3D LVEF to detect subclinical LV dysfunc-
tion. However, the feasibility was suboptimal (only 64%), limiting 
its application [45].

The value of biomarkers
Biomarkers represent a robust diagnostic tool for the early iden-
tification, assessment, and monitoring of CTRCD, with the 
advantages of being minimally invasive, readily repeatable over 
time and reproducible (coefficients of variation < 10%) [46]. 
Cardiac troponins are the gold standard for the diagnosis of myo-
cardial injury [47]. Troponin I (TnI) is a sensitive and specific 
marker for myocardial injury in adults treated with anthracycline 
chemotherapy. An elevation of TnI identifies the patient at risk for 
the subsequent development of CTRCD [48]. The advantage of 
this high negative predictive value is the identification of patients 
at low risk of CTRCD, while a persistent TnI increase was associ-
ated with an increased severity of CTRCD, and a higher incidence 
of cardiac events as compared to transient increases. Troponins 
may be also be utilized to identify early cardiac injury in patients 
undergoing treatment with newer targeted anticancer drugs, for 
example, trastuzumab alone and in combination with anthra-
cycline [35,49]. TnI levels could be measured prior to and/or  
24 hours after each chemotherapy cycle. Limitations for the use of 
TnI include the fact that its optimal timing of assessment remains 
in question as well as defining the cut-off point for positivity 
that maximizes the positive and negative predictive value. Other 
biomarkers such as brain-type natriuretic peptide (BNP), and 
N-terminal proBNP (NT-proBNP) have also been used but con-
clusions regarding their utility are conflicting, and less consistent. 
The negative predictive value of NT-proBNP may be useful, but 
the variability over time has limited its utility.

The value of an integrated approach of imaging 
and biomarkers
An integrated approach combining imaging and biomarkers may 
be of utility, and provide incremental value in predicting subse-
quent CTRCD when used simultaneously. It may also provide 
a strategy for more aggressive surveillance if used in parallel, 
or reduction in the frequency of imaging when used in series 
(i.e. alternating imaging with biomarkers). Findings in the 

Fig. 64.4 Proposed algorithm of ASE-EACVI for early detection of subclinical 
LV dysfunction in cancer patients by using GLS.
Plana JC, Galderisi M, Barac A, Ewer MS, Ky B, et al. Expert consensus for multi-modality 
imaging evaluation of adult patients during and after cancer therapy: a report from the 
American Society of Echocardiography and the European Association of Cardiovascular 
Imaging. Eur Heart J Cardiovasc Imaging 2014; 15(10):1063–93.
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appears reasonable given the high likelihood of developing car-
diac pathology. In high-risk asymptomatic patients (patients who 
underwent anterior or left-side chest irradiation with ≥ risk fac-
tors for radiation-induced heart disease), a screening echo should 
be advocated every 5 years after irradiation. In this particular sub-
setting, the increased risk of coronary events makes it reasonable 
to consider stress imaging test for obstructive CAD every 5 years. 
Stress echocardiography should be preferred as the first choice 
whereas stress scintigraphy should be used cautiously for follow-
up studies due to the cumulative radiation exposure. The use of 
cardiac computed tomography can be justified as a screening tool 
only in high-risk patients.

using a strategy of early detection of subclinical LV dysfunction, 
a yearly clinical cardiovascular assessment should be encour-
aged, looking for early signs and symptoms of CV disease, with 
further cardiac imaging [6]. The patients who have received con-
comitant radiation need to be followed according to the ASE/
EACVI Expert Consensus for multi-modality imaging evaluation 
of cardiovascular complications of radiotherapy (% Fig. 64.5) 
[7]. A yearly cardiac visit is essential in these patients and signs 
of either new CV symptoms or physical examination findings 
(e.g. a murmur) should prompt an echocardiographic examina-
tion. In patients who remain asymptomatic after radiotherapy, 
screening by echocardiography yearly for 10 years after treatment 

Fig. 64.5 Proposed algorithm of ASE-EACVI for patient management after chest radiotherapy. LV, left ventricle; US, ultrasound modifiable risk factors refer to 
arterial hypertension, smoke, hypercholesterolaemia, diabetes mellitus and obesity.
Lancellotti P, Nkomo VT, Badano LP, Bergler-Klein J, Bogaert J, et al, Expert consensus for multi-modality imaging evaluation of cardiovascular complications of radiotherapy in adults: a 
report from the European Association of Cardiovascular Imaging and the American Society of Echocardiography, Eur Heart J Cardiovasc Imaging (2013), 14, 8, 721–740 by permission of 
Oxford University Press.
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echocardiography
Alejandra Carbonell San Román and  
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Summary
Rapidly evolving technology has allowed the development and progress of percutaneous 
interventions for the treatment of valvular disease or for closure of wall defects, becom-
ing a valid therapeutic option in patients with multiple comorbidities at a high surgical 
risk. As the population ages, conventional surgery acquires a prohibiting risk, and non-
invasive procedures emerge as an alternative less aggressive treatment. The area of interest 
is not directly explored by the operator, and can only be indirectly visualized through 
imaging techniques. Consequently these acquire a pivotal importance, particularly echo-
cardiography, key in patient selection, in guidance of the procedure and ultimately in 
the evaluation of results and identification of complications. Among the different echo-
cardiographic modalities available, transthoracic (TTE), transoesophageal (TOE), and 
intracardiac echocardiography (ICE) approaches may be of use. Three-dimensional (3D) 
echocardiography has become essential in some features of these procedures given the 
great importance of precise delineation of the anatomy of cardiac structures and guidance 
during the procedure.

Valvular heart disease
An ageing population, with multiple comorbidities and prohibiting surgical risk, increas-
ingly demand less invasive procedures for the management of valvular heart diseases. 
Percutaneous techniques require multimodality imaging for patient selection, procedure 
monitoring in the cardiac catheterization laboratory, and subsequent follow-up surveil-
lance. Precise anatomical understanding of valve anatomy and characterization is vital. 
Imaging is essential in the assessment of valve function and the surrounding structures, 
including the vascular access. Routinely, TTE is the first modality of choice supported by 
TOE when image quality is not ideal. For accurate definition of valvular anatomy, 3D live 
TOE and anatomical reconstruction is extremely useful.

The types of interventions are many, however, transcatheter aortic valve implantation 
(TAVI) in severe aortic stenosis (AS), or mitral valve (MV) repair using the MitraClip® 
device in severe mitral regurgitation (MR) are the most commonly performed on a daily 
basis.

Other tools have emerged, capable of integrating 3D TOE imaging and fluoroscopy 
to provide a volumetric fused image. The EchoNavigatorTM system is a novel echocar-
diographic–fluoroscopic imaging fusion system which allows real-time integration 
and marking of important structures that can then be tracked on fluoroscopy even 
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with movement of the C-arm. Rotation and orientation of the 
fused image obtained can facilitate procedural guidance. It has 
the ability to mark a given point in the two-dimensional (2D) 
image and simultaneously display it on the 3D reconstruction 
and fluoroscopic image. Its use during key manoeuvres of the 
procedure can improve efficiency and accuracy in catheter 
manipulation [1,2].

Transcatheter aortic valve 
implantation
TAVI has become a less invasive alternative treatment option for 
patients with severe AS who have a prohibiting surgical risk when 
conventional aortic valve (AV) replacement surgery is indicated 
according to current clinical guidelines [3,4]. Echocardiography 
plays a crucial role initially by establishing patient eligibility and 
suitability, to determine prosthetic size and type, in procedural 
guidance and immediate evaluation of results, and finally in fol-
low-up re-evaluation. Other imaging modalities such as multislice 
computed tomography (MSCT) can be useful, as it provides pre-
cise information of vascular anatomy to determine the appropriate 
approach, but the evaluation of the aortic root requires the use of 
contrast. This may be a limitation in patients with impaired renal 
function or in those with significant arrhythmias [5]. Real-time 
2D and 3D TOE have become alternatives to MSCT for evaluation 
of the aortic root providing further information on ventricular 
and valvular function. Intraprocedural TOE remains the main 
imaging modality used for TAVI [6,7].

Preoperative assessment
It is essential to determine patient suitability for the proposed 
access site, a detailed evaluation of the aortic root, and anatomi-
cal relationships for selection of device size in order to ensure an 
adequate device deployment.

Echocardiography is the preferred imaging modality to assess 
the severity of AS, according to current guidelines [8,9] 2D and 
3D imaging and Doppler. Definite information on aortic root 
anatomy and measurement of AV annulus dimensions can be 
obtained, establishing the size of the device. Leaflet length, their 
thickness, and the distribution of calcification should be noted. 
The location and the distance to the coronary ostia is also impor-
tant as well as identification of other features that might interfere 
with successful implantation, such as severe hypertrophy of the 
left ventricular outflow tract (LVOT), significant MR, or left ven-
tricular (LV) dysfunction [6].

The aortic root and annulus dimensions are determinant 
when selecting the size of the transcatheter heart valve (THV), as 
undersizing has been directly related to paravalvular regurgita-
tion (PVR) [10]. Mild PVR is relatively frequent [11,12], however, 
moderate to severe PVR can be clinically relevant in up to 11.7% 
of patients and is associated with all-cause mortality [13]. Best 
visualization of the aortic root is obtained in a mid-oesophageal 

long-axis view between 120° and 140° plane rotation using 2D 
TOE. The dimension of the AV annulus is measured from the 
hinge point of the right coronary cusp to the anterior aortic wall, 
perpendicular to the long axis of the root, using a zoomed image 
frozen in mid-systole, at its maximum diameter. The elliptical 
shape of the annulus may lead to miscalculation of the anter-
oposterior diameter [14]. Subsequently AV annulus dimensions 
with TTE and 2D TOE are consistently underestimated [15]. 
MSCT has been compared to 3D TOE, with excellent agreement 
[16–18]. Therefore, the use of 3D TOE, with its highest spatial 
resolution and the possibility of multiplanar reconstruction, 
allows an accurate estimation of the anatomically correct anter-
oposterior dimension along with the maximum and minimum 
AV annulus dimensions, perimeter, and cross-sectional area 
[14].

To accomplish a correct positioning of the THV, the anatomy of 
the aortic root should be studied with measurement of the aortic 
sinus, sinotubular junction, and ascending and descending aorta; 
the evaluation is usually completed using MSCT. Especially in cal-
cified aortas, the sinotubular junction may be difficult to depict 
when the aortic root diameter gradually increases towards the 
ascending aorta from the sinuses of Valsalva. Obliteration of the 
sinuses of Valsalva may increase the risk of aortic rupture [19] and 
periaortic haematoma [20]; in this scenario, a smaller THV may 
be chosen.

The presence, location, and severity of calcium deposits 
should be noted. Calcification at the edge of native valvular leaf-
lets increases the risk of coronary occlusion when displacement 
occurs. Moreover, calcification at the sinotubular junction may 
cause ventricular displacement of the THV as a result of constric-
tion during balloon expansion. The presence of bulky calcification 
on the aortic root can prevent a complete sealing of the deployed 
valve, thus creating gaps from where paravalvular leaks (PVLs) 
may arise [21,22]. The number of cusps should be described. The 
eccentricity of the orifice of a bicuspid valve and the asymmetric 
distribution of calcification have been relative contraindications 
for TAVI, given the increased risk of malposition and THV embo-
lization; nonetheless, cases of successful implants have been 
reported [23,24].

A fearful complication is the occlusion of the left main coronary 
artery [25]. The measurement of the distance to the coronary ostia 
from the virtual aortic annulus is therefore mandatory and can be 
performed with either MSCT or 3D TOE. For the commercially 
available valves, the minimum distance should be over 10–11 mm. 
Whilst the distance to the right coronary ostium can be measured 
in 2D TOE in a modified mid-oesophageal long-axis view, the 
left-coronary ostium, however, lies in the coronal plane and can 
only be measured using 3D techniques with reconstruction of the 
coronal plane.

Prior to the procedure, the baseline study should include a 
thorough examination of MV anatomy and its function, with 
evaluation of the severity of MR, very common in TAVI patients. 
The presence of a haemodynamically significant gradient at the 
LVOT due to basal septal hypertrophy is a contraindication for 
TAVI due to the high risk of THV displacement, as is the presence 
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of thrombi or masses with embolic risk. It is important to examine 
LV function and size and to identify any regional wall abnormali-
ties, to evaluate right ventricular size and function, as well as the 
presence of pericardial effusion. In the case of a complication or 
technical difficulty, previous knowledge of baseline characteristics 
not only enables direct comparison, but prompts identification of 
the problem.

Peri-implantation guidance
Procedural guidance with fluoroscopy is mandatory during TAVI 
[26], and may also be supported by 2D TOE standard techniques 
if needed or in specific cases. Imaging during the procedure can 
ensure THV position and function after deployment and aid in 
the identification of complications. Three-dimensional TOE 
provides a higher spatial resolution than 2D TOE with precise 
visualization of guidewire, delivery catheter, balloon, and THV 
and its position relative to the native valve with simultaneous vis-
ualization of orthogonal planes [27]. This allows direct guidance 
throughout delivery and can confirm appropriate THV func-
tion. Ideally the images obtained should be saved onto a nearby 
monitor for simultaneous visualization along with fluoroscopic 
imaging.

Echocardiography is useful when approaching the native valve 
during guidewire and introduction of the delivery catheter with 
either live 3D imaging or multiplanar 3D TOE. It ensures lack of 
entrapment of the MV chordae and evaluation of the degree of 
MR with catheter advancement and identification of any dam-
age to the interventricular septum or LV free wall. For balloon 
positioning, echocardiography provides helpful information, 
particularly in less calcified valves, where fluoroscopy can be 
limited.

Together with fluoroscopy, TOE guidance could be helpful 
during THV positioning and deployment. Real-time 3D TOE 
offers first-rate visualization of the proximal and distal margins 
of the balloon-mounted THV. Correct positioning should be con-
sidered initially on long-axis TOE views of the aorta in diastole, 
determined in relation to the virtual annulus slightly superior to 
the base of the sinuses. The THV is ideally positioned in a subc-
oronary location, with the fabric skirt positioned just below the 
annulus, with the lower edge of the cusps positioned at the level 
of the annulus. Malpositioning of THV is a determinant factor in 
PVR along with conduction defects, MV compromise [28], and 
poor THV haemodynamics. Too high a position can risk upwards 
migration into the aorta, PVR, and coronary ostia occlusion 
[29–31]. Failure of the THV to cover the native AV cusps inter-
feres with the normal closure of the prosthesis with transvalvular 
regurgitation. In contrast, too low a delivery may cause emboliza-
tion of the THV into the LV or disruption of the MV apparatus 
with consequent MR.

Following THV deployment, full assessment of correct posi-
tioning must be performed with confirmation of appropriate 
movement of the cusps, the circular configuration of the stent, 
and evaluation of normal valvular function with identification of 
significant valvular or aortic PVR and its aetiology.

Identification of complications
The presence of PVR, occlusion of the coronary ostia, or mal-
position may require immediate treatment; other complications 
may require immediate cardiac surgery [32,33]. A comprehensive 
assessment should include multiple views such as mid-oesoph-
ageal long-axis, short-axis, and five-chamber views, but also 
transgastric long-axis and deep transgastric views.

The evaluation of aortic PVR, typically eccentric and with 
multiple jets, immediately after TAVI can be difficult given the 
limitation of conventional parameters to define atrial regurgitation 
severity [34–38]. These may still apply for evaluation of transval-
vular aortic regurgitation, occurring at the coaptation point of the 
leaflets and evaluated at the mid-level of the stented valve. It may 
be secondary to incorrect prosthesis sizing or positioning with 
incomplete expansion of leaflets or restriction of their movement.

Severity of PVR is evaluated by colour Doppler using 2D TOE 
in a short-axis view, just below the skirt and just within the LVOT, 
with measurement of the circumferential extent of the jet in the 
short axis (% Fig. 65.1). Grading of aortic PVR is estimated by 
measurement of the circumferential extent of atrial regurgitation, 
so that a value below 10% suggests mild regurgitation, 10–30% 
would correspond to moderate, and 30% or more would be con-
sidered severe [34–38]. An imaging plane immediately below the 
stent may be difficult to obtain and evaluation of PVR above the 
stents may create confusion as jets contained within the sinuses of 
Valsalva may be mistaken as regurgitant jets into the LV, therefore 
the severity of atrial regurgitation must be confirmed in multiple 
echocardiographic views. Three-dimensional TOE colour Doppler 
imaging allows simultaneous visualization of long- and short-axis 
views and has been proven to be accurate when assessing com-
plex jets [38,39]. TOE evaluation of PVR may guide immediate 
intraprocedural treatment of this complication with postdilata-
tion or valve-in-valve procedures, depending on the mechanism 
[40]. When more than mild PVR is present, postdilatation may 
be performed, particularly when maximal expansion has not been 
achieved [41]. Excessive dilatation of the THV may result in wors-
ening of central aortic regurgitation thus outweighing the benefits 
of reduction of PVR. The potential risks of postdilatation are THV 
migration or injury, harm to the conduction system, rupture of 
the interventricular septum or the aorta, and cerebrovascular 
embolism [42]. Immediately after THV positioning, MV anatomy 
and function should be evaluated. The prompt identification of 
pericardial effusion and cardiac tamponade is crucial. LV func-
tion must be evaluated, as well as the presence of new segmental 
contractility defects that can translate myocardial infarction sec-
ondary to occlusion of the coronary ostia. Echocardiography 
should rapidly assess any possible complication should haemody-
namic compromise arise.

Post-implantation imaging
The preferred imaging modality for re-evaluation is echocardiog-
raphy after TAVI. A comprehensive reassessment must include the 
assessment of THV position and shape, and leaflet mobility. The 
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assessment of valve haemodynamics must include peak and mean 
gradients, effective orifice area and Doppler index. Quantification 
of transvalvular and PVR can follow a qualitative evaluation, with 
description of its location or a quantitative assessment using 3D 
volume method or the relative stroke volume method. It is impor-
tant to determine the effect of implantation on the concomitant 
structures such as LV hypertrophy, chamber remodelling, diastolic 
and systolic function. Echocardiographic evaluation is recom-
mended before discharge, 30 days after the procedure, at 1-year 
follow-up and thereafter, annually.

MitraClip® therapy for mitral valve 
repair
Percutaneous mitral valve repair (MVR) using the MitraClip® sys-
tem (Abbott Vascular, Abbott Park, Illinois, USA) has emerged as 
an alternative treatment option for patients with severe MR and 
high surgical risk for MVR [43]. The approximation of the free 
edge of the MV leaflets reduces MR, thus improving symptoms and 
reducing LV adverse remodelling with haemodynamic improve-
ment [44–46]. The device connects the posterior and anterior 
leaflets from beneath the valve with a clip creating a double mitral 
orifice, rather like Alfieri’s surgical edge-to-edge approach [47], 
increasing valve coaptation and thereby reducing MR.

Echocardiography is essential in all the steps of the procedure: 
firstly in patient selection and valve assessment, then in proce-
dural guidance and identification of complications, and later in 
the evaluation of results after MitraClip® implantation [48–50].

Preoperative assessment
The efficacy and feasibility of MitraClip® therapy is dependent on 
appropriate patient selection and on precise evaluation of valve 
anatomy and function. It is therefore essential to first assess the 
severity of MR and its underlying mechanism initially with TTE. 
Grading echocardiographic criteria of MR have been developed 
by European and American echocardiographic societies [51,52]. 
MR must be at least moderate [53], with three criteria required, 
one being quantitative (% Table 65.1). Inter-observer agreement 
when differentiating moderate from severe MR is poor [54] 
despite the use of qualitative and quantitative tools and there-
fore it should be supported by other findings. Chronic volume 
overload as in chronic severe MR usually causes LV and left atrial 
(LA) dilation. A high transmitral gradient and inflow in early 
diastole generally result in a large E wave; a value greater than 
1.2–1.5 m/s is highly suggestive of severe MR, however, it may be 
absent in acute severe MR. Continuous wave Doppler in severe 
MR is generally holosystolic, reflecting larger regurgitation vol-
umes. TTE can be supported by 2D TOE with measurement of 
jet and vena contracta sizes, effective regurgitant area, and regur-
gitant volume with reliability. Accuracy can be improved with 
the use of 3D TOE by direct measurement of the proximal isove-
locity surface area (PISA) and vena contracta without geometric 
assumptions; particularly relevant when dealing with functional 
MR. The asymmetrical deformation of the valve apparatus will 
generate non-spherical and more funnel-like regurgitant ori-
fices which can only be entirely visualized with 3D TOE; analysis 
using ‘offline’ software provides precise and reproducible quanti-
tative measurements of the size and shape of the mitral annulus.

LA

LA LA

LV
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LV

LV
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Ao Ao
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Fig. 65.1 Panels (a) and (b) are 
orthogonal views of 2D TOE in pre-
TAVI evaluation, in a mid-oesophageal 
view with short- (a) and long-axis 
(b) views of the aortic valve. Severe 
calcification of valvular leaflets can 
be observed with restriction of 
valvular opening. Panel (c) shows the 
positioning of the delivery catheter in 
3D TOE in a TAVI procedure, crossing 
the aortic valve, prior to prosthetic 
valve deployment. Panels (d) and 
(e) are 2D TOE colour Doppler 
images of orthogonal aortic valve 
views to identify paravalvular aortic 
regurgitation (yellow arrow). Ao, aorta; 
LA, left atrium; LV, left ventricle.
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Systematic assessment of the mitral leaflets with 2D TOE is 
mandatory to identify the damaged segment involved in MR. 
Multiple TOE views, firstly from the mid-oesophagus—four-
chamber, bi-commissural, and long-axis views—followed by 
transgastric views—short- and long-axis views—are necessary 
to fully scan the MV from medial to lateral, including postero-
medial and anterolateral commissures. Further information may 
be acquired with 3D TOE using X-plane with simultaneous visu-
alization of orthogonal planes. Three-dimensional TOE is able 
to offer an advantageous detailed view of the whole MV in a sin-
gle image, which can then be rotated and angulated in all image 
planes; furthermore, additional en face views of the MV from both 
the LV and LA can be obtained [55]. Three-dimensional TOE is 
more accurate in identifying valve segments compared with 2D 
TTE [56]; this is particularly interesting in the identification of 
scallops given the great anatomical inter-individual variability, or 
in the detection of clefts, gaps, and perforations, frequently missed 
in 2D TOE evaluation [57]. Consequently, 3D TOE has become 
the technique of choice in the evaluation of MV anatomy.

The identification of the mechanism is key for deciding patient 
suitability as criteria for optimal and incompatible MV morpholo-
gies for mitral clip treatment have been described. This aims to 
identify the target valve lesion for optimal capture without harm to 
the MV with subsequent release of the MitraClip® device. Possible 
candidates include those with degenerative MR secondary to pro-
lapse or failure of the A2 and/or P2 scallops, or in functional MR 
due to dilated cardiomyopathy or ischaemic LV remodelling, when 
these scallops are involved. Ideally MR must have a central origin 
with involvement of A2/P2 scallops with no leaflet calcification in 

the grasping area, and with a mobile length of the posterior leaflet 
of at least 10 mm, in order to ensure secure capturing. Particularly 
in degenerative MR, the TOE view should be aligned to observe 
the maximum excursion of the flail segment; flail width and flail 
gap should not exceed 15 and 10 mm respectively. This can be 
achieved in the mid-oesophageal plane at 0° with angulation to 
observe A2 and P2 scallops, in the LVOT long-axis view at 100–
160° or even in the inter-commissural view at 55–75°. In patients 
with functional MR, the coaptation length must be at least 2 mm, 
and the coaptation length less than 11 mm, this is best evaluated 
from the four-chamber view. The MV opening area (MVA) should 
be at least 4 cm2 to avoid creation of a restrictive orifice. The mor-
phological criteria are described in % Table 65.2 [58,59].

Reduced leaflet mobility, abnormal thickness, or calcifica-
tion that can prevent appropriate grasping by the arms of the 
device, and involvement of the subvalvular apparatus are all fac-
tors related with poor outcomes. The incidence and severity of 
post-procedural MR has been associated with a high calcifica-
tion [59].

Peri-implantation guidance (2D/3D)
Echocardiography, particularly 2D TOE, is the preferred imaging 
modality in all steps of the percutaneous mitral clip procedure 
supported by fluoroscopy. The use of 3D TOE provides additional 
value information to support 2D imaging [60]. A perfect coor-
dination between interventionists and the echocardiographers is 
key for the success of the procedure which entails several complex 
manoeuvres which require echocardiographic guidance.

Table 65.1 Grading of mitral regurgitation

Parameter Mild Moderate Severe

Qualitative

Mitral valve morphology Normal/abnormal Normal/abnormal Significant prolapse of leaflet(s), rupture of  
papillary muscle, severe restriction of leaflet(s)

MR colour jet Small central jet < 4 cm2 or  
< 20% LA volume

MR > mild but no severe MR criteria Large central jet > 40% of LA  
volume/eccentric. Jet swirling in LA

Flow convergence None or narrow MR > mild but no severe MR criteria Large flow convergence

CW Doppler signal of MR jet Soft density/parabolic Dense/parabolic Dense/triangular

Semi-quantitative

Vena contracta width (cm) < 0.3 MR > mild but no severe MR criteria ≥ 0.70 (> 0.8 biplane)

Pulmonary vein flow Systolic dominant flow Intermediate signs Systolic flow reversal

Mitral inflow A-wave dominant Intermediate signs E-wave dominant (> 1.5 m/s)

LA/LV size Normal Intermediate signs LA or LV dilated

Quantitative

Regurgitant volume < 30 Mild–moderate: 30–44
Moderate–severe: 45–59

≥ 60 (PMR) ≥ 30 (SMR)

Regurgitant fraction < 30 Mild–moderate: 30–39
Moderate–severe: 40–4

Effective regurgitant orifice area 
(cm2)

< 0.2 Mild–moderate: 0.2–0.29
Moderate–severe: 0.3–0.39

≥ 0.4 (PMR) ≥ 0.2 (SMR)

CW, continuous wave; LA, left atrium; LV, left ventricle; MR, mitral regurgitation; PMR, primary mitral regurgitation; SMR, secondary mitral regurgitation.
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Transseptal puncture
Identification of an optimal site for transseptal puncture is of 
paramount importance, as it determines the positioning of the 
guiding catheter. Through 2D TOE guidance, it should be directed 
towards the fossa ovalis (FO) in its most mid-posterior portion 
and directed superior and posteriorly using the mid-oesophageal 
short-axis view at 30–60° and the bicaval 90° view; probe manipu-
lations are often necessary. Identification of a tent-like indentation 
of the interatrial septum (IAS) with the needle tip is generally 
preferred to direct visualization of the needle itself to guide punc-
ture (% Fig. 65.2). The use of live 3D imaging obtains imaging of 
the IAS with realistic visualization of the tenting produced by the 
needle tip. Although 3D TOE offers volumetric information with 
integration of all planes, identification of tenting can be difficult 
and is limited by dropout defects [55,61]. The proposed puncture 
site can be assessed in a four-chamber view at 0°, being a distance 
of 3.5–4.0 cm above the leaflets necessary to ease manoeuvring of 
the delivery system into the LA.

Guiding system delivery
After dilation of the orifice to allow the passage of the delivery 
system into the LA, a super-stiff guidewire is advanced to prevent 

injury of the LA lateral wall or LA appendage; here 3D TOE allows 
visualization of greater segments of the guidewire as opposed to 
2D TOE. The guide catheter is advanced in the LA and the guide-
wire pulled out. Monitoring of the catheter tip with 2D TOE using 
multiple views should be continuous during manipulations and 
through the advancement of the clip delivery system, to avoid 
contact with the surrounding structures. Real-time 3D TOE can 
obtain in a single perspective visualization of the guide catheter, 
the clip delivery, and the anatomical structures. The delivery sys-
tem is turned inferiorly and angled towards the leaflets, parallel to 
mitral flow. Correct positioning can be established from the inter-
commissural plane at 55–75° and the LV outflow long-axis plane at 
100–160° using biplane real-time imaging, where the medial–lat-
eral and posterior–anterior alignments can be assessed. The use of 
3D TOE in this step can be particularly helpful as the manoeuvre 
can be tracked in a single perspective with an en face anatomical 
view of the mitral leaflets and the approaching clip [62].

Guiding MitraClip® positioning
The optimal position of the clip delivery system is immediately 
above the regurgitant orifice. Perfect alignment is achieved with 
identification of the regurgitant orifice using maximal PISA effect, 

Table 65.2 Morphological criteria for MitraClip® system

Optimal valve morphology Possibly suitable valve morphology Unsuitable valve morphology

Mitral regurgitation originating from 
segment 2

Pathology in segments 1 or 3 Perforated mitral valve leaflet or cleft, with lack of primary 
and secondary chordal support

Lack of calcification in grasping area Mild calcification outside of the grip-zone of the 
clip system, ring calcification; post annuloplasty

Severe calcification in the grasping area

Mitral valve area (MVA) > 4 cm2 MVA > 3 cm2 Haemodynamically significant mitral stenosis  
(MVA < 3 cm2 or mitral mean gradient < 5 mmHg)

Mobile length of posterior leaflet ≥ 10 mm Mobile length of posterior leaflet 7–10 mm Mobile length of posterior leaflet < 7 mm

Normal leaflet strength and mobility Leaflet restriction in systole (Carpentier IIIb) Rheumatic leaflet thickening and restriction in both systole 
and diastole (Carpentier IIIa) or endocarditis valve disease

Flail width < 15 mm and flail gap < 10 mm Multiple segment flail leaflets
Gap between leaflets < 2 mm

(b)(a)

LA

RA
RA

DAI

OI

LA

*

(c)

Fig. 65.2 Image showing transseptal guidance with 2D (a) and 3D TOE (b) and the fluoroscopic image (c) in a MitraClip® procedure. LA, left atrium; RA, right 
atrium. The asterisk shows the needle tip on the interatrial septum in a bicaval view at 90° in a mid-oesophageal plane.
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rather than ‘anatomically’ although this could be an option with 
3D TOE. The arms of the clip are positioned along the line of coap-
tation with 2D TOE guidance from the transgastric view, or more 
easily with 3D TOE zoom imaging, reducing probe manipulation. 
Once optimal alignment of the delivery clip system is achieved, 
it is advanced into the LV whilst viewed with 2D TOE long-axis 
LV view from where the opening of the arms can be observed 
(% Fig. 65.3). Three-dimensional imaging can quickly re-confirm 
adequate alignment. The clip arms are then opened and the device 
is pulled back into the LA until the leaflets are firmly captured by 
the device grippers. Verification of correct leaflet grasping can be 
performed from the LV outflow and inter-commissural views with 
2D TOE, and then the clip gradually closed.

Residual MR must be assessed with colour Doppler once both 
leaflets been successfully clipped. If residual insufficiency is signifi-
cant, the clip can be repositioned to a more satisfactory position, 
although implant of a second clip may be necessary. Particularly 
in this scenario, significant mitral stenosis must be excluded with 
measurement of transvalvular gradient using continuous wave 
Doppler and planimetry of both orifices with 3D or 2D TOE 
(% Fig. 65.4). Two-dimensional TOE offers higher spatial and tem-
poral resolution necessary to confirm firm capture of the leaflets by 
the clip and achievement of a double orifice. When a satisfactory 
reduction in MR is obtained and the reduction is MVA is accept-
able (with mean gradient < 5 mmHg), the clip is released from the 
delivery system and the guide catheter withdrawn. New re-eval-
uation of residual MR must be performed as well as the presence 
of interatrial shunt using 2D and 3D TOE. Atrial and ventricular 
views obtained with 3D zoom imaging can be used to determine 
eccentricity of the orifices and identify residual regurgitant jets.

Identification of complications

Continuous 2D TOE monitoring allows prompt identification of 
potential complications such as pericardial effusion secondary 
to atrial wall injury or partial dehiscence of the clip after initial 
placement.

(a) (b)

(d)(c)

Fig. 65.3 MitraClip® implantation 
procedure. Panel (a) shows a 3D 
TOE ‘en face’ view of the mitral valve 
with positioning of the clip prior to 
its release. Panels (b) and (d) show 
orthogonal planes in 2D TOE of the 
clip positioning prior to its release (b) 
and immediately before leaflet capture 
(d). Panel (c) shows the simultaneous 
fluoroscopic view with the TOE probe, 
the delivery catheter, and the clip.

Fig. 65.4 Remaining eight-sided double mitral valve orifice after MitraClip® 
implantation.
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Post-implantation imaging
The procedure aims to maximize the reduction of MR. To evalu-
ate the residual MR, the morphology of the remaining double 
orifice and the degree of mitral stenosis should be assessed; ulti-
mately during follow-up the size and function of the LV should 
be re-evaluated as remodelling is expected as MR is reduced. As 
in evaluation of native MR, an integrated approach of a variety of 
methods should be used; however, the presence of two regurgitant 
orifices makes quantification complex. Colour Doppler is used as 
an approximation to the degree of MR; however, the total surface 
produced by multiple jets can lead to overestimation [63] or the 
artefacts created by the clip can alter the results. Moreover the PISA 
approach has not been validated for this double orifice geometry. 
Nevertheless, in the absence of aortic regurgitation, the regurgita-
tion volume can be calculated from the difference between the LV 
total stroke volume (end-diastolic volume − end-systolic volume 
calculated using biplane 2D or 3D) and the forward flow in the 
LVOT using continuity equation, estimating the degree of MR 
[64]. Three-dimensional colour Doppler measurement of vena 
contracta area seems to be a valid measurement of MR severity 
[65], although currently no reference data are available. When 
there is a relevant reduction in the degree of MR, pulmonary vein 
flow reversal can disappear and LA pressures can decrease.

Careful analysis of the morphology of the valve with LA and LV 3D 
views must be performed, with establishment of appropriate grasp-
ing of the mitral leaflets by the corresponding arms with even traction 
from either side. Two specular isosceles triangles indicate uniform 
and symmetrical placement of the MitraClip® on both leaflets. 
Furthermore, the tissue bridge created by the clip may reduce annu-
lar dilatation. In order to evaluate the degree of mitral stenosis the 
transvalvular gradient is assess using continuous wave Doppler, with 
a mean gradient of 5 mmHg or less being acceptable. Alternatively, 
using 3D TOE the effective orifices can be determined with planim-
etry, or with 2D TOE from the transgastric view. In the EVEREST 
study, a MVA of less than 1.5 cm2 was considered significant.

During follow-up and generally after a 6-month period a 
reduction in LV volume and dimension is expected which can be 
assessed using TTE.

Percutaneous closure of paravalvular 
leaks
Paravalvular regurgitation after surgical replacement of a native 
valve is rare and may appear as a result of disruption of surgical 
sutures precipitated by infectious endocarditis, significant calcifica-
tion, or friable tissue at the suturing site. Despite being commonly 
a casual finding in routine follow-up echocardiography, their clini-
cal and haemodynamic significance is hugely variable ranging from 
asymptomatic patients to the development of severe heart failure 
and haemolytic anaemia. PVLs are most frequently encountered 
associated with mitral prostheses, although their presence is not 
uncommon in an aortic position, being exceptional in a tricuspid 

or pulmonary position [66]. The surgical repair of PVL has been 
the preferred therapeutic approach although it is associated with 
poor outcomes and high morbidity and mortality. Furthermore, 
the presence of multiple comorbidities in ageing patients with 
increased surgical risk has limited this possibility, so that the 
possibility of percutaneous closure of these leaks has become an 
attractive solution. The role of multimodality imaging is paramount 
in these interventions, particularly TOE and ICE [67], essential in 
the diagnosis and evaluation of size and position of the PVL and 
subsequently for guidance of the procedure [68].

Preoperative assessment
For a given location, different accesses are employed, with the 
anterograde transseptal approach for mitral prosthesis PVL, the 
retrograde femoral artery access for aortic PVL, or more recently 
the transapical LV access [69]. Since the first PVL closure per-
formed with a ductal coil, many devices have been used to suit 
the different shapes and sizes. However, the particular anatomy 
of these leaks has driven the development of specifically designed 
devices to increase the successfulness of the procedure [70]. 
Despite this, the complex irregular shape of these orifices or the 
presence of multiple leaks entail technical difficulties directly 
related with procedural success. It is in this scenario where 3D 
TOE has acquired most value becoming the preferred technique, 
given its high capability for detection and accurate sizing [71–73].

Severity of the leak and suitability for percutaneous closure
PVLs are most often detected in a routine evaluation of pros-
thetic valve function with conventional 2D TOE colour Doppler 
(% Fig. 65.5). The recognition of PVR jets may be problematic due 

Fig. 65.5 Two-dimensional TOE colour Doppler of mitral paravalvular leak.
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to the presence of artefacts generated by the prosthesis, thus in 
suspected haemodynamically significant jets, the evaluation must 
be completed with TOE. Multiplane TOE and 3D TOE have para-
mount importance in the description of these jets. Nonetheless, 
depiction of these jets can be limited given their eccentric nature 
and the presence of acoustic artefacts; therefore their evaluation 
can be supported by other imaging techniques.

The morphology of mitral PVL is highly variable being crescen-
tic or oblong in shape with tortuous tracks. The initial evaluation 
of prosthetic function should be performed with TTE. A com-
prehensive examination including ventricular size and function 
should be performed in all cases. A metallic prosthesis in mitral 
position creates highly reflective acoustic artefacts masking pos-
sible regurgitant jets and therefore evaluation must be completed 
with TOE. Furthermore, 3D TOE is able to overcome the limita-
tions of 2D TOE with detailed information of the anatomy.

The use of 2D and 3D TOE imaging can identify areas of dehis-
cence as image dropouts surrounding the sewing ring which 
should be confirmed using colour Doppler imaging to depict the 
emerging jets. A comprehensive scan from 0° to 180° in multi-
ple planes must be performed. The point at which one or more 
jets is detected must be noted and followed until its disappear-
ance, noting the angle at which this phenomenon occurs. Careful 
description of the location of the leak is key for appropriate coor-
dination between echocardiographers and interventionists with 
reference to the anatomical relationships with the atrial septum, 
the LA appendage, and the aortic valve [74]. The use of 3D colour 
Doppler imaging can further delineate the presence and location 
of the regurgitant jets [75,76]. Generally in 3D TOE imaging, 
the clock-face description [77] simulating a surgeon’s approach 
is used for anatomy description, where the 12 o’clock position of 
the anterior mitral ring corresponds to the aortic valve, and the  
9 o’clock position refers to the LA appendage. Although not easily 
reproducible, an en face view of the mitral ring in short axis can be 
obtained from the transgastric view.

Quantification of the severity of MR is initially assessed by con-
ventional parameters such as jet area and width [35]. The presence 
of a large PISA suggests significant MR, however, the PISA method 
has not been validated in this scenario. Three-dimensional TOE 
echocardiographic planimetry can be used for sizing of PVLs. The 
anatomical regurgitant orifice (ARO) measures the areas of echo 
dropout that represents the orifice; the extension of anechoic areas 

depends on parameters such as gain and compression values, with 
limited resolution, and can therefore result in over– or under-
estimation of PVL size. The effective regurgitant orifice (ERO) 
measured using colour Doppler imaging has demonstrated better 
correlation with the degree or MR than the ARO (% Fig. 65.6) 
[78]. Anterograde transvalvular flow is modified by the prosthesis 
invalidating the quantitative Doppler method. Conversely, pulsed 
Doppler assessment of the pulmonary vein pattern can be of use as 
the systolic retrograde flow is a specific finding of severe MR [35].

In the case of aortic PVL, these are often multiple, eccentric, and 
irregular in shape. Their presence can be masked by reverberation 
artefacts and acoustic shadowing thus making identification, vis-
ualization, and quantification particularly challenging. Although 
general principles for assessment of native atrial regurgitation are 
employed, as in mitral PVL, several of the semi-quantitative or 
quantitative parameters can result inaccurate given the particular 
nature of the regurgitant jets.

For detection of regurgitant jets, both TTE and TOE col-
our Doppler imaging in multiple views and planes should be 
performed. For this purpose, the mid-oesophageal long- and 
short-axis views and the longitudinal transgastric at 100–120° 
usually offer best visualization of PVL, whilst the deep transgastric 
view with anteflexion allows multiangle rotation for assessment of 
the entire circumference of the prosthesis. In TOE imaging, the 
detection of anteriorly located jets may be particularly challenging 
due to the intense shadowing effect, resulting in underestimation 
of PVLs in this location. The precise description of the location 
again remains essential; a clock-face applies on the short axis 
would position the tricuspid septal leaflet in the 9 o’clock position.

The number and size of the origin may be helpful in determin-
ing the severity of the regurgitation. The relationship between jet 
width and the percentage of LVOT occupied by the jet is a better 
approximation to its severity than jet length by visual estimation 
[35]. There is a direct relationship between the number and size 
of the jets and the regurgitant fraction. However, jet area and 
length estimation are not recommended as they are dependent on 
haemodynamic conditions, and therefore unreliable.

The proposed semi-quantitative method for grading the sever-
ity of PVR is basically by the measurement of the circumferential 
extent of the regurgitation expressed in a percentage where a 
value less than 10% of the sewing ring suggests mild regurgita-
tion, 10–30% suggests moderate PVR, and greater than 30% 

(a) (b) (c)

Fig. 65.6 Two-dimensional TOE 
visualization of mitral paravalvular leak 
(yellow asterisk) using colour-Doppler; 
in panel(c) the size of the PVL is 
estimated by determining the effective 
regurgitant orifice area (yellow arrow).
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is considered severe PVR [79]. Limitations are expected given 
the eccentric direction and irregular shape of the defects, and 
particularly when multiple jets are present. This high variabil-
ity, dependent on the evaluated plane requires examination of 
multiple image planes. This variability translates in over or under-
estimation of the severity of PVR with a poor correlation value to 
the severity measured by CMR [80,81], so an integrated approach 
to severity estimation is recommended.

An important parameter to quantify PVR is the measurement 
of the jet width or vena contracta at its origin, to estimate the 
regurgitant orifice area. Again, limitations are expected by the 
irregular shape or reduced size of the jets and acoustic shadowing 
of prosthetic valves. Furthermore, the radial extent of the para-
valvular jets is not taken into consideration and the presence of 
multiple leaks can lead to overestimation by overlapping in 2D 
imaging [82]. Hence, 3D TOE imaging can be of use to overcome 
these limitations [36,83].

Other possible parameters include Doppler-based measure-
ments such as jet intensity and deceleration rate and the velocity 
of the diastolic flow reversal in the descending aorta, which can 
be used to corroborate the severity of aortic PVR. These meas-
urements are limited by the common coexistence of significant 
diastolic dysfunction and the influence of aortic compliance, par-
ticularly in the elderly, thus rendering false-positive results.

The regurgitant volume and regurgitant fraction can be used as 
quantitative methods, by calculating the difference between left 
and right ventricular stroke volumes in absence of significant pul-
monary regurgitation. This calculation using real-time 3D TOE 
colour flow Doppler is accurate and reproducible when compared 
with measurement variability using TTE, and is a promising tool 
for more precise measure of the PVR regurgitant volume [84]. In 
procedural planning, location of the coronary arteries is essen-
tial and follows the same methodology as described previously in 
TAVI procedural planning.

Peri-implantation guidance
The percutaneous closure of PVLs are lengthy procedures usually 
requiring general anaesthesia. Two-dimensional and 3D TOE real-
time imaging are the prominent techniques used for procedural 
guidance, in combination with fluoroscopy, allowing depiction of 
relevant cardiac landmarks adjacent to the sites of PVLs, but also 
wires, delivery catheters, and closure devices. The presence of echo 
artefacts can impair visualization of cardiac structures behind 
these instruments and beneath mechanical valve prostheses. 
Hybrid viewing systems with fusion of both imaging modalities 
can help delineate structures in the fluoroscopic image previously 
identified in the echocardiographic real-time 3D volume images. 
These aggregated views increase catheter and guidewire posi-
tioning precision and facilitate visualization of catheter direction 
in relation to the anatomical structures with faster and targeted 
advancement. ICE is another imaging modality available for pro-
cedural guidance, which enables precise visualization of cardiac 
structures and interventional devices. An important advantage is 
the possibility of its use in fully conscious patients, paramount in 
some cases where patients’ comorbidity may discourage general 

anaesthesia [85]. Furthermore, in anteriorly located aortic PVLs 
where acoustic shadowing is maximum, the region can be 
imaged with ICE from the right ventricular outflow tract or with 
the transatrial short-axis views [86]. Mitral PVLs located in the 
medial circumference can be located with ICE in the right ventri-
cle close to the interventricular septum, although this location is 
less common. Acoustic shadowing restricts visualization of later-
ally located mitral PVLs.

An initial reassessment to confirm the previous findings is man-
datory and can also rule out the presence of thrombi or vegetations. 
Real-time and zoom 3D TOE must identify the anatomical defect 
to aid selection of an appropriate closing device, considering its 
size and position. Two-dimensional TTE, but mostly 3D TOE, is 
essential in guiding the advancement catheters and guidewire and 
can help manipulation.

The aortic retrograde approach is generally used for aor-
tic PVL closure. In the case of a mitral PVL, the anterograde 
approach is most common, although the transapical retrograde 
approach is sometimes preferred and necessary in the presence of  
both aortic and mitral prostheses [71], with the aortic retrograde 
approach being rare. Echocardiography is used to guide transsep-
tal puncture depending on the location of the PVL, as previously 
described. Furthermore it facilitates manipulation of catheters 
and guidewires, of particular importance in aortic PVLs to pre-
vent entrapment of the MV or injury to the coronary sinuses [87].

The position of the device is directed with 2D and 3D TOE 
and once optimal placing is accomplished, to control device 
deployment. Immediately following this step, valvular function 
must be assessed and a comprehensive re-evaluation of possible 
complications performed, including device migration or injury 
to surrounding cardiac structures with subsequent pericardial 
effusion.

Post-implantation imaging
After the procedure, TTE and, if required, TOE are essential to 
revaluate valve function and to identify any residual PVL; however, 
the limitations that have been described also apply. If significant 
progression of the residual PVL is suspected, further investigation 
is encouraged.

Intracardiac shunts
Percutaneous treatment can offer an alternative to surgery in 
many cases of non-valvular structural heart diseases such as atrial 
septal defects (ASDs) and ventricular septal defects (VSDs) with 
cardiac imaging a routinely used tool in these procedures.

Atrial septal defects
ASDs represent the second most frequent congenital cardiac 
abnormality in adult population after bicuspid aortic valve, 
accounting for approximately 13% of the total of congenital 
cardiac defects. Classification is based upon their anatomical 
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location along the IAS with different embryological origin, they 
include ostium secundum (OS), ostium primum (OP), supe-
rior sinus venous, inferior sinus venous, and unroofed coronary 
sinus. Currently only OS is amenable to percutaneous closure. 
Up to 70% of cases are due to OS, typically located in the FO 
region. Evaluation with 2D and 3D TOE is mandatory in order 
to accurately determine the borders and size of the defect, given 
its higher anatomical resolution. It is important to rule out sec-
ondary haemodynamic repercussion, particularly chronic right 
ventricular overload and Eisenmenger’s physiology. Furthermore, 
calculation of the ratio of pulmonary flow (Qp) to systemic flow 
(Qs) is recommended to determine the magnitude of the existing 
shunt. Other congenital heart defects should be excluded as their 
presence could interfere with the procedure becoming a contrain-
dication, these include inadequate septal rims, a short distance to 
the inferior vena cava or coronary sinus, and maximal ASD diam-
eter greater than 40 mm. Percutaneous ASD closure has a very 
high success rate, once appropriate selection has been previously 
performed; many defects are initially discarded due to the lack of 
appropriate borders, the presence of a large defect, or its size with 
respect to the total wall.

Clinical indications for ASD closure include significant left–
right shunt with clinical or echocardiographic data suggesting 
right ventricular overload, occurring generally in defects greater 
than 6–8 mm and with Qp/Qs greater than 1.5/1; also after a cryp-
togenic stroke in which a paradoxical embolic event is suspected. 
Clinical contraindications for ASD percutaneous closure include 
contraindications to receive anticoagulant or antiplatelet treat-
ment and severe pulmonary hypertension with Eisenmenger’s 
physiology, in which ASD closure would eliminate the only 
‘pump-off ’ valve available [88].

Echocardiography is of paramount importance in the evalua-
tion and assessment of the haemodynamic significance of the ASD 
and in appropriate patient selection. Dimensions assessed by 2D 
TOE have been reported as systematically smaller in compari-
son with those obtained with 3D TOE. The maximum diameter 
is often difficult to obtain with 2D TOE; this limitation has been 

associated with device undersizing and residual shunts. Precise 
anatomical definition is particularly important when dealing with 
complex ASDs with non-circular defects. Hence, the use of 3D 
TOE is the technique of choice for evaluation of the IAS.

Feasibility of ASD closure is dependent on several mor-
phological characteristics to maximize successful deployment 
(% Table 65.3). It must be noted that ASD size varies during the 
cardiac cycle and the measurements should be done during atrial 
diastole usually in a mid-oesophageal plane in a four-chamber 
view. The use of 3D zoom and full volume is recommended to 
allow visualization of the entire IAS in one image. Gain and 
acquisition parameters must be optimized in order to avoid loss 
of visualization of the inferior rim and the FO, furthermore, col-
our 3D TOE can be used to confirm ASD measurements. Rims 
should have enough margin to allow device anchoring and to 
avoid migration, systemic vein obstruction, or damage to the 
atrioventricular valves; the minimum recommended length is  
5 mm in all but the aortic rim, where a 3 mm length can be  
sufficient. The maximum device diameter should be less than 
90% of the IAS [88].

Peri-implantation guidance
The use of intraprocedural guidance with echocardiography is an 
added value to improve procedural efficacy and safety, thus reduc-
ing complications when compared to fluoroscopy alone. All echo 
modalities may be of use, including TTE, 2D TOE, 3D TOE, and 
ICE with different advantages, although TOE remains the tech-
nique of choice. Reassessment must be performed initially with 
determination of maximum diameter and rim dimensions, with 
3D TOE being key in device size selection [89].

Among the several devices currently available for ASD closure, 
the basic mechanism is essentially the same, with stenting of the 
defect across the IAS. During guidewire positioning and through-
out manoeuvres, 3D TOE guidance can be useful, especially in 
the presence of dilated atria or when dealing with multiple defects 
[90,91]. After device deployment, echocardiography must con-
firm correct positioning of both discs on either side of the IAS, 
must exclude residual shunts or interferences with surrounding 
structures, and confirm device stability prior to liberation [92].

Despite TOE being the current imaging technique of choice in 
this scenario, the need of additional sedation or general anaesthe-
sia may be limiting. Recent studies have described the successful 
use of ICE for the guidance of percutaneous closure of ASDs, over-
coming these particular limitations. ICE has proved to be reliable 
to assess the interatrial crossing and to optimize device position-
ing and deployment and can identify potential complications of 
the procedure.

Post-implantation imaging

Current clinical guidelines recommend routine echocardiogra-
phy reassessment prior to hospital discharge in order to exclude 
residual shunt and to assess right ventricular size and function, 
tricuspid regurgitation, and pulmonary artery pressure. TTE is 
usually enough for this purpose, and regular follow-up during the 
first 2 years is recommended.

Table 65.3 Morphological features in evaluation of atrial septal 
defects (ASDs) prior to percutaneous closure

ASD type Only ostium secundum ASDs 
percutaneous closure are indicated

Diameter of the defect Maximal diameter < 38 mm

Rims Required at least 5 mm except towards the 
aorta (≥3 mm)

Total length and width of 
interatrial septum

Erosion risk increases if device size is > 90% of 
the interatrial septum length

Shape and number Percutaneous closure must be avoided if other 
congenital heart defects are present

Location Contraindicated if ASD is in close proximity to 
coronary sinus or inferior vena cava

Haemodynamic 
consequences

Eisenmenger physiology contraindicates ASD 
closure
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Ventricular septal defects
VSDs can appear as an isolated finding or associated with other 
malformations. Division is based upon their location, perimem-
branous VSDs being the most frequent, accounting for 80%, and 
muscular/trabecular for up to 20%. When there is a significant 
haemodynamic repercussion, surgery is usually indicated with per-
cutaneous transcatheter closure considered in high-risk patients or 
in those with several previous surgeries. In centrally located mus-
cular VSDs, transcatheter closure is considered an alternative to 
surgery and it has also been described to be a feasible alternative 
for perimembranous VSDs [93]. TTE and TOE are essential for the 
diagnosis of VSD and the assessment of severity and morphologi-
cal features and they can also detect ventricular overload. There are 
several case reports regarding the use of ICE during the percutane-
ous closure of perimembranous VSDs, but experience is limited. 
Therefore ICE is currently investigational in this context.

In the rare cases of interventricular septal rupture after myocar-
dial infarction (MI), a remaining pseudoaneurysm with a narrow 
orifice could be created. Pseudoaneurysms after MI occur in 0.2% 
of cases. Echocardiography is key in its diagnosis showing a locu-
lated echo-free space which communicates with the LV through 

a narrow neck. The communication may not be identified and 
the use of contrast and colour Doppler may be helpful. The use 
of real-time 3D echocardiography can demonstrate the anatomy 
of the pseudoaneurysm, and is key to determining its size and 
the shape of the communicating track. Surgery still remains the 
standard treatment for large defects and is usually the first choice 
in an acute rupture. Nonetheless, given the improvement of proce-
dural success rates with transcatheter closure of congenital VSDs, 
percutaneous repair [94] has been suggested as an alternative in 
this scenario with a similar mortality rate [95]. It may be the pre-
ferred option for simple defects with a diameter less than 15 mm 
in a subacute (> 3.5 weeks) or chronic stage [89]. Guidance with 
2D and 3D TOE together with fluoroscopy is essential, with 3D 
TOE being of particular help when selecting the most appropriate 
device [96]. Magnetic resonance imaging, computed tomography, 
or TOE must be performed prior to the procedure in order to 
establish the number of defects, size, margins, and if possible, via-
bility of the surrounding tissue. The selection of the device is based 
on a diameter 50% greater than the defect, as the surrounding tis-
sue may be lacerated, particularly after an MI. After deployment, 
reassessment of residual shunts or AV valves apparatus entrap-
ment must be excluded.
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CHAPTER 66

Perioperative 
echocardiography
Patrick F. Wouters, Fabio Guarracino,  
and Manfred Seeberger

Summary
Perioperative echocardiography is one of the fastest growing areas of echocardiography. 
Transthoracic imaging is increasingly being used in postoperative patients, in critical 
care settings and in emergency medicine. Intraoperative imaging remains the exclusive 
domain of transoesophageal echocardiography (TOE) where cardiac surgery is the pri-
mary field of application. However, the use of intraoperative TOE is gradually expanding 
towards non-cardiac surgery.

The indications for perioperative echo have recently been re-evaluated, resulting in 
recognition of the ubiquitous benefit in patients undergoing surgery. Although TOE is 
safe, there may be a greater risk of traumatic damage to the soft tissues in anaesthetized 
patients who cannot complain of pain nor resist during probe insertion.

Perioperative imaging in cardiac surgery should be used to confirm and refine the 
preoperative diagnosis, detect new or unsuspected pathology, adjust the anaesthetic and 
surgical plan, and assess the results of surgical intervention. Using imaging to optimize 
myocardial function is a constantly developing technique to ensure that patients leave the 
operating room in the best possible condition.

Indications for perioperative transoesophageal 
echocardiography
Echocardiography is a powerful diagnostic tool in the perioperative management of 
patients with unique value for preoperative planning, intraoperative procedural guidance 
as well as evaluation, and postoperative follow-up. It also serves as a continuous non-
invasive haemodynamic monitor, superior to most invasive monitoring techniques used 
in major surgery and critically ill patients today.

Restricted access to the chest wall makes transthoracic imaging virtually impossible 
during major surgical procedures. TOE is therefore the only option when it comes to indi-
cations for intraoperative echocardiography. In the pre- and postoperative period, TOE 
should be reserved for its specific indications or considered only when vital information 
cannot be obtained with transthoracic echocardiography (TTE).

Recently updated recommendations for TOE reflect that the age and comorbidities of 
patients undergoing cardiac surgery have increased and that evidence outlining the value 
of intraoperative TOE for adult cardiac surgery continues to grow. Thus, the guidelines 
now recommend that TOE should be used in all open heart and thoracic aortic surgical 
procedures and should be considered in all coronary artery bypass graft (CABG) surger-
ies [1,2] (% Box 66.1).
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The use of TOE in non-cardiac surgery is increasing and cur-
rent guidelines state that TOE may be used intraoperatively when 
the nature of a planned surgery or a patient’s known or suspected 
cardiovascular pathology might result in severe haemodynamic, 
pulmonary, or neurological compromise. In addition, TOE should 
be used when unexplained life-threatening circulatory instability 
persists despite corrective therapy.

Safety and complications of 
perioperative transoesophageal 
echocardiography
In analyses of intraoperative complications associated with TOE, 
data suggest a rate of major complications of less than 0.1–0.4% 
[3,4] and a mortality around 0.01–0.02% [5].

In a perioperative setting, TOE will usually be undertaken 
under general anaesthesia or deep sedation. There may be safety 
issues related to the passage of the probe in anaesthetized patients 
as they are unable to swallow to facilitate probe insertion and can-
not respond to possibly injurious probe manipulations [6]. Care 
should be taken during insertion to avoid trauma to the lips, teeth, 
and soft tissues of the oropharynx. It is preferable to pass the probe 
under direct vision and in controlled conditions before surgery, 
rather than after the patient has been prepped and draped. The 
probe is typically left in place for the entire duration of the pro-
cedure and removed after high-dose heparin is neutralized and 
haemostatic status corrected.

Although the routine use of antibiotic prophylaxis is not 
required for TOE per se [7], most patients receive prophylaxis for 
surgical cover.

Perioperative TOE may be associated with both minor and 
major complications (% Fig. 66.1). Gastrointestinal injury and 

perforation are rare but serious complications may result from 
direct as well as indirect trauma [5,6,8]. Poor matching of probe 
size, excessive flexion of the probe tip, pre-existing oesophageal 
pathology (e.g. from previous radiation or systemic illnesses such 
as scleroderma and achalasia), and vertebral osteophytes [9] have 
all been associated with oesophageal trauma and perforation. 
Perforation occurs most frequently at the cricopharyngeal con-
striction (C6) and at the lower oesophageal sphincter (T10/11). 
There are over 15 cases of oesophageal perforation reported in the 
literature, almost all occurring in patients undergoing cardiac sur-
gery. Pharyngeal or oesophageal perforation carries a 10–25% risk 
of mortality, and late onset of symptoms (> 24 hours) may be more 
common than early onset (< 24 hours). If there is a question as to 
whether gastrointestinal symptoms or pathology poses a risk for 
TOE, it is strongly recommended that clearance for the procedure 
be obtained from a gastroenterologist.

Although haemorrhage may occur as a result of lacerations near 
the gastro-oesophageal junction or in the gastric cardia [10,11], the 
risk of gastrointestinal haemorrhage in cardiac surgery patients 
is approximately 2% and independent of the use of TOE [12].  
Dysphagia (difficulty swallowing) and odynophagia (pain on 
swallowing) are less serious and more difficult to predict in 
cardiac surgery patients. Failure to pass the probe may occur 
in anaesthetized patients, and traumatic passage of the probe 
appears more likely in the anaesthetized than in the awake 
patient.

Box 66.1 Indications for perioperative TOE

Provided appropriate personnel, skills and technology are 
available, it is recommended that:
◆	 TOE should be used in all open heart and thoracic aortic surgi-

cal procedures.
◆	 TOE should be used in patients undergoing non-cardiac sur-

gery in whom unexplained life-threatening haemodynamic 
instability persists despite corrective therapy.

◆	 TOE should be used in the critical care patient when diagnos-
tic information that is expected to alter management cannot 
be obtained by transthoracic echocardiography or other 
modalities in a timely manner.

◆	 TOE should be considered in coronary artery bypass graft 
surgery.

◆	 TOE may be used in non-cardiac surgery when the nature of 
the planned surgery or the patient’s known or suspected car-
diovascular pathology might result in severe haemodynamic, 
pulmonary, or neurological compromise.

Fig. 66.1 Sites of potential injury related to TOE.
Reprinted from J Am Soc Echocardiogr., 23(11), Hilberath JN, Oakes DA, Shernan SK, 
Bulwer BE, D’Ambra MN, Eltzschig HK. Safety of transesophageal echocardiography, 
115–27, Copyright (2010) with permission from Elsevier.
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Absolute contraindications to TOE include perforated viscus, 
oesophageal stricture, tumour, perforation, laceration and diver-
ticulum, and active upper gastrointestinal bleeding. TOE may 
be used for patients with oral, oesophageal, or gastric disease, if 
the expected benefit outweighs the potential risk, provided the 
appropriate precautions are applied. For example, in liver trans-
plantation, TOE may be used even in presence of oesophageal 
varices [13]. Precautions may include the following: consider-
ing other imaging modalities (e.g. epicardial echocardiography), 
obtaining a gastroenterology consultation, using a smaller probe, 
limiting the examination, avoiding unnecessary probe manipula-
tion, and using the most experienced operator.

The perioperative transoesophageal 
echocardiography exam
Aims of the exam
Given the recommendations in current guidelines and the increas-
ing availability of both suitable equipment and trained personnel, 
many institutions now routinely use perioperative TOE in the 
majority of adult cardiac surgical patients. Especially in academic 
centres, perioperative TOE is mainly performed by anaesthesiolo-
gists [14].

Confirm and refine the preoperative diagnosis
In many cases a preoperative echo exam will have provided the 
diagnosis for surgery, quantified left ventricular (LV) function 
and excluded other relevant pathology. Information obtained 
from pre-incision TOE may differ occasionally from information 
obtained earlier for a number of reasons including superior imag-
ing, alternative interpretation, and even preoperative diagnostic 
errors. Although such instances may be rare, the morbidity and 
cost of unnecessary cardiac surgery are substantial and a for-
mal time-out procedure to confirm the diagnosis and procedure 
before incision may avoid this [15]. Refinement of the preop-
erative diagnosis may be required in patients undergoing mitral 
valve (MV) surgery, where TOE, in particular three-dimensional 
(3D) imaging, is superior in identifying and communicating the 
exact nature of the lesion which affects the detail of the surgical 
plan. General anaesthesia may alter the degree of valve regurgita-
tion which in turn may lead to an erroneous re-appraisal of the 
severity of diseases and the need for repair [16]. The state of LV 
function may also have altered from the time of the initial diag-
nosis. Patients who are scheduled for aortic valve (AoV) surgery 
may have little need of confirmation of the diagnosis in the imme-
diate preoperative period although pseudo-severe aortic stenosis 
is a potential cause of wrong referral [17]. A common scenario 
is that TOE reveals mild to moderate AoV stenosis in patients 
scheduled for isolated CABG surgery. As those patients are under-
going sternotomy anyway, it is tempting to expand surgery and 
treat the AoV even when classic criteria for surgery are not yet 
fulfilled. However, intraoperative adaptation of a surgical plan has 
important clinical, medico-legal, and ethical implications, and the 

decision should ideally be made before surgery or at least be based 
on a multidisciplinary consensus [18].

Detect new or unsuspected pathology
Numerous papers report that new or unsuspected pathology 
is detected with intraoperative TOE in about 25% of patients 
prompting a major change in surgical plan in 5–10% of all cardiac 
surgical cases [19,20]. The primary reasons are errors in the pre-
operative echocardiogram (44%), limitations in TTE (30%), and 
disease progression (22%) [21].

Adjust the anaesthetic and surgical plan
Any new or refined information gleaned from the perioperative 
echo exam should be communicated to the surgical team and 
appropriate decisions made accordingly. Whilst this may involve 
changes to the surgical plan, more frequently it will involve 
changes in anaesthesiological management to optimize loading 
conditions and contractility [20]. One clear benefit of periopera-
tive echo lies in its use as a functional monitor throughout surgery. 
This can only be achieved if there is a member of the operating 
room team, usually the anaesthesiologist, with appropriate echo 
skills who is constantly present during surgery.

Assess the results of surgical intervention
Prior to weaning from cardiopulmonary bypass (CPB) the heart 
should always be inspected with TOE for residual intracavitary air 
in the LV apex and left atrial appendage. Failure to remove all air 
before weaning often causes acute right ventricular (RV) failure as 
air bubbles tend to enter the right coronary artery (% Fig. 66.2).

Following surgery under cardioplegic arrest, LV function 
may be unstable for some time, hence valve gradients and the 
nature and severity of apparent valve leaks tend to vary during 
that episode. The early results of surgery need to be assessed and 
communicated to the surgeon, and a baseline postoperative echo-
cardiography examination needs to be recorded and reported to 
the team subsequently in charge of the patient. The examination 

Fig. 66.2 Air bubbles. A-AO, ascending aorta; LA, left atrium; LUPV, left 
upper pulmonary vein; LV, left ventricle; RCA, right coronary artery; RCS, right 
coronary sinus.
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should be directed towards the results of the surgical interven-
tion and the overall state of cardiac function. With intraoperative 
TOE, the surgical result is evaluated instantaneously, so that 
residual defects or suboptimal results can be corrected within the 
same procedure. Return to CPB for revision of the intervention or 
adjustment of therapy occurs on average in 2% of cardiac surgi-
cal cases where intraoperative TOE is used [22]. This decision is 
not easily taken as prolongation of CPB and cross-clamp time may 
impair cardiac function and aggravate the perioperative inflam-
matory response. The true benefit of TOE-based re-interventions 
on perioperative clinical outcomes has never been assessed in a 
prospective randomized trial.

The conduct of a perioperative 
transoesophageal echocardiography 
exam
The perioperative TOE guidelines were recently updated to make 
them universally applicable to all clinical arenas where TOE has 
proven utility, including primary diagnosis and catheter-based 

interventions. The new guidelines expand the prior 20 comprehensive 
TOE images with an additional eight views to include multiple long-
axis and short-axis views for all four valves, four cardiac chambers, 
and the great vessels [2]. They also incorporate recommendations 
on the use of 3D technology and simultaneous multiplane imaging 
to improve efficiency in acquisition during a comprehensive TOE 
exam (% Fig. 66.3). An overview of the 28 standard views is shown 
in % Figs 66.4–66.6. The title of each view and their echo-anatom-
ical correlation is part of a standard nomenclature. The details for 
acquiring each view are described in Chapter 6.

Additional images may still be needed to examine specific path-
ological features and small adjustments in probe positioning may 
be required to account for anatomical variations between subjects. 
Although experts may argue about the order in which images 
should be acquired, it is recommended to adapt a fixed sequence 
and adhere to this as a personal routine.

The basic perioperative transoesophageal 
echocardiography examination
There is a growing interest in the use of intraoperative TOE in 
non-cardiac surgery. Reeves defined the scope of this limited  
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Fig. 66.3 Simultaneous multiplane 
transoesophageal echocardiographic 
image display.
Reprinted from American Society of 
Echocardiography, 26/9, Hahn RT, Abraham 
T, Adams MS, Bruce CJ, Glas KE, Lang 
RM, et al., Guidelines for performing 
a comprehensive transesophageal 
echocardiographic examination: 
recommendations from the American 
Society of Echocardiography and the 
Society of Cardiovascular Anesthesiologists, 
921–64, Copyright (2013) with permission 
from Elsevier.
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application in a consensus statement of the ASE and SCA [23]. An 
important objective of a basic perioperative TOE exam is intra-
operative monitoring. It is not intended to use the full diagnostic 
potential of TOE but is ideally suited as a non-invasive monitor 
to rapidly diagnose the aetiology of haemodynamic instability 
and to guide therapy before end-organ damage ensues in surgical 
patients. Typical perioperative complications in high-risk patients 
and specific surgical procedures, for which TOE has been shown 
superior to any other monitor, include air embolism, myocardial 
ischaemia, left and right heart failure, hypovolaemia, pulmonary 
embolism, and pericardial tamponade.

The consensus statement defines the prerequisite medical 
knowledge and training requirements and provides recommenda-
tions to perform a basic TOE sequence including 11 relevant views 
to diagnose the general aetiology of haemodynamic instability in 
surgical patients (% Fig. 66.7).

Three-dimensional echocardiography in the 
perioperative setting
Three-dimensional echocardiography is extensively treated 
in Chapter 7. The main advantages of 3D echo in the operat-
ing theatre are a reduction of imaging time, a more intuitive 
presentation of cardiac anatomy and intracardiac devices, 
and better communication between echocardiographers and 
surgeons.

Three-dimensional echo has proven to be of incremental value 
in MV surgery, MitraClip® procedures [24], and closure of atrial 
septal defect (ASD) and left atrial appendage (see % Chapter 65). 
Three-dimensional echo is an excellent aid in appreciating the 
functional anatomy of the mitral apparatus and in understanding 
the mechanism of valve dysfunction.

Although 3D images are more intuitive and easier to interpret, 
image acquisition and processing with 3D echocardiography 

Imaging
Plane

Midesophageal Views
Aortic valve
LVOT
Left atrium/Right atrium
Left ventricle/Right
ventricle/IVS 

Left atrium/Right atrium
IAS
Left ventricle/Right
ventricle/IVS
Mitral valve (A3A2-P2P1)
Tricuspid valve

Left atrium
Coronary Sinus
Left ventricle
Mitral Valve (P3-A3A2A1
–P1)
Papillary muscles
Chordae tendinae

Mitral valve (A2A1-P1)
Tricuspid valve

Transducer Angle:
~ 0 - 10º
Level: Mid-esophageal
Maneuver (from prior
image): NA

Transducer Angle:
~ 0 - 10º
Level: Mid-esophageal
Maneuver (from prior
image): Advance ±
Retroflex

Transducer Angle:
~ 50 - 70º

Left atrium
Coronary Sinus
Left atrial appendage
Left ventricle
Mitral valve (P3-
A3A2A1)

Transducer Angle:
~ 80 - 100º

Level: Mid-esophageal
Maneuver (from prior
image): NA

Level: Mid-esophageal
Maneuver (from prior
image): NA

Left atrium
Left ventricle
LVOT
RVOT
Mitral valve (P2-A2)
Aortic valve
Proximal ascending aorta

Transducer Angle:
~ 120 - 140º
Level: Mid-esophageal
Maneuver (from prior
image): NA

Left atrium
LVOT
RVOT
Mitral valve (A2-P2)
Aortic valve
Proximal ascending aorta

Transducer Angle:
~ 120 - 140º
Level: Mid-esophageal
Maneuver (from prior
image): Withdrawl ±
anteflex

Mid-ascending aorta
Right pulmonary artery

Transducer Angle:
~ 90 - 110º
Level: Upper-
esophageal
Maneuver (from prior
image): Withdrawl

Mid-ascending aorta
(SAX)
Main/bifurcation
pulmonary artery
Superior vena cava

Transducer Angle:
~ 0 - 30º
Level: Upper-
esophageal
Maneuver (from prior
image): CW

3D Model 2D TEE
Image

Acquistion
Protocol

Structures
Imaged

Mid-ascending aorta
Superior vena cava
Right pulmonary veins

Transducer Angle:
~ 0 - 30º
Level: Upper-
esophageal
Maneuver (from prior
image): CW, Advance

Aortic valve
Right atrium
Left atrium
Superior IAS
RVOT
Pulmonary Valve

Transducer Angle:
~ 25 - 45º
Level: Mid-esophageal
Maneuver (from prior
image): CCW, Advance,
Anteflex

Aortic valve
Right atrium
Left atrium
Superior IAS
Tricuspid Valve
RVOT
Pulmonary Valve

Transducer Angle:
~ 50 - 70º
Level: Mid-esophageal
Maneuver (from prior
image): CW, Advance

Right atrium
Left atrium
Mid-IAS
Tricuspid Valve
Superior vena cava
Inferior vena
cava/coronary sinus

Transducer Angle:
~ 50 - 70º
Level: Mid-esophageal
Maneuver (from prior
image): CW

Left atrium
Right atrium/
appendage
IAS
Superior vena cava
Inferior vena cava

Transducer Angle:
~ 90 - 110º
Level: Mid-esophageal
Maneuver (from prior
image): CW

Pulmonary vein (upper
and lower)
Pulmonary artery

Transducer Angle:
~ 90 - 110º
Level: Upper-esophageal
Maneuver (from prior
image): Withdraw, CW for
the right veins, CCW for
the left veins

Left atrial appendage
Left upper pulmonary
vein

Transducer Angle:
~ 90 - 110º
Level: Mid-esophageal
Maneuver (from prior
image): Advance

Fig. 66.4 Comprehensive transoesophageal echocardiographic examination. The figure shows the mid-oesophageal set of the suggested 28 views included in 
a comprehensive transoesophageal echocardiographic examination. Each view is shown as a 3D image, the corresponding imaging plane, and a 2D image. The 
acquisition protocol and the structures imaged in each view are listed in the subsequent columns.
Reprinted from American Society of Echocardiography, 26/9, Hahn RT, Abraham T, Adams MS, Bruce CJ, Glas KE, Lang RM, et al., Guidelines for performing a comprehensive 
transesophageal echocardiographic examination: recommendations from the American Society of Echocardiography and the Society of Cardiovascular Anesthesiologists, 921–64, 
Copyright (2013) with permission from Elsevier.
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requires considerable expertise, and its use for perioperative 
applications is still limited to experienced echocardiographers.

Reporting perioperative echo studies
Every perioperative echo study should be recorded, archived, and 
accompanied by a written report. The aims of the report, and rec-
ommendations for the content and structure of the report have 
been described [25]. Modern echo machines record echo clips 
digitally so measurements and calculations can be made offline, 

once the study is completed. This allows the perioperative echo-
cardiographer to initially concentrate on acquiring the best images 
without the need to hurry through the calculations.

Specific issues in perioperative echo
The right heart
TOE imaging of the structures of the right heart is discussed in 
detail elsewhere in this book (see % Chapter 6). Perioperative 
imaging of the right heart may be useful for the following purposes:

Identify intravascular devices and exclude thrombus and 
vegetations

The correct positioning of the catheters should be checked and the 
presence of thrombus or vegetation excluded by TOE, preferen-
tially in the bicaval view.

Exclude a patent foramen ovale or atrial septal defect
A review of perioperative TOE studies in more than 13 000 
patients revealed an incidence of 17% of patent foramen ovale 
(PFO) in the adult population [26]. In the absence of symp-
toms, it is debatable whether a PFO should be surgically closed. 
However, in the cardiac surgery context, any open chamber pro-
cedure in the presence of a PFO may lead to the development of 
an air lock during CPB unless a bicaval cannulation technique 
is used.
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Fig. 66.5 Comprehensive transoesophageal echocardiographic examination. 
The figure shows the transgastric set of the suggested 28 views included in a 
comprehensive transoesophageal echocardiographic examination. Each view 
is shown as a 3D image, the corresponding imaging plane, and a 2D image. The 
acquisition protocol and the structures imaged in each view are listed in the 
subsequent columns.
Reprinted from American Society of Echocardiography, 26/9, Hahn RT, Abraham T, Adams 
MS, Bruce CJ, Glas KE, Lang RM, et al., Guidelines for performing a comprehensive 
transesophageal echocardiographic examination: recommendations from the American 
Society of Echocardiography and the Society of Cardiovascular Anesthesiologists, 
921–64, Copyright (2013) with permission from Elsevier.

Fig. 66.6 Comprehensive transoesophageal echocardiographic examination. 
The figure shows the aortic set of the suggested 28 views included in a 
comprehensive transoesophageal echocardiographic examination. Each view 
is shown as a 3D image, the corresponding imaging plane, and a 2D image. The 
acquisition protocol and the structures imaged in each view are listed in the 
subsequent columns.
Reprinted from American Society of Echocardiography, 26/9, Hahn RT, Abraham T, Adams 
MS, Bruce CJ, Glas KE, Lang RM, et al., Guidelines for performing a comprehensive 
transesophageal echocardiographic examination: recommendations from the American 
Society of Echocardiography and the Society of Cardiovascular Anesthesiologists, 
921–64, Copyright (2013) with permission from Elsevier.
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Measure right atrial size and exclude masses

A baseline estimate of right atrial size may be useful for compari-
son in the later postoperative period but exact dimensions are 
difficult to obtain with TOE.

Identify the coronary sinus
Although not easily visualized by a standard TOE view, the coro-
nary sinus may be seen when advancing the TOE probe 3–5 cm 
from the mid-oesophageal four-chamber view. The tricuspid valve 
(TV) should remain in focus, and the coronary sinus is visible just 
above the LV wall, which is seen in short or oblique axis on the 
right of the display.

The coronary sinus may be dilated in rare conditions including 
a left-sided superior vena cava (SVC). Identification of the coro-
nary sinus is used to facilitate its cannulation to deliver retrograde 
cardioplegia solution.

Identify the leaflets of the tricuspid valve and the size of 
the tricuspid annulus
The baseline intraoperative TOE examination routinely includes 
evaluation of the tricuspid valve, that is, assessment of possible tri-
cuspid regurgitation and, if detected, of detailed anatomy including 
tricuspid annular size. However, all patients undergoing surgery for 
left-sided endocarditis should have their tricuspid valve screened 
even more in detail in order to exclude valvular vegetations.

Measure the size of the right ventricle, and identify right 
ventricular contractility including motion abnormalities 
of the right ventricular free wall

RV size and function may give important insights into the sever-
ity of left-sided contractile and valve dysfunction. Enlargement of 
the RV with tricuspid annular dilation, flattening, and eventual 
leftward displacement of the interventricular septum (IVS) are all 
useful indicators which are easily identifiable.

Although LV dysfunction is rightly recognized as important 
following CPB, RV dysfunction is similarly serious and, when 
sustained, may profoundly compromise outcome. The RV is sus-
ceptible both to poor cardioplegic protection, and also to early 
post-bypass air embolus in intracavity procedures. Monitoring 
of RV size and function is an important part of early post bypass 
monitoring in every adult cardiac surgery patient.

Estimate systolic pulmonary artery pressure
In haemodynamically unstable patients not equipped with a pul-
monary artery catheter, the velocity of a regurgitant jet across the 
tricuspid valve is used to calculate the pressure gradient across 
the valve and estimate systolic pulmonary arterial pressure (see % 
Chapter 23). The reliability of these measurements has been ques-
tioned, however, both for TTE in awake patients [27] and for TOE 
in cardiac surgical patients [28].

The mitral valve
TOE is particularly useful for examining the MV. A protocol is 
given in Chapter 6.

Intraoperative TOE of the mitral valve
MV dysfunction may occur either as a result of primary patho-
logical processes involving the mitral apparatus, or secondary to 
alterations in LV structure and function, or both. Consequently, 
intraoperative evaluation of the MV is an essential part of the 
TOE exam in all adult cardiac surgical patients. MV function 
is often an important guide to LV function before and after sur-
gery. Many CABG patients are scheduled for concomitant MV 
repair. Care should be taken when re-evaluating such patients 
intraoperatively since the degree of mitral regurgitation (MR) is 
often underestimated in anesthetized patients [16].

Fig. 66.7 Cross-sectional views of the 11 views 
of the ASE and SCA basic PTE examination. The 
approximate multiplane angle is indicated by the 
icon adjacent to each view. Asc, ascending; Desc, 
descending; UE, upper oesophageal.
Reprinted from J Am Soc Echocardiogr, 26/5, Reeves ST, 
Basic and comprehensive perioperative transesophageal 
echocardiography consensus statement documents, 
443–456, Copyright (2013) with permission from Elsevier.
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Mitral valve repair
TOE examination of mitral valve apparatus
In the absence of a preoperative TOE study, an intraoperative 
TOE is performed at the beginning of the procedure to elucidate 
the mechanism of valve dysfunction and guide surgical therapy 
[29]. A complete evaluation of the MV apparatus is repeated after 
completion of the repair and termination of CPB (% Box 66.2). A 
systematic examination of the entire MV apparatus comprises the 
mitral leaflets, the annulus, the subvalvular apparatus (including 
chordae and papillary muscles), and the LV. The regurgitant jet(s) 
should be examined with standard views and colour Doppler 
[29,30].

Leaflet mobility may be described using the terminology 
introduced by Carpentier [31] (see % Chapter 34). The two-
dimensional (2D) functional evaluation should pay attention to 
both apposition and coaptation. In normal apposition, both leaf-
lets lie on the same plane at annular level. A coaptation length 
greater than 6 mm is necessary for valvular competence. The 
precise origin of the regurgitant jet from the closure line and the 
direction of the jet itself add useful information to understanding 
the mechanism of the dysfunction (% Fig. 66.8). Measurement of 
the leaflet dimensions is helpful in the pre-bypass assessment. In a 
normal valve, the ratio of anterior to posterior leaflet height is 3:1 
and the ratio of the anterior leaflet length to the anteroposterior 
annulus diameter is 2:3.

The anteroposterior diameter of the annulus is the most impor-
tant measurement for the surgeon approaching a repair. Annular 
shape and motion should also be evaluated, including the presence 
of calcification, which is more frequently seen in the posterior part 
of the annulus.

The measurement of the anteroposterior diameter is best per-
formed in views that interrogate the anteroposterior axis of the 
valve (usually the mid-oesophageal long-axis view at about 120°). 
The commissural diameter can be measured in the two-chamber 
long-axis view at around 60°. By comparing the anteroposterior 

diameter to the commissural diameter it is possible to demon-
strate the annular shape. Under normal conditions, the annulus 
is oval and the two diameters are in a ratio of 2:3 with the shortest 
diameter in the anteroposterior plane (% Fig. 66.9). When pos-
terior annulus dilation occurs, both diameters are equal, as the 
annulus becomes circular in shape. The annulus shortens by about 
30% of its length during systole, mainly in the posterior part, con-
tributing to mitral competence during the systolic phase of the 
cardiac cycle. This systolic change can be evaluated by measuring 
the diameter both in systole and diastole, or by sampling the annu-
lus with tissue Doppler imaging (TDI). This evaluation is helpful 
in the setting of ischaemic MR, and may help to decide if moderate 
MR will benefit from annuloplasty combined with revasculariza-
tion, or from revascularization alone.

Mid-oesophageal views and the transgastric long-axis view 
allow good visualization and evaluation of chordae tendineae. 
These views may demonstrate elongated, shortened, or ruptured 
chordae. Elongated chordae or ruptured secondary chordae may 

Box 66.2 Perioperative echocardiography in mitral valve disease

The pre-bypass examination should aim to:
◆	 Confirm preoperative diagnosis
◆	 Evaluate morphology and function of the mitral valve 

apparatus
◆	 Determine the mechanism of regurgitation
◆	 Assess the severity of regurgitation
◆	 Assess the feasibility of repair
◆	 Check for other cardiac structural and functional 

abnormalities.

The objectives of post-bypass examination are:
◆	 Assessment the result of the surgical procedure
◆		Evaluation of ventricular function
◆		Detection of complications.

Fig. 66.8 Mitral valve regurgitation. Mid-oesophageal two-chamber view. 
The colour Doppler evaluation reveals a regurgitant jet in the anterior 
commissural area confirming the P1 prolapse.

Fig. 66.9 Annular diameter of the mitral valve. Anteroposterior and 
commissural diameter measurement, respectively in long axis view at 140° and 
in commissural view at 60°.
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result in leaflet prolapse or billowing. Rupture of a primary cord 
may result in a flail lesion (% Fig. 66.10); a shortened cord may 
cause restricted leaflet excursion. The same views allow visualiza-
tion and evaluation of any abnormality of the papillary muscles, 
including fibrosis, calcification, or rupture.

Evaluation of the LV should always complete a systematic 
perioperative assessment of the mitral apparatus. Wall motion 
abnormalities (WMAs) or aneurysm may cause MR due to altered 
ventricular geometry in ischaemic disease [32]. The use of live 
3D TOE now allows for a complete and quick assessment of MV 
anatomy prior to and following MV surgery.

Ischaemic mitral regurgitation

In patients with MR caused by coronary artery disease (CAD), 
valve anatomy is usually normal. The regurgitation is caused by 
ventricular dysfunction which often is associated with changes in 
LV geometry [31]. TOE is used to:
◆		 measure the anteroposterior annular diameter in the appropri-

ate view
◆		 assess annular motion
◆		 demonstrate outward papillary muscle displacement with 

increased interpapillary distance, increased tethering forces on 
the edges of the leaflets, and apical displacement of the coapta-
tion point

◆		 distinguish between symmetric and asymmetric tethering.

Application of TOE information to surgical repair

Annular contractility may be assessed by measuring anteropos-
terior diameter, by TDI sampling of posterior annulus velocities, 
and also by using low-dose dobutamine or atrial pacing with epi-
cardial electrodes [33]. Annular shortening by one-third and an 
increase in systolic velocity indicate the presence of viable myocar-
dium and predict recovery after revascularization. In this case, the 
patient may be treated by revascularization without annuloplasty. 

If no systolic shortening and no increase of systolic velocity can 
be induced, revascularization should be complemented by an 
annuloplasty. In ischaemic MR, a basal anteroposterior annular 
diameter larger than 34 mm has a negative predictive value similar 
to stress testing.

In chronic ischaemic cardiomyopathy, TOE shows restricted 
leaflet movement, outward displacement of the papillary muscles, 
and the downward displacement of the coaptation point. The teth-
ering pattern can be graded by measuring the tenting area and the 
coaptation depth (the distance from the annular plane to the coap-
tation point). A tenting area greater than 4cm2 and a coaptation 
depth greater than 1.1 cm are considered severe. In many centres 
these are contraindications to annuloplasty and may indicate a 
need for surgical LV reconstruction.

Symmetric tethering is often caused by an akinetic anterior wall 
or global LV dysfunction. colour Doppler interrogation shows 
a centrally originating and centrally directed regurgitant jet. This 
should not be confused with a central jet due to annular dilation in a 
Carpentier’s class I lesion. Asymmetric tethering is often caused by a 
WMA of the inferior wall with a posteriorly directed regurgitant jet.

These data help to understand the mechanism of the ischaemic 
MR, and guide surgical decision-making [34,35].

Feasibility of repair

The feasibility of MV repair depends on valve function and mor-
phology, as assessed by TOE before CPB. In modern practice, the 
only contraindication to repair of a MV with organic disease is 
extensive calcification of the annulus and/or leaflets. In the setting 
of ischaemic/functional regurgitation, the limiting factor is severe 
LV dysfunction with inadequate viable myocardium.

Post-bypass assessment of the repair

After the repair, a systematic evaluation of the MV should be 
undertaken to detect residual regurgitant jets. The examination 
is performed after complete weaning from CPB, and only after 
preload, afterload, and systolic function have been stabilized. If 
there is any residual MR after the repair, both the severity and 
mechanism should be assessed and compared with the pre-bypass 
status. The haemodynamic conditions immediately after CPB 
should be corrected before any decision on grading of the severity 
of regurgitation is undertaken [36,37], in order to avoid underesti-
mating the severity of regurgitation. A trivial or mild residual jet is 
acceptable. If the residual regurgitation is greater, a decision has to 
be taken to either accept the unfavourable result, to go for a second 
pump run to perform a second repair, or to replace the valve.

A systematic exam should detect the mechanism causing a failed 
repair. For example, in case of fibroelastic deficiency with leaflet 
flail repaired with artificial cords, residual prolapse with regurgi-
tation may be due to the artificial cords being too long; or in a 
valve with degenerative disease treated with quadrangular resec-
tion and annuloplasty, a residual jet could be due to an incomplete 
annuloplasty. When a complex repair has been performed and 
moderate residual regurgitation is detected, it is important to con-
sider the risk of a second pump run, for example, in the presence 
of advanced age and severe LV dysfunction.

Fig. 66.10 Rupture of a mitral valve primary cord. Three-dimensional short-
axis view of the mitral valve showing a ruptured cordae.
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Complications of mitral valve repair

The post-bypass TOE may identify such complications and guide 
corrective steps:
◆		 residual regurgitation
◆		 systolic anterior motion of the leaflets with dynamic LV outflow 

tract (LVOT) obstruction
◆		 mitral stenosis
◆		 coronary artery damage
◆		 annular avulsion
◆		 aortic valve damage.

Limitations

Accurate assessment of the severity of MR in the operating 
room is more difficult than in the awake patient because general 
anaesthesia, muscle relaxation, and intermittent positive pres-
sure ventilation may cause vasodilation and hypotension. These 
haemodynamic changes result in a falsely reduced degree of MR 
in most anaesthetized patients [37]. Steps should always be taken 
to ensure that the haemodynamic conditions during assessment 
mimic those of the awake state.

Left ventricular assessment
Perioperative evaluation of LV function serves to obtain baseline 
information on ventricular function, detect acute changes of sys-
tolic and diastolic function, and guide treatment. Such evaluation 
is recommended in all patients undergoing cardiac surgery, and in 
patients with unexplained haemodynamic instability [38].

As an intraoperative monitor, TOE is unique in providing high-
quality real-time imaging to monitor regional and global systolic 
LV function as well as diastolic function. A systematic echocardio-
graphic study is described in Chapter 20.

In perioperative practice, WMAs are not uncommon. 
Alterations in preload and cardiac conduction can induce mild 
WMA [39]; however, a significant change in wall motion score 
may indicate new onset ischaemia for which therapy is needed.

Study of left ventricular systolic function
Intraoperative assessment of systolic function primarily relies on 
dynamic quantification of LV chamber diameters, areas and vol-
umes during systole and diastole (see % Chapter 20) (% Fig. 66.11).

In the intraoperative setting, changes in LVOT and/or AoV 
velocity time integrals are reliable substitutes for quantitative 
changes in cardiac output since LVOT and AoV area are unlikely 
to change.

Study of left ventricular regional contractility
Episodes of myocardial ischaemia may cause abnormal myocar-
dial contractility. For perioperative assessment of WMAs, the 17 
segments can be investigated through the mid-oesophageal and 
transgastric views (% Fig. 66.12). Although the transgastric short-
axis view at mid-papillary level visualizes myocardial regions 

supplied by all three main coronary arteries (% Fig. 66.13), it may 
miss the majority of WMA during surgery [40].

Echocardiographic diagnosis of acute ischaemia requires marked 
deterioration in segmental wall motion. Acute ischaemia is sus-
pected when segmental wall motion score deteriorates by two grades 
on a five-grade scale, or by one grade on a four-grade scale. The 
five-grade scale is recommended for perioperative use because it 
differentiates between mild and severe hypokinesia [41]. Both radial 
shortening (endocardial inward motion) and myocardial thicken-
ing should be considered in the analysis of regional wall motion 
for detection of myocardial ischaemia since endocardial motion is 
affected by rotational or translational movement of the heart.

A newer method for evaluation of regional myocardial con-
tractility is TDI and myocardial deformation analysis, although 
specific experience in the perioperative setting is limited. For 
example, analysis of myocardial velocities during coronary occlu-
sion may assist in the decision process to insert a coronary shunt 
in patients undergoing off-pump bypass surgery [42].

Diastolic function

The evaluation of diastolic function is extensively addressed in 
Chapter 21. TOE allows intraoperative evaluation of diastolic 

Fig. 66.11 Fractional area change assessment. Transgastric short-axis views at 
end-systole and end diastole for calculation of fractional area of change.
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phases through measurement of transmitral and pulmonary vein 
flow velocities, the application of colour Doppler M-mode, and 
TDI of the mitral annulus (% Figs 66.14 and 66.15).

The aortic valve
A protocol for examining the AoV and aortic root with TOE is 
given in Chapter 6.

Assessment of aortic valve stenosis
Patients presenting for surgical AoV replacement require a detailed 
preoperative echocardiographic assessment including a descrip-
tion of AoV morphology and a quantification of flow velocity, 
pressure gradient, and AoV area. Whilst confirmation of the diag-
nosis is valuable, verification of the exact degree of stenosis may be 
difficult during surgery. The intraoperative examination may help 
to identify the dimensions of the aortic annulus, the LVOT, the 
diameter across the sinuses of Valsalva, the sinotubular junction, 
and the ascending aorta. These details may aid surgical planning; 
the sinotubular junction diameter is important in patients under-
going valve replacement with a stentless prosthesis.

Assessment of aortic valve regurgitation

Patients with severe aortic regurgitation (AR) requiring AoV 
surgery need to be assessed in detail preoperatively as well. The 
intraoperative exam confirms the severity of regurgitation but is 
particularly useful for exact quantification of the aortic annulus 
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and aortic root. Pressure half-time (PHT) decay of the AR flow rate 
is susceptible to alterations in haemodynamics, the AR index is 
more commonly used to assess the severity of AR intraoperatively. 
It consists of five echocardiographic parameters: jet width/outflow 
tract ratio, vena contracta width, PHT, jet density, and diastolic 
flow reversal in the descending aorta. Each parameter is scored on 
a 3-point scale from 1 to 3. The AR index is calculated as the sum 
of each score divided by the number of parameters. This index, 
though valuable, is less useful in patients with eccentric regurgi-
tant jets and multiple jets. The presence of holodiastolic flow in the 
descending aorta is another useful indicator of severe AR.

The presence of a lesser degree of regurgitation may be an 
important finding for the surgical team in any cardiac surgical 
patient. Even mild AR may compromise the delivery of cardiople-
gia solution into the aortic root, and care must be taken to prevent 
LV distension and ensure adequate distribution of cardioplegia.

AR will eventually cause LV dilation. Dilation of the mitral 
annulus may ensue, with a central jet of MR being a classical fea-
ture. Thus any patient with AoV disease should have a detailed 
examination of the LV and MV function perioperatively.

The thoracic aorta
Perioperative evaluation of the thoracic aorta is valuable in a vari-
ety of settings. In patients with known aortic disease, including 
aortic dissection and aortic aneurysm, it may play a vital role in 
surgical planning. In other adult cardiac surgery patients, evalua-
tion for aortic atheroma may give important information to guide 
surgical cannulation and device placement, and may also be use-
ful for prognostic reasons. A protocol for examining the thoracic 
aorta with TOE is given in Chapter 6.

TOE imaging of the thoracic aorta is subject to the same con-
siderations of safety and risk assessment as TOE imaging of any 
other structure. In patients with an aortic aneurysm or dissec-
tion, haemodynamic stability is of highest importance. Passage of 
a TOE probe can be a strong cardiovascular stimulus and cause 
severe hypertension even in an anaesthetized patient, which may 
increase the risk of aortic rupture.

TOE may be used to monitor device placement, including 
endovascular stents in the thoracic aorta and intra-aortic balloon 
catheters.

Aortic dissection
TOE has long been recognized as having an important role in the 
diagnosis of aortic dissection [43]. Image quality is usually excel-
lent, particularly in the most important area for the surgeon—that 
is, at the level of the aortic root and proximal ascending aorta. 
Difficulty in imaging the ascending aorta and aortic arch is a 
drawback. Although TOE usually provides striking images of the 
dissection, this is not invariable. TOE examination protocol in 
case of aortic dissection is described in Chapter 53.

Accurate TOE imaging of aortic dissection may be confounded 
by a number of artefacts. These include reverberation or side lobe 
artefacts masquerading as an intimal flap, and reverberation arte-
facts within the aortic lumen. Intravascular catheters and other 

devices may generate artefacts also, but these can usually simply 
be moved or removed.

Aortic aneurysm
The TOE exam should be directed to assessing the location and 
size of the aneurysm, although the size may differ slightly from an 
assessment by CT or CMR (see also % Chapter 53). The involve-
ment of any other structures should be sought, particularly the 
AoV. This may enable surgical planning to consider the need for 
either replacing, repairing, or resuspending the AoV.

Aortic atherosclerosis
Intraoperative detection of atheroma by TOE has been associated 
with a higher incidence of early and late cerebral and peripheral 
embolic events [44,45]. Identification of atheroma in the descend-
ing aorta during cardiac surgery is important, not simply because 
it may lead to peripheral embolization if it becomes detached 
for any reason, but also because it predicts atheroma both else-
where in the aorta and in other vessels [46] and correlates with an 
increased incidence of stroke [47,48].

Ultrasound imaging has been shown to be superior to surgical 
digital palpation at detecting all types of atheroma apart from hard 
calcified plaque [49,50]. However, the distal ascending aorta and 
aortic arch are not routinely visible during TOE. An obturator has 
been described to circumvent this problem [51], but alternatively 
epivascular scanning has been shown to be more effective than 
TOE for imaging these areas [52].

Aortic trauma
Rapid deceleration may produce a transverse injury to the aorta, 
usually at the level of the aortic isthmus [53]. This area is immedi-
ately proximal to the immobile descending aorta, and immediately 
distal to the mobile aortic arch. It may occur as a full or partial 
thickness injury, involving the media and intima, or all three lay-
ers. Most of these injuries prove immediately lethal, and early 
surgery may be indicated in many of the survivors.

TOE may provide an effective and rapid imaging technique for 
diagnosing traumatic injury to the aorta, and also has the benefit 
of providing a comprehensive imaging assessment of the heart and 
other vessels.

Localization of devices
Perioperative TOE may guide appropriate placement of endo-
vascular devices, including endovascular stents and intra-aortic 
balloon pump (IABP) catheters. Endovascular stenting is fre-
quently undertaken under X-ray screening, but TOE may have a 
role in assessing the aorta pre-procedure and in follow-up.

Accurate IABP catheter placement is important to ensure opti-
mum counter-pulsation. The catheter tip should ideally be located 
2 cm distal to the left subclavian artery, or several centimetres 
distal to the junction of the aortic arch and descending aorta. If 
imaging these structures is difficult, an alternative is to image the 
AoV, identify the level of the AoV leaflets, and then rotate the 
probe through 180° to image the descending aorta, and position 
the IABP catheter tip at the level of the aortic leaflets.
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Other conditions
Atrial myxoma
Although the provisional diagnosis of myxoma will have been 
made before surgery, intraoperative TOE is valuable to identify 
any residual tumour and assess damage to the valve apparatus or 
inter-atrial septum that might have occurred either before or dur-
ing surgery and need subsequent repair.

Thrombus
Thrombus in the left atrium is easily seen with TOE due to the close 
proximity between the oesophagus and the left atrium. Factors 
promoting left atrial thrombus are associated with blood stasis and 
include atrial fibrillation, significant left atrial enlargement that 
may be associated with LV dysfunction, mitral stenosis, and mitral 
prosthesis. The presence of spontaneous echo contrast is also an 
indicator of sluggish blood flow. Screening the LV for thrombus 
should be undertaken in high-risk cases, as the presence of LV 
thrombus in patients undergoing CABG surgery will alter the 
surgical plan. TOE is very sensitive for detecting an LV thrombus 
but artefacts need to be carefully excluded. Owing to the distance 
between the probe and the pathology, TTE may be more suitable 
for diagnosing or excluding presence of an apical thrombus.

Pericardial effusion
Surgical drainage of a pericardial effusion may be performed 
under TOE guidance. It is particularly useful for posteriorly 
located effusions and allows immediate evaluation of the result.

Haemodynamic monitoring in the  
operating room
TOE is an invaluable tool for intraoperative haemodynamic mon-
itoring. Continuous observation of dimensional changes—in a 
semiquantitative way (through ‘eyeballing’), or with serial quanti-
fications of performance indicators as described above—provides 
essential information on volume status and on biventricular sys-
tolic as well as diastolic performance [54,55].

If haemodynamic instability occurs, multiple causes need to 
be considered including arrhythmias, pericardial tamponade, 
dynamic obstruction of the LV outflow tract, dysfunction of native 
or prosthetic valves, and sepsis.

In clinical practice, LV end-diastolic pressure and/or volume 
serve as surrogate indices of preload. For the sake of clinical fea-
sibility, volume status is estimated from LV end-diastolic area 
or diameter in the transgastric short axis. However, anaesthesia, 
muscle paralysis and intermittent positive pressure ventilation 
affect LV volumes, and reported values for end-diastolic diameter 
and area during surgery are usually smaller than normal values in 
the awake population [56]. In addition, although there is a linear 
correlation between the amount of blood lost and the LV end-
diastolic area, adequacy of preload cannot be estimated without 
knowing the baseline end-diastolic area. The reason is that ‘ade-
quate’ end-diastolic area greatly varies depending on pre-existing 
cardiac disease [57].

Several alternative surrogate indices of preload have been 
proposed [58,59]. These indices are based on assessment of trans-
mitral flow by Doppler echocardiography, TDI of the septal or 
lateral mitral annulus, and Doppler recordings of the pulmonary 
venous flow. However, these indices were developed based on 
studies in awake patients or patients in the intensive care unit, and 
it remains to be proven whether the findings can be generalized 
to anaesthetized, paralysed, and mechanically ventilated patients 
in the operating room. In addition, the indices were found to be 
unreliable even in awake patients with decompensated systolic 
heart failure [60].

The question of generalizability also applies to newer indices 
of systolic function and regional contractility. For example, peak 
systolic velocity of the mitral annulus obtained by TDI in patients 
anaesthetized with sevoflurane was significantly lower than the 
values obtained before induction of anaesthesia [61]. Similarly, 
studies on normal values of strain and strain rate in anaesthetized 
surgical patients are scarce.

Minimally invasive cardiac surgery
New surgical techniques have been developed to reduce tissue 
trauma (e.g. port-access surgery) and/or obviate the use of CPB 
(off-pump surgery) [62]. Successful valve surgery can be per-
formed via a mini-sternotomy (AoV) or mini-thoracotomy (MV) 
in selected patients but the procedures are a challenge to the entire 
team. Cannulae required to install the extracorporeal circuit, 
cross-clamp the aorta, administer cardioplegia, and vent the heart 
are all positioned using endovascular techniques. Intraoperative 
TOE is crucial for correct placement of these catheters and pro-
vides an indispensable window to monitor the heart while being 
manipulated and repaired in the absence of a direct surgical view 
[63]. Venous CPB cannulae are inserted via the femoral vein and 
advanced to the right atrium. Correct movement of the guidewire 
and cannula is confirmed at the level of the inferior caval vein and 
then navigated in bicaval view until the tip sits at the junction of 
the atrium and SVC (% Fig. 66.16). Alternatively, a separate can-
nula can be inserted in the SVC via the internal jugular vein under 
TOE guidance.

In port-access surgery for mitral repair, aortic cross-clamping 
is performed with an endovascular balloon (endoclamp). An 
ascending aorta diameter in excess of 40 mm is a contraindi-
cation for this technique since even a fully inflated balloon will 
not guarantee complete aortic occlusion in that condition. After 
the aorta has been inspected with TOE to exclude significant 
atheromatous disease, a balloon-tipped catheter is advanced ret-
rogradely from the femoral artery to the ascending aorta under 
TOE guidance. The mid-oesophageal long-axis view of the 
ascending aorta is used to monitor the position of the guidewire 
which should not pass the AoV (% Fig. 66.17). This view is also 
used to guide and position the balloon tipped catheter to level 
exactly with the sinotubular junction. During balloon inflation 
TOE imaging is essential to watch for migration of the bal-
loon (% Fig. 66.18). Proximal migration can result in prolapse 
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through the AoV while distal migration may occlude the ostium 
of the right brachiocephalic artery. The endoclamp is equipped 
with a distal lumen for the administration of cardioplegia. Aortic 
insufficiency is a contraindication for this technique and should 
be excluded. Colour Doppler is used to verify run off of the car-
dioplegic solution towards the coronary ostiae. Alternatively, 
retrograde cardioplegia is administered via a catheter in the 
coronary sinus. This catheter is inserted in the jugular vein and 
directed under TOE guidance in modified bicaval view (150°) to 
locate both the SVC junction and the entry of the coronary sinus 
simultaneously.

The interatrial septum should be inspected since a PFO or IAS 
defect can cause aspiration of air from the opened left atrium into 
the extracorporeal circuit. At completion of surgery the TOE exam 
should pay specific attention to residual intracardiac air prior to 
weaning from CPB as venting is particularly difficult in minimal 
invasive surgery. Finally a complete study of the aorta should be 
performed to exclude aortic dissection [64].

Heart transplantation
Echocardiography has an established place in the evaluation of 
donor hearts. Intraoperative TOE can be useful during organ 
harvesting in haemodynamically unstable donors since cardiac 
function may have deteriorated since the initial echo assess-
ment. Its utility during organ transplantation is undisputed. TOE 
monitoring of biventricular function assists in the haemodynamic 
management of the recipient in the pre-bypass period [65].

TOE is most important in the assessment of the newly implanted 
heart for immediate functional evaluation as well as inspection 
of the surgical anastomoses with Doppler. It is not uncommon 
for the reperfused LV to appear small and hypertrophic. This 
is believed to be due to myocardial oedema. Likewise, marked 
paradoxical septal motion is common immediately after heart 
transplantation. The primary cause of haemodynamic instability 
in patients after heart transplantation is right ventricular dysfunc-
tion that can readily be diagnosed with TOE. LV dysfunction is 
less common and often the result of poor organ protection. It is 

Fig. 66.16 Positioning of the venous CPB cannula 
with the tip at SVC junction (arrow).

AoV

Fig. 66.17 The retrograde aortic guidewire (arrow) monitored in the mid-
oesophageal long-axis view of the ascending aorta.

Aortic
Valve

Fig. 66.18 Inflated balloon (endoclamp) in the ascending aorta.
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typically transient and responsive to inotropic support although 
more dramatic scenarios such as failure due to hyperacute rejec-
tion have been reported. TOE is particularly useful to monitor the 
response to inotropic and vasoactive therapy in the immediate 
post-implantation period. A post-bypass TOE assessment should 
include inspection of the cardiac valves as functional abnormali-
ties may occur due to anatomical distortion of the annulus or size 
mismatch [66].

Placement of mechanical assist devices
Echocardiography is fundamental for the perioperative manage-
ment of patients receiving left ventricular assist device (LVAD) 
support. The echocardiographic evaluation of cardiac and device 
performance at any stage of the procedure, the prompt detection 
of complications, the management of haemodynamic instability, 
and the assessment of native LV function recovery for weaning 
make this non-invasive bedside imaging technique invaluable. 
The main goals are [67,68]:

◆	 preoperative evaluation of cardiac morphology and function to 
plan device implantation, anticipate complications, and rule 
out contraindications to the procedure

◆	 intraoperative assessment to guide correct positioning of the 
inflow and outflow cannulae and to evaluate flow through the 
VAD as well as native LV ejection through the outflow tract 
(LVOT) and opening AoV

◆	 postoperative follow up to diagnose acute complications, 
exclude device malfunction and monitor for signs of myocar-
dial recovery in patients with a temporary VAD.

Inflow and outflow cannulae are better visualized with TOE 
because there is less acoustic shadowing. However, flow patterns 
can be assessed with TTE using standard axis and off-axis views 
(respectively apical and the right long-axis parasternal view) in 
most patients [69].

Objectives of the preoperative exam are summarized in % Boxes 
66.3 and 66.4, and % Table 66.1 [70]. The intraoperative echo 
serves to navigate cannula insertion and confirm their correct 
position and function. A critical step is the transition between the 

end of the implantation and the initiation of circulatory support. 
At this stage echo should focus on the following:
◆	 The presence of residual air in the ascending and descending 

aorta, the LV apex, the left appendage and the site of surgical 
anastomosis (thoracic aorta views and mid-oesophageal LV 
views); all air should be removed before activation of the device 
[68,70].

◆		 Adequacy of LVAD circulatory support and its effect on biven-
tricular function [68]. The indicators of an optimal LVAD 
function are small size of LV and LA with a mild leftward shift 
of the interventricular and interatrial septum, adequate RV sys-
tolic function with only mild degree of tricuspid regurgitation 
(TR), discrete opening of the AoV with partial LV ejection frac-
tion (EF) through the LVOT.

◆		 Valve function: generally LVAD support reduces pre-existing 
AoV-valvular insufficiency. Persistent MR can indicate inad-
equate unloading of the LV. Echo assessment can help to adjust 
the pump speed to reduce the degree of the MR. TR generally 
decreases with the VAD placement and reduction in pulmonary 
artery pressure. Excessive pump flows may overload the RV and 
increase TR. AR can significantly impair VAD efficiency due to 
‘futile cycling’. Reductions in pump flow should be considered 
to correct this [68].

◆		 Cannula-flow pattern: the inflow cannula should be ade-
quately aligned with the MV opening (check with the TOE 
mid-oesophageal four-chamber view to visualize the eventual 
direction toward the IVS, and with the TOE mid-oesophageal 
two-chamber view to realize any anteroposterior deviation  
of the intraventricular cannula). When the alignment is correct, 
the flow is normally laminar and directed from the ventricle to 
the device. Flow turbulence suggests cannula obstruction or 
malpositioning. The outflow cannula is generally well visualized 

Box 66.4 Echocardiographic technique applied for right ventricular 
evaluation before LVAD insertion

2D echo (TTE four-chambers apical view, SAX PAX, inflow–out-
flow view
TOE ME four-chamber view, ME inflow–outflow view, TG SAX 
and LAX view)
RV dimensions and septal kinetic
M-mode (TTE four-chamber apical view, TOE ME four-chamber 
view, ME inflow–outflow view)
TAPSE, SF
Doppler-modality (TTE four-chambers apical view, SAX PAX, 
inflow–outflow view, TOE ME four-chamber view, ME inflow–out-
flow view)
Tricuspid regurgitation
TDI (TTE four-chambers apical view, TOE ME four-chamber view)
Myocardial velocities (lateral annulus systolic velocity)
3D.
Short axis (SAX), parasternal (PAX), mid-oesophageal (ME), transgastric 
(TG), long axis (LAX), tissue Doppler imaging (TDI), shortening fraction (SF).

Box 66.3 Echo information required by the preoperative echo 
assessment

LV morphology and function (systolic and diastolic), left atrial 
volume
RV chamber dimensions and systolic function (TR and 
 pulmonary artery systolic pressure)
MV and TV anatomy and function
PFO and other septal abnormalities
Intracardiac clots/ventricular scar (cannulation site)
AV morphology and degree of AR
Ascending aorta.
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in the upper oesophageal ascending aorta long-axis view at the 
level of the right pulmonary artery. The flow pattern can be 
investigated with the Doppler techniques (pulsed wave, con-
tinuous wave) and with the colour-flow Doppler modality. Low 
peak velocities of 1–2 m/s are characteristic of a normal flow in 
absence of angulations or other malposition of the cannula [71].

◆		 PFO: a new finding PFO can affect haemodynamics in 20% of 
the LVAD patients. When the LA pressure decreases as conse-
quence of the unloading of the LV a gradient can occur between 
the two atria and an interatrial shunt can be revealed [72].

The postoperative echocardiography exam is used to verify opti-
mal LVAD function and rule out complications (% Table 66.2). 
Hypovolaemia, pulmonary embolism, acute RV failure, cardiac 
tamponade, and LVAD malfunction are the most important causes 

Table 66.1 Echocardiographic findings of acute RV failure and 
predicting risk factors of RV failure after LVAD insertion

Echocardiographic 
findings of RV failure

Echocardiographic values predicting RV post-
LVAD placement failure

High-risk patients Low-risk patients

RV enlargement RV EDD > LV EDD (ratio > 
0.7)
IVS leftward shift
RV EDV > 200 mL

RV reduced contractility
TR
Increased RAP
Pulmonary 
hypertension

RV FAC ≤ 20% TAPSE ≤ 7.5 
mm
Moderate to severe; annular 
dilation
interatrial septal motion, 
tricuspid diastolic inflow, 
inferior vena cava size/
hepatic flow pattern
transpulmonary gradient > 
15 mmHg
PVR > 4 wood units

TAPSE 12–16 mm
RV FAC 20–40%
Moderate TR with 
increased PAP

EDD, end diastolic diameter; EDV, end diastolic volume; PAP, pulmonary artery pressure; 
PVR, pulmonary vascular resistance; RAP, right atrial pressure; RV FAC, right ventricle 
fractional area change; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid 
regurgitation.

Table 66.2 Haemodynamic instability: the main causes that can be 
detected by echo

Hypovolaemia Small size LV and RV chambers

Acute RV 
dysfunction

Dilated, hypokinetic RV, functional TR, small LV, 
intermittent obstruction of the cannula by the 
collapsed LV

Cardiac  
tamponade

Loculated compression of any cardiac chambers

LVAD  
dysfunction

Rightward shift of the IVS, functional MR with annulus 
dilation, AoV opening at any cardiac cycle, regurgitant 
flow through both cannulas

Pulmonary 
hypertension

Continuous wave D gradient > 15 mmHg

Hypertensive 
emergencies

Dilated LV, worsening of the MR, peak outflow cannula 
velocities ≥ 2 m/s, minimal AoV opening

Table 66.3 Intraoperative echo assessment

Echo 
assessment

Adequate 
LVAD

Inadequate LVAD Inadequate 
LVAD

LV structure 
and function 
after the LV 
unloading

Mild leftward 
shifting of the 
IVS and IAS due 
to the reduction 
of the LV and 
LA size

Rightward shift of 
the IVS and the 
IAS (sub-optimal 
circulatory 
support, device 
dysfunction, cannula 
obstruction)

Excessive leftward 
shift of the 
septum due to 
the excessive LV 
unloading (too 
high pump speed, 
TR, RV)

IAS, interatrial septum; IVS, interventricular septum IVS; LVAD, left ventricular assist device.

Box 66.5 The acquisition of both the linear dimension and the 
functional parameters of the LV chambers are strictly influenced by 
the modality of the mechanical circulatory support

Pulsatile LVAD
◆	 Systolic and diastolic changes of the native LV chamber are 

not generally synchronized with the filling and ejection pro-
vided by the device

◆	 Left ventricular end-diastolic diameter (LVEDd) not always 
matches with the electrocardiographic end diastole phase

◆		The acquisition of the greatest LVEDd should be performed 
throughout various cardiac cycles.

Continuous LVAD
◆		The mechanical support is maintained constantly in time
◆		LVEDd is dependent on the pump speed
◆		The chamber dimensions are easier to measure.

LVEF
LVEF evaluation according to the standard echo modalities
The acquisition of this can be limited by the paradoxical septal 
motion, asynchrony of the support, and, especially in TTE evalua-
tion, by the suboptimal apical view.

of acute haemodynamic instability. When LVAD dysfunction is 
suspected (pump alarm, severe haemodynamic instability, low 
cardiac output (CO) state), echocardiography should focus on:
◆		 position of the interventricular and the interatrial septum 

(% Table 66.3)
◆		 RV function and the degree of TR: RV function generally 

improves after LVAD application with significant reduction of 
the pulmonary artery pressure and degree of TR [73]

◆		 tamponade: the typical features of tamponade are lacking in the 
presence of a LVAD. The finding of a loculated, small amount 
of blood can be suggestive of cardiac tamponade when no other 
causes are found in an unstable LVAD patient.

Echocardiography should also be used for weaning from tempo-
rary LVADs. There are no uniformly accepted echocardiographic 
criteria but instantaneous and dynamic changes can guide the 
decision-making based on clinical and haemodynamic stability. 
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The type and modality of VAD should also be taken into consid-
eration when interpreting echo data (% Box 66.5).

Conclusion
Perioperative echocardiography has shown enormous growth in 
recent years. Whilst it should not be used for primary diagno-
sis, it is invaluable for confirming and refining the preoperative 

diagnosis, detecting new or unsuspected pathology, adjusting the 
anaesthetic and surgical plan accordingly, and assessing the results 
of surgical intervention. It is now routinely performed in the set-
ting of most cardiac operations and in many non-cardiovascular 
operations. Often, it is the first imaging approach in conditions 
of clinical instability in surgical patients. The possibility to assess 
both morphology and function provides an immediate overview 
on the most critical conditions occurring before, during, and after 
surgery.
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CHAPTER 67

Coronary artery imaging
Andreas Hagendorff, Ivan Stankovic, and 
Masaaki Takeuchi

Summary
Transthoracic and transoesophageal echocardiography allows comprehensive evaluation 
of cardiac morphology of the myocardial structures. The imaging of native proportions 
of the coronary artery tree by echocardiography is not routinely performed in the clinical 
routine in spite of its feasibility. Recent rapid advances in both the software and hard-
ware components of ultrasound systems enable a non-invasive delineation of important 
proportions of the coronary artery tree by cardiac ultrasound. However, intravascular 
ultrasound remains the main ultrasound-based modality to conclusively demonstrate 
coronary anatomy.

Visualization of native coronary arteries
In transthoracic two-dimensional echocardiography the native proximal proportions of 
the right coronary artery (RCA), the left main stem and the bifurcation of the proximal 
circumflex artery (RCX) and proximal left anterior descending artery (LAD) can be visu-
alized using parasternal short-axis views (% Fig. 67.1). In addition the middle proportion 
of the LAD can be documented by lateral tilting of the standardized parasternal long-axis 
view into the anterior interventricular groove (% Fig. 67.2), and the middle proportion 
of the RCA by medial tilting of the standardized parasternal long-axis view into the pos-
terior interventricular groove (% Fig. 67.3). Visualization of proportions of the RCX is 
rarely possible in the lateral epicardial regions by oblique views dorsal to the standardized 
apical four-chamber view, whereas again the proximal proportions of the LAD and the 
RCA can be documented by oblique views dorsal or ventral to the standardized four-
chamber view.

In transoesophageal two-dimensional echocardiography, the documentation of the left 
main stem and the proximal proportion of the RCA in a short-axis view of the aortic 
root is possible. Almost the complete RCX can be visualized by dorsal tilting of the two-
chamber view into the posterior region of the mitral valve annulus (% Fig. 67.4).

In contrast to the native visualization of coronary arteries, the colour-coded two-
dimensional imaging of coronaries as well as transthoracic Doppler echocardiography 
of coronary flow is established in the clinical routine for determination of coronary flow 
velocity reserve (CFVR).

Although complete assessment of all three major coronary arteries by Doppler echo-
cardiography with various success rates has been reported, evaluation of the LAD and of 
a part of the posterior descending coronary artery (PDA) are the most frequently per-
formed in the clinical practice and will therefore be described in detail.
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(a)

main stem
RCA

LAD

RCX

(b)

Fig. 67.1 Native visualization in two-dimensional 
transthoracic echocardiography using the 
parasternal short-axis view of the aortic root:  
(a) orifice of the main stem; (b) proximal parts of the 
right coronary artery (RCA), left anterior descending 
artery (LAD), and circumflex artery (RCX).

Fig. 67.2 Transthoracic visualization of the longitudinal planes of the middle proportion of the LAD in the anterior interventricular groove. Red circles show the 
proportion of the vessel.

Fig. 67.3 Transthoracic visualization of the 
longitudinal and cross-sectional plane of the middle 
proportion of the right coronary artery in the 
posterior interventricular groove. Red circles show 
the proportion of the vessel.

Fig. 67.4 Transoesophageal visualization of the 
longitudinal planes of the middle proportion of 
the circumflex artery in the region of the posterior 
mitral annulus. Red circles show the proportion of 
the vessel.
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after administration of a vasodilator. In patients with normal 
coronary arteries, adenosine-induced changes in blood flow 
velocities are mainly reflective of coronary microcirculatory 
resistance, while in patients with epicardial coronary artery 
stenosis, coronary flow reserve is used to assess the functional 
significance of intermediate (50–70%) stenoses. Depending 
on several factors (age, gender, concomitant medication, cof-
fee consumption, etc.), resting coronary blood flow normally 
increases four- to fivefold during vasodilatation, whereas 
flow-limiting coronary lesions requiring revascularization are 
associated with a less than twofold increase of baseline blood 
flow (% Fig. 67.6).

Imaging settings for coronary flow 
velocity reserve determination
Coronary arteries are searched using a multifrequency trans-
ducer with second harmonic capabilities and colour Doppler 
mapping. For detecting the distal part of the LAD which is 
located close to the chest wall, higher probe frequencies (4–8 
MHz) are preferred, while the deeply located PDA and RCX 
may be visualized with lower (3.5–5 MHz) probe frequencies. 
Once diastolic colour signal is visualized, pulsed wave (PW) 
Doppler, with a sample volume of 3–4 mm is used to record 
blood flow velocity. The angle between the ultrasound beam and 
presumed coronary blood flow direction should be low (< 40°), 
while the angle correction is not needed as the CFVR is not an 
absolute value, but the ratio between hyperaemic and baseline 
blood velocities.

Visualization of normal resting 
coronary blood flow
Epicardial coronary blood flow shows a biphasic pattern with 
clear predominance of diastolic flow (% Fig. 67.5). Being rather 
capacitance than nutrient flow, anterograde systolic coronary 
flow is not reflective of myocardial perfusion and is therefore 
of less interest than diastolic flow. It should be noted that beat-
to-beat variations of the baseline blood flow peak velocity may 
range from 5 to 10 cm/s and the average value of three beats 
should be used to avoid misinterpretations in patients with high 
variability.

Assessment of coronary flow velocity 
reserve
The reduction of vascular resistance that occurs in parallel 
with the increased myocardial oxygen demand results in the 
increased blood volume passing through the coronary arteries. 
Apart from physiological factors (e.g. exercise), maximal blood 
flow (hyperaemia) can be established by potent vasodilators 
of coronary microcirculation, such as adenosine or dipyrida-
mole. Since these vasodilating agents have virtually no effect 
on the epicardial artery diameter, changes in blood flow veloc-
ity after their administration are reflective of changes in blood 
flow. A ratio of maximal (hyperaemic) blood flow velocity to 
the normal resting flow velocity is referred to as CFVR and 
can be assessed by measuring coronary blood flow before and 

(a) (b)

Fig. 67.5 Normal baseline coronary 
artery colour Doppler signals (top) 
and blood flow (bottom) profiles. 
Note typical anterograde biphasic flow 
with a large diastolic predominance in 
both left anterior descending (a) and 
posterior descending (b) coronary 
artery.
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stress echocardiography are possible but not frequently used alter-
natives to adenosine.

Indications for coronary flow velocity 
reserve
Among possible indications listed in % Box 67.1, non-invasive 
assessment of haemodynamic significance of intermediate LAD 
stenosis is the most frequent indication for CFVR measurements 
in the daily clinical practice. With a cut-off value of 2, CFVR has a 
sensitivity of 91% and a specificity of 93% for detecting significant 
LAD stenosis. Of note, flow-limiting stenoses are detectable by 

Sampling sites for coronary flow 
velocity reserve determination
The distal portion of coronary artery is the best site for measur-
ing CFVR, since clinically important coronary stenosis should be 
located at the proximal part of the recording artery. CFVR meas-
urement at proximal to the stenosis may spuriously be normal 
if there are unstenosed side branches distal to the sampling site, 
while the measurements made at the level of stenosis may also be 
inaccurate due to the effect of flow acceleration.

The distal part of the LAD is located in the anterior interven-
tricular groove which is best visualized in the modified parasternal 
short-axis or lower parasternal long-axis view. With a patient in 
a left lateral decubitus position, the probe is tilted laterally from 
the standard parasternal short-axis view and slightly rotated anti-
clockwise until the best colour signal of the LAD flow is obtained 
(% Fig. 67.5). Modified (foreshortened) apical long-axis view may 
also be used. Care should be taken not to confuse diastolic coro-
nary blood flow with systolic intercostal artery flow (% Fig. 67.7),  
pericardial fluid flow, or wall noise artefacts.

PDA and posterolateral branches should be searched in the pos-
terior interventricular groove, in modified apical two-chamber 
view, distal to the coronary sinus which can be used as an anatomi-
cal reference point (% Fig. 67.5).

Experienced operators are able to visualize the distal portion of 
the LAD in more than 90% of cases, while the assessment of PDA 
is feasible in 60–70% of patients. The application of contrast agent 
should be considered in difficult cases to alleviate the visualization of 
the colour signal and improve the quality of PW Doppler recordings.

Vasodilators for coronary flow velocity 
reserve assessment
Adenosine (0.14 mg/kg/min over 2 minutes) is the most  
commonly used vasodilating agent for CFVR measurements  
due to its rapid onset of action, an excellent safety profile, and 
a very short half-life (~ 10 seconds). A high-dose dipyridamole 
(0.84 mg/kg/min over 6 minutes) and CFVR during dobutamine 

LAD

Intercostal
artery

Fig. 67.7 Coronary flow velocity reserve (CFVR) measurement. Top: 
note threefold increase of baseline peak flow velocity after adenosine 
administration in a patient without significant coronary artery stenosis. 
Bottom: a CFVR value < 2 in a patient with a significant stenosis in the left 
anterior descending coronary artery. 
Image courtesy of Vojkan Cvorovic.

Fig. 67.6 Predominantly diastolic coronary artery 
flow (upper panels) should not be confused with 
systolic flow of the intercostal artery which may 
sometimes be observed in the same view.
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CFVR well before they become able to induce wall motion abnor-
malities during dobutamine stress echocardiography.

It has been shown that CFVR may also be used for assessing the 
significance of coronary lesions before and after coronary artery 
stenting, as well as for evaluation of a left internal mammary artery 
bypass graft. Other emerging indications, such as evaluation of 
reperfusion and viability in post-myocardial infarction patients, 
are not yet widely adopted in clinical practice.

Role of multidimensional 
echocardiography
All two-dimensional approaches to visualize distinct proportions 
of the coronary artery tree can be performed by multidimen-
sional imaging, too. This enables the en face visualization of the 
coronary ostia, especially of the right coronary artery by transtho-
racic echocardiography (% Fig. 67.8), and both coronary ostia 
by transoesophageal echocardiography. It has to be considered 
that multidimensional coronary flow imaging is also possible in 
patients with good acoustic windows (% Fig. 67.9).

Box 67.1 Possible indications for coronary flow velocity reserve in 
clinical practice

Detection of flow-limiting coronary artery stenosis (coronary 
flow reserve < 2):
◆	 Native coronary circulation
◆	 After coronary artery stenting
◆	 Left internal mammary artery bypass graft
◆	 Patients with left bundle branch block.
◆	 During stress echocardiography (dobutamine or dipyrida-

mole) to increase sensitivity
Acute coronary syndrome and myocardial infarction:
◆	 Success of reperfusion
◆	 Assessment of viability.
Assessment of coronary microcirculation and risk stratification:
◆	 Valvular heart disease
◆	 Coronary artery disease
◆	 Hypertension
◆	 Cardiomyopathies
◆	 Cardiac transplantation.

Fig. 67.8 Multidimensional 
transthoracic visualization of the 
proximal part of the RCA (left) as well 
as the en face view of the RCA ostium. 
Red circles show the proportion of 
the vessel.

Fig. 67.9 Multidimensional 
transthoracic flow visualization of the 
LAD. Red circles show the proportion 
of the vessel.



CHAPTER 67 coronary artery imaging602

Further reading
1. Meimoun P, Tribouilloy C. Non-invasive assessment of coronary flow 

and coronary flow reserve by transthoracic Doppler echocardiography: 
a magic tool for the real world. Eur J Echocardiogr 2008; 9(4):449–57.

2. Voci P, Pizzuto F, Romeo F. Coronary flow: a new asset for the echo lab? 
Eur Heart J 2004; 25(21):1867–79.

3. Krzanowski M, Bodzoń W, Dimitrow PP. Imaging of all three coro-
nary arteries by transthoracic echocardiography. An illustrated guide. 
Cardiovasc Ultrasound 2003; 1:16.

4. Rigo F, Murer B, Ossena G, Favaretto E.Transthoracic echocardio-
graphic imaging of coronary arteries: tips, traps, and pitfalls. Cardiovasc 
Ultrasound 2008; 6:7.

5. Hagendorff A. Visualization and assessment of coronary arteries with 
real-time three dimensional echocardiography. In: Badano L, Lang 
RM, Zamorano JL (eds) Textbook of Real-Time Three Dimensional 
Echocardiography. London: Springer; 2011, 161–71.



Contents
Imaging settings 603

Probes 603
Modalities 603

Supra-aortic arteries duplex ultrasound 605
Indications 605
Methodology 605
Atherosclerosis 606
Arteritis 610
Carotid/vertebral dissection 610
Fibromuscular dysplasia 611
Carotid tortuosity 611
Carotidodynia 611
Radiation arteritis 611

Abdominal aorta duplex ultrasound 
imaging 611

Indications 611
Methodology 612
Abdominal aortic aneurysm 612

Renal arteries duplex ultrasound 613
Indications 613
Methodology 613
Atherosclerosis 614
Fibromuscular dysplasia 614
Arteritides 615
Post-stenting surveillance 615

Lower extremity artery duplex 
ultrasound 615

Indications 615
Methodology 615
Ankle–brachial index and toe–brachial 
index 615
Atherosclerosis 616
Medial arterial calcification 617
Acute ischaemia 617
Graft surveillance 617
Transluminal percutaneous angioplasty/
stenting 618
Arteritis 618

Complications of endovascular 
procedures 618

Catheter-related femoral artery 
pseudoaneurysm 619
Popliteal artery aneurysm 619

References 620

CHAPTER 68

Vascular echo imaging
Muriel Sprynger, Iana Simova,  
and Scipione Carerj

Imaging settings
Probes
Several ultrasound (US) probes of different shapes, sizes, and emission frequencies are 
required: a 10–14 MHz probe for superficial veins, a 7.5–10 MHz probe for cervicoence-
phalic vessels, deep and superficial veins, a 3.5 MHz convex probe for abdominal vessels, 
and a 2–3 MHz sectorial probe for transcranial Doppler (TCD), adult echocardiography, 
and abdominal aortic aneurysm (AAA) screening.

Modalities
Emission power, amplification gain, dynamic range, and velocity must be pre-pro-
grammed for each application. These parameters can be modified by the operator during 
the procedure.

High-resolution B-mode
High-resolution B-mode scanning displays vessels and surrounding structures such as 
muscles, bones, and lymph nodes.

Duplex sonography
Duplex sonography is a combination of pulsed wave (PW) Doppler spectrum and B-mode 
sonography. The placement of the PW Doppler sample is guided by the B-mode image. 
Peak systolic velocity (PSV) is measured. It is useful for the assessment of vessel stenosis. 
In low-resistive arteries (e.g. common and internal carotid arteries and renal arteries), 
end-diastolic velocity (EDV) is measured too (% Fig. 68.1). It is not taken into account 
in high-resistive arteries (e.g. external carotid arteries and limb arteries) (% Fig. 68.2). 
Resistance index (RI) can be calculated as follows: RI = (PSV – EDV)/PSV.

Colour Doppler
Colour Doppler flow imaging adds colour-coded blood flow patterns to conventional 
Duplex ultrasound (DUS). It gives information on the direction and the velocity of blood 
flow within the sample volume at a given point in time. Aliasing helps detecting stenosis 
(high-velocity flow) (% Fig. 68.3).

Power Doppler
Power Doppler imaging can detect slow velocity flows and is less angle dependent than col-
our Doppler. Therefore it gives a better display of transversal views, anfractuous plaques, 
and tortuous vessels. Unlike colour Doppler, high-velocity flow assessment is not altered 
by aliasing. Its main disadvantage is the lack of information on blood flow direction.
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Incident angle

The incident angle (also called theta (θ) angle) is the angle made 
by the incident beam and the velocity vector. The velocity vector 
must be parallel to blood flow. In colour and PW Doppler, the inci-
dent angle must be less than 60° in order to avoid overestimation 
of blood velocity (% Fig. 68.4).

Contrast-enhanced ultrasound
Contrast-enhanced US can be used in vascular indications such 
as TCD, for leak detection after endovascular treatment of AAA 
and for display of neovascularization in unstable carotid plaques. 
Currently the only registered contrast agent in Europe is SonoVue® 
(sulphur hexafluoride with a phospholipid shell, produced by 
Bracco Imaging).

Fig. 68.1 Pulsed wave Doppler in a low-resistive artery: PSV, peak systolic velocity; EDV, end-diastolic velocity.

PSV

PSV

EDV EDV

Fig. 68.2 Pulsed wave Doppler in a low-resistive artery.

Fig. 68.3 Stenosis with aliasing.

aliasing

Fig. 68.4 Incident angle.

Incident beam

velocity vector

E-flow and B-flow

E-flow and B-flow give a very precise display of the vessel wall and 
plaques.
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Supra-aortic arteries duplex 
ultrasound
Indications
As DUS is usually widely available, non-invasive, safe, inexpen-
sive, and reliable, it is usually the first imaging choice for the 
evaluation of cervicoencephalic arteries (CEAs). Emergency or 
semi-emergency indications are mostly transient ischaemic attack 
(TIA), stroke, or fugax amaurosis and suspicion of arterial dissec-
tion. Non-emergency indications are more frequent: carotid bruit, 
anisosphygmia, screening for peripheral artery disease, coronary 
artery disease, cardiovascular (CV) risk factors, high-risk surgery, 
surveillance of carotid stenosis, carotid or subclavian artery (SCA) 
surgery, or stenting and arteritis (giant cell disease, Takayasu dis-
ease, and Behçet’s disease).

Methodology
The sonographer must follow a meticulous and standardized pro-
tocol in order to avoid pitfalls and errors. A 5 MHz or higher linear 
probe is required. In case of ‘hostile neck’ (thick or post-radiation 
neck), the ‘abdominal’ curvilinear low-frequency (3.5 MHz) 
probe can be used if necessary. The operator is placed either at the 

Fig. 68.5 Longitudinal view of the common carotid artery and the carotid 
bifurcation. CCA, common carotid artery; ICA, internal carotid artery.

ICA CCA

vertebra

Fig. 68.6 Longitudinal view of the internal carotid artery (ICA).

Left ICA

Fig. 68.7 Longitudinal view of the 
external carotid artery.

patient’s head, or at his side, in a comfortable position for both. 
The examination must include views of the common carotid artery 
(CCA) (% Fig. 68.5), the carotid bifurcation, the internal (ICA) 
(% Fig. 68.6) and external (ECA) (% Fig. 68.7) carotid arteries, 
the vertebral arteries (VAs) (% Fig. 68.8), and SCAs bilaterally  
and is completed by bilateral and comparative ophthalmic 
artery (% Fig. 68.9) flow recording or if possible, by TCD with 
recording of bilateral middle cerebral artery (MCA) flow with a  
2–3 MHz ‘cardiology’ sectorial probe (% Fig. 68.10). The exami-
nation starts with B-mode scanning of the CEAs. Vessels must be 
imaged from their origin if feasible and followed as high as pos-
sible. Colour Doppler, B-flow, or E-flow are added to assess and 
delineate echolucent and/or anfractuous plaques. Aliasing helps 
detecting stenosis. Cross-sectional and longitudinal views are rec-
ommended. PSV and EDV are measured and RI are calculated. 
As the ECA is a high-resistive vessel, the RI is lower in the ICA 
compared to CCA that divides into the ICA and ECA. The carotid 
ratio is calculated by dividing the PSV in the ICA by the PSV in the 
CCA. These are key parameters for evaluation of carotid stenosis.
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Fig. 68.8 Longitudinal view of V
2
 (intervertebral segment).

Fig. 68.9 Ophthalmic artery.

Fig. 68.10 Middle cerebral artery 
(transcranial Doppler).

MCA
PCA

Atherosclerosis
DUS can identify atherosclerosis (plaques, stenoses, or occlu-
sions) and high-definition US coupled with dedicated software 
can also measure intima–media thickness (IMT). Carotid plaques 
and IMT are considered as CV risk markers.

Intima–media thickness

IMT is a double-line pattern visualized by two-dimensional (2D) 
echography (longitudinal view) on both walls of the CCA. It is 
formed by lumen–intima and media–adventitia interfaces [1]. 
IMT measurement requires a high-resolution B-mode system 
equipped with a higher than 7 MHz linear probe (% Fig. 68.11). 
Posterior (or lateral) longitudinal view with minimal compres-
sion is preferred because it provides the best wall definition. The 
CCA must be placed horizontally (perpendicular to the incident 
beam) with 30–40 mm focus depth without zooming, frame rate 
greater than 15–25 Hz, and optimal gain settings. Mean IMT must 
be measured three times in diastole and averaged, on a 10–20 mm 
long (150–200 points) plaque-free segment of the far wall of the 
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CCA, about 2 cm below the distal end of the CCA (at least 5 mm). 
It has to be calculated automatically or semi-automatically with 
dedicated software. A point-to-point measurement is not recom-
mended [2]. A US phantom should be used yearly for calibration. 
Serial testing of IMT to assess individual evolution is not recom-
mended. IMT is a CV risk marker and is correlated to CV risk 
factors but it is not synonymous with subclinical atherosclerosis. 
It is related to ageing. It is usually thicker in men (AXA and Paroi 
Arterielle et Risque Cardiovasculaire (PARC) studies) and in the 
left CCA (AXA study) (% Tables 68.1 and 68.2). There are ethnic 
variations too. IMT values greater than P75 indicate high CV risk 
[2], between P25 and P75, ‘normal’ risk, and less than P25, low risk. 
In fact, ICA-IMT is more strongly correlated to atherosclerosis 
than CCA-IMT but is technically more complicated. According 

Fig. 68.11 Common carotid artery intima–media thickness.

Table 68.1 AXA 2002–2003: normal mean IMT values (CCA far wall): right CCA

Men Women

Age < 30 31–40 41–50 > 50 < 30 31–40 41–50 > 50

P
25

0.39 0.42 0.46 0.46 0.39 0.42 0.44 0.50

P
50

0.43 0.46 0.50 0.52 0.40 0.45 0.48 0.54

P
75

0.48 0.50 0.57 0.62 0.43 0.49 0.53 0.59

Data from Denarié N, Gariepy J, Chironi G, et al. Distribution of ultrasonographically-assessed dimensions of common carotid arteries in healthy adults of both sexes. Atherosclerosis 
2000; 148(2):297–302 and Simon A, Gariepy J, Chironi G, Megnien JL, Levenson J. Intima-media thickness: a new tool for diagnosis and treatment of cardiovascular risk. J Hypertens 2002; 
20(2):159–69.

to the Society of Atherosclerosis Imaging and Prevention and 
International Atherosclerosis Society [2], IMT is appropriate for 
the initial detection of CV risk in intermediate-risk patients or in 
patients aged 30 years or older with metabolic syndrome or type 
2 diabetes mellitus.

Plaque
According to the Mannheim Consensus [1], a plaque is a ‘focal 
structure protruding into the lumen of the vessel more than  
0.5 mm or more than 150% thicker than the adjacent IMT or 
thicker than 1.5 mm’ (% Fig. 68.12). As carotid plaques are a 
more specific and strong risk marker of atherosclerosis there is no 
need for IMT measurement if plaques are present. Carotid plaque 
screening requires a comprehensive scanning of the carotid tree  

Table 68.2 AXA 2002–2003: normal mean IMT values (CCA far wall): left CCA

Men Women

Age < 30 31–40 41–50 > 50 < 30 31–40 41–50 > 50

P
25

0.42 0.44 0.50 0.53 0.30 0.44 0.46 0.52

P
50

0.44 0.47 0.55 0.61 0.44 0.47 0.51 0.59

P
75

0.49 0.57 0.61 0.70 0.47 0.51 0.57 0.64

Data from Denarié N, et al. Distribution of ultrasonographically-assessed dimensions of common carotid arteries in healthy adults of both sexes. Atherosclerosis 2000; 148(2):297–302 
and Simon A et al. Intima-media thickness: a new tool for diagnosis and treatment of cardiovascular risk. J Hypertens 2002; 20(2):159–69.

Fig. 68.12 Carotid plaque.
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intima-intima ‘normal’ post-stenotic diameter (D): stenosis % =  
(1 − d/D) × 100. Another method is based on the ESCT trial. It 
compares the narrowest diameter (d) with the largest diameter of 
the carotid bulb (D′): stenosis % = (1 − d/D′) × 100. This method 
is more reproducible, but overestimates the severity of the lesion 
compared to NASCET and other techniques (computed tomogra-
phy (CT) scan, magnetic resonance imaging (MRI), and intravenous 
angiography) (% Fig. 68.13). To avoid confusion, the final estimate 
of stenosis should refer to the NASCET method (% Table 68.4). 
Compared to other techniques (intravenous angiography, CT scan, 
and MRI), the main asset of DUS is haemodynamic data given by 
PW Doppler (direct and indirect signs). Direct signs are PSV and 
EDV measured at the end of the ICA stenosis and compared with 
PSV and EDV in the ipsilateral CCA as follows:

Systolic velocity ratio (SVR) = PSVstenosis/PSVCCA

Diastolic velocity ratio (DVR) = EDVstenosis/EDVCCA

Colour Doppler, and aliasing in tight ICA stenoses, can help posi-
tioning the PW sample. PSV increases exponentially with the  

in longitudinal and cross-sectional views in 2D mode, colour 
Doppler, and if possible, E-flow or B-flow. US can evaluate the 
extension, the echogenicity, and the morphology of the plaque 
provided presets, focus and incident angle are adjusted. The Gray–
Weale and Nicolaides classification is based on the echogenicity of 
the plaque:

◆	 type 1: echolucent
◆	 type 2: echolucent with small echogenic areas
◆	 type 3: echogenic with small echolucent areas
◆	 type 4: homogeneous echogenicity (iso- or hyper-)
◆	 type 5: calcified.

Type 1 echolucent plaques correspond to lipid deposits, necrotic 
residuals, or intraplaque haemorrhage. They are usually less sta-
ble and more dangerous than type 4 or 5 ones. Unfortunately this 
classification is mostly subjective. The surface of the plaque is 
important too, whether it is regular or irregular. If the anfractuous 
area depth is greater than 2 mm, it is sometimes abusively called 
‘ulcerated plaque’, but one can never be sure there is an ulcera-
tion except when found by the surgeon when operating. Calcified 
plaques characterization is difficult because of acoustic shadow. 
Morphological plaque criteria could have some prognostic and 
therapeutic implications but they are not widely used and not suf-
ficiently validated in practice.

Internal carotid artery stenosis
Apart from highly calcified lesions, carotid stenoses can usually be 
estimated by 2D echo, but there are major pitfalls: eccentric sten-
oses, diameter versus area methods, NASCET (North American 
Symptomatic Carotid Endarterectomy Trial) versus ECST (European 
Carotid Surgery Trial) method. Eccentric stenoses require multi-
ple longitudinal views and are better evaluated in cross-sectional 
views. Conventional carotid stenosis evaluation is based on diam-
eter measurement (cf intravenous angiography). Estimating stenosis 
percentage with area measurement requires colour Doppler imaging 
(or E-flow or B-flow) with optimal settings and ‘perfect’ cross-sec-
tional views. In any case, the area method overestimates the stenosis 
compared to the diameter method. In case of eccentric stenosis the 
area method can be useful, but should not be mentioned alone in 
the conclusion in order to avoid confusion. It could be useful to 
extrapolate the area stenosis to the diameter stenosis (% Table 68.3). 
Two-dimensional echo carotid stenosis evaluation usually refers 
to the NASCET method by comparing the residual intima–intima 
diameter (d, measured at the narrowest site of the artery) with the 

Table 68.3 Percentage stenosis estimation: correlation between 
diameter and area calculations

Diameter Area

30% 50%

50% 75%

70% 90%

80% 95%

Fig. 68.13 NASCET and ECST methods.

D

 NASCET: stenosis % = (1 – d/D) – 100
 ECST: stenosis % = (1 – d/D’) – 100

d

D’

Table 68.4 Approximate equivalent degrees of ICA stenosis according 
to the NASCET or ECST methods

NASCET ECST

30 65

40 70

50 75

60 80

70 85

80 91

90 97
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External carotid artery stenosis

This is usually associated with carotid bifurcation atherosclerosis. 
PSV is accelerated.

Common carotid artery stenosis/occlusion

Ostial CCA stenosis is difficult to visualize directly because of its 
deep location especially on the left side. It should be suspected in 
case of asymmetric damped flow in the ipsilateral CCA (reduced 
PSV and prolonged systolic ascension time). Sometimes, ostial 
stenosis can be detected with low-frequency probes (high-velocity 
flow, aliasing). Cervical CCA stenosis or occlusion is much easier 
to detect. In case of CCA occlusion, the ipsilateral ICA is usually 
reperfused by the ipsilateral ECA with a reverse flow in the ECA 
and a damped flow in the ICA.

Vertebral stenosis/occlusion

In most individuals, VAs are branches of the SCAs. They are 
divided into parts: V0 (ostium), V1 (from ostium to C6 transverse 
process), V2 (intervertebral segment from C6 to C2), V3 (from C1 
till occipital foramen), and V4 (intracranial part, till the basilar  

severity of the ICA stenosis and then falls abruptly in very severe 
ICA stenosis with the sharp reduction of blood flow. Differential 
diagnosis can be made by measuring EDV which remains high in 
tight stenoses. Indirect signs are higher RI (RI = (PSV − EDV)/
PSV) in the ipsilateral CCA, damped (> 30% compared to con-
tralateral PSV) or reversed flow in the ipsilateral ophthalmic artery 
or damped flow in the ipsilateral MCA (> 20–30% compared to 
contralateral PSV). Several reference tables have been published. 
The table published by the Society of Radiologists in the United 
States is generally used [3] (% Table 68.5). ‘Near occlusion’ (or 
‘near total occlusion’) corresponds to a very severe ICA stenosis 
haemodynamically equivalent to total cervical ICA occlusion with 
low-velocity flow in the cervical ICA but good intracranial supply. 
Conversely, ‘string stenosis’ is a very tight cervical ICA stenosis 
with normal ipsilateral CCA flow and high-velocity flow in the 
cervical ICA. Unlike ‘near occlusion’, this type of ICA stenosis is 
considered as a high-risk stenosis and should usually be rapidly 
operated on.

Internal carotid artery occlusion

ICA occlusion can be due to stenosis progression or thrombo-
sis or to a large embolus. Two-dimensional echo shows no flow 
and an occlusive thrombus (at the acute phase, the thrombus is 
usually echolucent). At the origin of the ICA, a low-velocity flow 
may be detected. It is called ‘stump flow’ and is often bidirectional. 
Indirect signs correspond to tight ICA stenosis (% Fig. 68.14). In 
some cases, ipsilateral ECA is ‘internalized’ (similar to normal 
ICA flow)!

Pitfalls in assessment of ICA stenosis
Velocities are generally higher in women and in carotid stents. 
Tandem (consecutive) lesions can be suspected in case of discrep-
ancy between B-mode images and PSV. Long stenoses can lower 
PSV and lead to underestimation of the degree of stenosis. Low 
cardiac output, severe aortic stenosis, high-grade stenosis, or 
occlusion of the contralateral ICA interferes with carotid veloci-
ties. In these cases, systolic and diastolic ratios can help. In any 
case, 2D images and haemodynamic data (direct and indirect 
signs) must be consistent.

Table 68.5 Evaluation of ICA stenosis severity according to velocities and plaque estimate

Degree of stenosis (NASCET) PSVICA (m/s) Plaque estimate (%) ICA/CCA PSV ratio EDVICA (m/s)

Normal < 125 None < 2 < 40

< 50% < 125 < 50% < 2 < 40

50–69% 125–230 > 50% 2–4 40–100

> 70% > 230 > 50% > 4 > 100

Near occlusion Variable Visible Variable Variable

Total occlusion Undetectable No lumen N/A N/A

Grant EG, et al. Carotid artery stenosis: gray-scale and Doppler US diagnosis – Society of Radiologists in Ultrasound Consensus Conference. Radiology 2003; 229(2):340–6.

Fig. 68.14 Internal carotid artery occlusion.

thorambus

CCA
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arteries can also be affected. Longitudinal and cross-sectional 
views in colour Doppler, B-flow, or E-flow imaging show a typi-
cal dark hypoechoic circumferential thickening around the artery 
lumen (‘halo sign’) due to oedema of the artery wall (% Fig. 68.16). 
For temporal arteries, high-frequency probes and adequate pre-
sets are necessary. Wall inflammation can cause short stenoses 
with localized high-velocity flow and/or occlusion. The ‘halo 
sign’ seems to have a high specificity (91%) and a good sensitivity 
(68%) compared with biopsy [4]. When the pretest probability of 
GCA is low, negative results on US practically exclude the disease. 
Unfortunately, studies are small and of modest quality with con-
siderable heterogeneity. The ‘halo sign’ usually disappears within  
2 or 3 weeks after starting corticotherapy. In association with pre-
test probability of the disease, DUS may be helpful in diagnosing 
and may guide the biopsy in ambivalent cases.

Takayasu disease
Takayasu disease most commonly affects the SCAs, CCAs, and 
renal arteries, the aorta, and also its proximal branches. It never 
involves the temporal arteries. Wall inflammation and fibrosis may 
cause stenosis/thrombosis. Destruction of elastic fibres sometimes 
leads to aneurysm. The typical aspect is a long, smooth, homo-
geneous concentric thickening of the arterial wall, usually more 
echogenic than in GCA, called the ‘Macaroni’ sign (% Fig. 68.17). 
US may be helpful in diagnosing Takayasu disease, in detecting 
prestenotic and/or stenotic lesions, and in monitoring of the dis-
ease evolution and response to treatment.

Carotid/vertebral dissection
ICA dissection should be suspected in case of tight stenosis or occlu-
sion of the postbulbar ICA in a patient without atherosclerosis.  

artery (BA) formed by junction with the contralateral V4). Most 
vertebral stenoses are proximal. PSV can estimate the degree of 
stenosis. If the stenosis is tight, flow is damped downstream (sys-
tolic ascension time > 70 ms). B-mode imaging of the VA (V2) 
without any colour flow inside highly suggests thrombosis (or dis-
section). In about 15% of patients, one VA is hypoplasic (≤ 2 mm) 
and may not join the contralateral VA to form the BA. In that case, 
RI is increased in V2. V2 RI is also increased if there is a tight ste-
nosis or occlusion in V3. In that case, TCD shows a reversed flow 
in ipsilateral V4.

Subclavian artery stenosis/occlusion and subclavian  
steal syndrome
Atherosclerotic lesions of the SCA are usually proximal. Therefore 
the accelerated flow is often difficult to record, especially on the 
left side. Aliasing may help in localizing the stenosis. A phased-
array ‘cardiac’ probe can be used with CW Doppler. The diagnosis 
is usually made by recording a damped flow in the post-stenotic 
SCA and in the ipsilateral brachial artery with anisosphygmia 
greater than 20 mmHg. As the SCA lesion is often located upstream 
to the origin of the VA, it can induce a subclavian steal syndrome. 
According to the ipsilateral V2 flow there are different grades of 
severity of this syndrome (mesosystolic notch, bidirectional flow, 
and reversed flow) (% Fig. 68.15). The examination can be com-
pleted by recording of the proximal basilar artery flow (TCD) after 
temporary occlusion of the ipsilateral brachial artery (hyperaemia 
test). There is no need to treat a SCA steal syndrome if the BA flow 
is not modified.

Brachiocephalic trunk
In case of severe stenosis or occlusion of the crachiocephalic 
trunk, blood flow is dampened in the ipsilateral SCA, CCA, ICA, 
and ECA with a subclavian steal.

Arteritis
The most frequent causes of supra-aortic vessel arteritis are giant 
cell arteritis (GCA) and Takayasu disease.

Giant cell arteritis
The most common type of GCA is the so-called temporal arteritis 
or Horton’s disease which mainly involves the temporal arteries. 
Sometimes GCA affects the supra-aortic arteries (‘large-vessel 
GCA’), mainly the SCA, axillary, and brachial arteries with a con-
secutive involvement of the CCA, the ECA, and sometimes the 
VAs. In that case temporal arteries are rarely involved. The aorta 
and its proximal branches, coronary arteries, and even lower limb 

Fig. 68.15 Intermittent vertebral 
steal (V

2
).

Fig. 68.16 Halo sign in the common carotid artery (giant cell arteritis).

Left CCA
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aneurysms. B-mode can also show tortuosities of the mid and dis-
tal ICA. FMD can also lead to dissection if not treated. Diagnosis 
is not easy.

Carotid tortuosity
CCA and postbulbar ICA coiling is frequent especially among 
hypertensive individuals. Colour Doppler is helpful in detecting 
ICA tortuosities and blood flow direction variations (% Fig. 68.18). 
Recording flow velocity requires precise re-orientation of the inci-
dent beam in order to maintain an incident angle less than 60°, 
which may be a challenge! Rarely, ICA kinking may cause signifi-
cant stenosis.

Carotidodynia
Carotidodynia is an inflammatory oedema of the carotid wall with 
sudden and severe neck pain. US shows a thickening of the carotid 
wall enhanced by contrast (SonoVue®).

Radiation arteritis
The most frequent locations are carotid arteries (larynx cancer) and 
SCA, axillar, and brachial artery (breast cancer). Thanks to advances 
in radiotherapy, radiation arteritis is less common. US shows an 
iso- or hyperechogenic thickening of the arterial wall that may be 
associated with atherosclerotic lesions, especially in heavy smokers.

Abdominal aorta duplex  
ultrasound imaging
Indications
Indications are mostly lower limb arteries, screening for AAA 
abdominal bruit or pain, surveillance of AAA, and aortic surgical 
or endovascular procedures. Screening for AAA is highly cost-
effective in populations at risk [5]. It can be easily performed with 

About 45% of patients have a painful (Claude Bernard) Horner 
syndrome. Patients may complain about headache, unilateral 
neck pain, face pain (especially around the eyes), stroke, or TIA. 
ICA dissection may be spontaneous or post-traumatic (e.g. blunt 
trauma, brusque deceleration, or neck extension). Vertebral 
dissection is associated with unilateral occipital headache (two-
thirds) or posterior neck pain (one-half) preceding stroke or 
TIA. Unlike aortic dissection (with possible extension to CCA), 
ICA and VA dissections are wall haematomas causing stenosis 
or occlusion of the lumen. Wall haematoma is a hypoechogenic 
layer that can be distinguished from thrombus by detecting the 
intima layer that separates the haematoma from the lumen. Most 
often the ICA dissection is too distal to be directly visualized in 
B-mode echo. Diagnosis is then made by indirect signs of stenosis 
or occlusion. Stenosis may induce thrombosis. Most ICA dissec-
tions regress completely within 6 months.

Fibromuscular dysplasia
Fibromuscular dysplasia (FMD) is more common among women 
than men. There are five types of dysplasia. The most common 
one (75–80%) is the medial fibroplasia with the typical ‘beads 
on a string’ appearance caused by the succession of stenoses and 

Fig. 68.17 Macaroni sign in the common carotid artery (Takayasu disease).

Right Prox CCA

Fig. 68.18 Tortuosity of the 
postbulbar internal carotid artery.

CID

CID
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too. It goes from 24 mm at its origin to 15 mm at the aorto-iliac 
bifurcation. The AP diameter can also be provided in a sagittal 
plane provided the diameter is measured perpendicularly to the 
aorta axis. The abdominal branches of the aorta can be succes-
sively individualized form the origin to the aorto-iliac bifurcation: 
coeliac trunk, superior mesenteric artery, renal arteries, and infe-
rior mesenteric artery.

Abdominal aortic aneurysm
Atherosclerotic abdominal aortic aneurysm

An AAA is a localized dilation of the abdominal aorta 50% greater 
than the normal diameter; 95% of AAAs are infrarenal. They 
are usually fusiform. AAA is different from ectasia (localized 
dilation < 50%) and from arteriomegaly (diffuse parallel dila-
tion > 50% of the normal diameter). US has excellent sensitivity 
and specificity for AAA assessment (near 100%). The most reli-
able measure of the AAA diameter is the maximal AP diameter 
measured in a cross-sectional view from adventitia to adventitia. 
The aorta should be ‘circular’ (%Fig. 68.20). If the aorta is ellip-
tic, the ‘effective’ diameter is the average diameter: (D + d)/2 (D = 
longer diameter, d = shorter diameter). The aortic diameter must 
be measured at least three times. Intraluminal thrombus must be 
described (%Fig. 68.21).

the ‘cardiac’ phased-array probe at the end of a transthoracic echo-
cardiography exam. In case of AAA the patient may then benefit 
from a dedicated abdominal aorta DUS. Recommendations on 
screening for AAA have been published by scientific societies:

◆	 The 2014 update [6] of the 2005 U.S. Preventive Services Task 
Force recommends one-time screening in men aged 65–75 
years who have ever smoked. There is insufficient evidence to 
assess the balance of benefits and harms in women aged 65–75 
years who have ever smoked and it recommends against routine 
screening for AAA in women who have never smoked.

◆	 The Society for Vascular Surgery (2009) [7] recommends one-time 
US screening for all men aged 65 years or over, for men 55 years or 
over with a family history of AAA, and for women aged 65 years 
and above who have smoked or have a family history of AAA.

◆	 The French Society for Vascular Medicine (2006) [8] recom-
mends screening for men and women aged 50 years or older 
with familial history of AAA and for 60–75-year-old current 
or ex-smokers. They advise screening for 60–75-year-old male 
non-smokers and female smokers or hypertensive women. For 
individuals over 75 years, screening is advised for men without 
heavy comorbidity and female smokers without heavy comor-
bidity. A surveillance algorithm is proposed in % Fig. 68.19.

Methodology
The exam is best performed with a low-frequency convex probe 
(3–5 MHz). Cardiac phased-array probes can be useful for screen-
ing for AAA at the end of cardiac US. The patient should be fasting 
for several hours before the exam but this is rarely possible. The 
abdominal aorta is located left-anteriorly to the vertebral bodies 
(L1 to L4) with the inferior vena cava on its right side. B-mode 
cross-sectional views show a circular artery. Its anterior–posterior 
(AP) diameter should be measured preferably in a cross-sectional 
view, from adventitia to adventitia. It can be measured in M-mode 

AP diameter

< 25 mm

0 5 years

25–29 mm 30–39 mm 40–49 mm 50–55 mm > 55 mm

1–3 years
6 months–

2 years

6 months1 year

surgery ?
EVAR ?

surgery/EVAR

40–44 mm 45–49 mm

Fig. 68.19 Surveillance algorithm of abdominal aortic aneurysm.

AP diameter

adventitia

adventitia

aorta

Fig. 68.20 Measurement of the abdominal aorta.
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Methodology
The exam is performed with a low-frequency pulsed Doppler 
convex probe (2–3.5 MHz) with the addition of colour imaging. 
Cardiac phased-array 2 MHz probes can be useful in difficult cases 
(obese patients and/or significant bowel gas). The patient should be 
fasting for several hours before the exam but this is rarely possi-
ble. It may be difficult to visualize the entire renal artery (RA) and 
accessory RAs. The accuracy of DUS is operator, US equipment, and 
patient dependent. First, the patient is placed in the lateral decubi-
tus position in order to visualize the kidney from the flank. At least 
three measurements of the pole-to-pole length of the kidney are 
recorded (normal value: 10–12 cm) (% Fig. 68.22). Colour Doppler 
is switched on. PW Doppler is recorded at a 0° angle with a large 
sample volume to measure PSV and RI in the cortex, medulla, and 
hilum. The transducer is then moved slightly to visualize the entire 
RA, if possible. Afterwards the patient is placed in the opposite lat-
eral decubitus and the process is repeated to visualize the kidney 
and RA. Cortical cysts may be encountered. Congenital abnormali-
ties can be found too, as horseshoe kidney or solitary kidney. The 
examination is continued with the patient supine and in reverse 
Trendelenburg position. The aorta is scanned in longitudinal and 
cross-sectional views from the diaphragm to the aorto-iliac bifur-
cation. The origins of the coeliac, renal, superior, and inferior 
mesenteric arteries are defined. The PSV is recorded on a longi-
tudinal view of the abdominal aorta at a 60° angle. It will be used 
to calculate the renal-to-aortic velocity ratio (RAR = PSVRA stenosis/
PSVabdominal aorta). The PW Doppler signal is then recorded at the ostia 
of the RAs. The transducer is then reoriented into the transverse 
plane (% Fig. 68.23). Below the superior mesenteric artery, the right 
RA arises anteriorly. The left RA arises inferior to the right RA. Both 
RAs take a posterior direction to the respective renal hilum. PW 
Doppler is then switched on. The beam should be parallel to blood 

Inflammatory abdominal aortic aneurysm and 
retroperitoneal fibrosis

Symptoms are vague with abdominal pain, weight loss, and some-
times fever. There is an anechogenic or hypoechogenic thickening 
of the aortic wall and periaortic tissues.

Arteritis
GCA and Takayasu disease may cause fusiform AAA with inflam-
mation of the aortic wall (hypoechogenic thickening). Behçet’s 
disease may cause sacciform AAA.

Infectious abdominal aortic aneurysm
These are usually small sacciform AAA.

Miscellaneous
Marfan, Ehler–Danlos, chronic aortic dissection, trauma, etc.

Renal arteries duplex ultrasound
Indications
The main indication of renal artery DUS is suspicion of renal 
artery stenosis (RAS).

thrombus

Lumen

Fig. 68.21 Abdominal aortic aneurysm with large circumferential thrombus.

Fig. 68.22 Length measurement of the kidney.
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Atherosclerosis
Atherosclerotic RAS (90% RAS) most often affects the ostial 
segment of the RA. DUS is the first-line screening modality for ath-
erosclerotic RAS (European Society of Cardiology guidelines). In 
greater than 60% RAS, PSV is increased at the ostium of the RA. 
In tight RAS, indirect signs may be useful too: renal pole-to-pole 
length asymmetry (> 1.5 cm), renal pole-to-pole length annual 
reduction greater than 1 cm, side-difference of the intrarenal RI 
greater than 0.1 (vasodilation due to tight RA stenosis), missing 
early systolic peak, increased rise time longer than 100 ms. In case 
of severe stenosis, a ‘parvus tardus’ flow may be recorded in the kid-
ney (% Fig. 68.24). ‘Traditional’ diagnostic criteria for significant 
RAS are PSV of 2 m/s or higher, and for 80% or higher stenoses, 
EDV of 1.5 m/s or higher. RAR: renal-to-aortic velocity ratio  
(PSVRA stenosis/PSVabdominal aorta) of 3.5 or higher is a criterion of signifi-
cant RA stenosis. RI of 0.8 or higher in the contralateral kidney is 
used to predict unsuccessful renal angioplasty. PSV and EDV may 
be overestimated in case of high cardiac output or solitary kidney. In 
order to avoid a too high rate of false positives, new more appropriate 
cut-off values have been proposed: PSV of 318 cm/s or higher, EDV 
of 73 cm/s or higher, and RAR of 3.74 or higher (the best diagnostic 
accuracy). AbuRahma has defined new cut-offs for 60% or higher 
RAS: PSV of 285 cm/s or RAR of 3.7 alone [9]. In case of throm-
bosed RA, there is no colour flow in the RA, pole-to-pole length of 
the kidney is less than 8 cm, and intrarenal flow is dampened.

Fibromuscular dysplasia
FMD is the second most common cause of RAS, more frequently 
encountered in 25–50-year-old women. Unlike atherosclerosis, 
FMD is located in the middle and distal two-thirds of the main RA 
and may involve RA branches. Therefore it is critical to visualize 
the entire RA. Usually renal FMD has a classical ‘string-of-beads’ 
appearance.

flow with an incident angle less than 60° and walked into the RAs 
from the ostium. The normal value of PSV is less than 120 cm/s in 
the main RA and about 30 cm/s in the kidney. Rise time is less than 
70 ms and intrarenal RI is between 0.5 to 0.7.

LRA

Fig. 68.23 Cross-sectional view of the abdominal aorta showing the ostia and the 
trunks of the renal arteries; pulsed wave Doppler recorded in the left renal artery.

Arterial flow

Venous flow

Fig. 68.24 ‘Parvus tardus’ flow in the renal artery.
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Arteritides
These may affect renal arteries and branches, causing stenosis at 
different sites.

Post-stenting surveillance
Re-stenosis greater than 50% is associated with PSV higher than 
226  cm/s and RAR greater than 2.7 [10]. Re-stenosis of 60% or 
higher is associated with PSV higher than 280 cm/s and RAR greater 
than 4.5 [11]. Occlusion is best identified by a mid-renal artery PSV 
less than 57 cm/s in conjunction with an RAR less than 1.2.

Lower extremity artery duplex 
ultrasound
These analyse the arterial tree from the abdominal aorta to the 
ankles/feet.

Indications
There are several indications, including screening for lower 
extremity artery disease (LEAD), individual CV risk assessment, 
non-atherosclerotic vascular disease (e.g. GCA and throm-
boangiitis), intermittent claudication diagnosis, quantification, 
localization and surveillance, abdominal/femoral bruit and/or 
absent peripheral pulses, extremity ulcer (assessment of healing 
potential, differential diagnosis) and critical limb ischaemia, pre-
revascularization assessment, post-revascularization surveillance 
(surgery/endovascular), abdominal/popliteal aneurysm, acute 
limb ischaemia, and arterial trauma.

Methodology
The examination should begin with ABI measurement, be con-
tinued by consecutive examination of limb arteries (femoral and 
popliteal arteries), and end by an aorto-iliac assessment.

Ankle–brachial index and toe–brachial index
The patient is placed in the supine position for at least 10 minutes (if 
possible) before measuring ankle and arm systolic blood pressure 
(SBP). Doppler signal is recorded with a linear 4–8 MHz transducer 
with PW Doppler or a with a hand-held CW Doppler instrument 
(4–8 MHz). Normal Doppler waveform is ‘triphasic’. An appropri-
ately sized pneumatic cuff is placed immediately above the ankle, 
inflated to a supersystolic value, and slowly deflated until a flow sig-
nal is recorded (ankle SBP). The ankle SBP should be measured in 
the posterior and anterior tibial arteries (or pedal arteries). Then, 
brachial SBP is recorded bilaterally and the highest ankle SBP is 
divided by the highest brachial SBP (significant SCA stenosis must 
be ruled out): ankle–brachial index (ABI) = ankle SBP/brachial 
SBP (two decimal places) (normal value: 0.90 < ABI < 1.29). When 

screening for LEAD, the ABI numerator should be the lowest ankle 
SBP (higher sensitivity for infrapopliteal lesions) or the posterior 
tibial artery (PTA) SBP alone (because of more frequent anatomi-
cal variations in the anterior tibial artery (ATA)). The methodology 
should be mentioned. ABI provides objective data for the diagno-
sis, quantification, and surveillance of LEAD, for the monitoring of 
revascularization (surgical or endovascular), as well as prognostic 
data for limb survival, wound healing, and even patient survival. 
Patients with a normal ABI (and normal triphasic Doppler wave-
form analysis, see later) are unlikely to have significant LEAD, but 
the diagnosis cannot be ruled out. So, if in doubt, an exercise test 
may be required to uncover subcritical stenosis (e.g. 50% iliac ste-
nosis) or severe stenotic/totally occluded iliofemoral arteries with 
sufficient collaterals. Though many individuals with lowered ABI 
(< 0.90) are asymptomatic or do not complain, they are at high 
risk for CV and cerebrovascular events and should be diagnosed 
and benefit from best medical treatment: ABIs of 0.70 and 0.40 are 
associated with a 5-year mortality of approximately 30% and 50% 
respectively. Even in a primary prevention population, the predic-
tive value of an abnormal ABI (low and high) remains independent 
of other measures of subclinical atherosclerosis (e.g. standard CV 
disease risk, newer biomarkers, CAC score, and cIMT). According 
to the updated AHA/ACC recommendations [12], the resting 
ABI should be used in patients with one or more of the follow-
ing: exertional leg symptoms, non-healing wounds, age 65 years or 
over, or 50 years or over with a history of smoking or diabetes. The 
average time to perform the test in primary care office practices is 
approximately 10–15 minutes. It can also be performed by a well-
trained nurse. In specific patient cohorts (elderly patients, type 2 
diabetic patients, chronic renal failure), arteries may be severely 
calcified (medial calcification, see later) and non-compressible in 
such a way that ankle SBP is overestimated (high ABI) or impossi-
ble to measure. As toe arteries are usually non-calcified, the LEAD 
diagnosis and quantification can be obtained by measuring the toe 
SBP and the toe–brachial index (TBI). A TBI less than 0.70 is usu-
ally considered as pathological. TBI measurement requires small 
cuffs and careful techniques. If ischaemia is not too severe, toe SBP 
can be measured with photoplethysmography. LASER Doppler is 
an easier but more expensive technique. It can easily record a SBP 
lower than 50 mmHg.

Normal Duplex ultrasound
DUS has several assets compared to other techniques [13]. It pro-
vides extensive information on both arterial anatomy and blood 
flow. It is well tolerated without radiation exposure, but it requires 
good training. Pitfalls are difficulty in assessing the lumen in 
highly calcified arteries and difficulty in visualizing abdominal 
arteries in case of obesity or gas interposition. In case of complete 
DUS scanning of the entire arterial network, image acquisition 
ideally follows a specific sequence which can be time-consum-
ing. First, it is mandatory to begin with ABI. The iliac vessels are 
assessed indirectly by the common femoral artery (CFA) Doppler 
waveform analysis. Doppler waveform should be triphasic (see % 

‘Aorto-iliac stenosis/occlusion’). The CFA is external to the com-
mon femoral vein and runs from the inguinal ligament to the  
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in PW Doppler, with a spectral broadening and forward flow 
throughout the cardiac cycle in severe stenosis) and indirect signs. 
If the stenosis is greater than 70%, the poststenotic Doppler signal 
is damped. The evaluation of the stenosis severity is not directly 
based on the PSV but on the systolic velocity ratio (SVR): SVR 
= PSVstenosis/PSVprestenotic (respectively SVR ≥ 2 and ≥ 3 for ≥ 50% 
and ≥ 70% stenoses). The velocity vector must be parallel to blood 
flow and the incident angle between 45 and 60°. If the stenosis 
is long, PSV and SVR may be underestimated but the poststen-
otic dampened waveform will detect stenoses greater than 70%. 
Femoral stenoses are usually multilocated. FP occlusion is char-
acterized by the absence of colour Doppler, E-flow or B-flow, and 
PW Doppler. If there are no collateral vessels, the flow proximal to 
the occlusion is high resistive. If dilated high-capacitance collater-
als are present, continuous forward diastolic flow is present in the 
proximal artery. DUS can also visualize run-off vessels, especially 
when using the colour mode (% Fig. 68.26). Blood flow is accel-
erated in those vessels because their diameter is smaller than the 
main artery. Usually the artery that reconstitutes distal to a high-
grade stenosis or occlusion will have a characteristic poststenotic 
parvus et tardus waveform [14]. Patients with occlusion of the SFA 
may demonstrate a low-resistance waveform in the CFA in the 
absence of aorto-iliac disease. One must be aware of misdiagnosis. 
If the CFA is occluded, blood flow may also be reversed in the DFA 
which acts as the main collateral artery.

femoral bifurcation where it divides into the superficial femoral 
artery (SFA) and the deep femoral artery (DFA) (% Fig. 68.25). 
The femoral bifurcation is a privileged site for atherosclerosis 
(plaque, stenosis). As for carotids, visualization of plaques is a CV 
risk marker. The SFA is the main thigh artery and runs downwards 
along the anteromedial side of the thigh, anteriorly to the super-
ficial femoral vein. In the lower third of the thigh it goes through 
the adductor canal, a usual site of stenosis and is deeply located. In 
some difficult cases one must use a low-frequency convex probe 
(‘abdominal probe’). In the popliteal fossa, the SFA becomes the 
popliteal artery, which is anterior to the popliteal vein. As the 
transducer is placed posteriorly, in the popliteal fossa, the popliteal 
artery is ‘under’ the popliteal vein. Below the knee, the popliteal 
artery divides into the ATA and the tibioperoneal trunk. Calf arter-
ies are rarely examined in detail. The distal PTA is located behind 
the medial malleolus. The fibular artery runs deeply, close to the 
fibula and the ATA is identified by an anterolateral approach. PW 
or CW Doppler should be triphasic in the entire arterial tree. With 
ageing, the end-wave component progressively disappears. A pos-
itive diastolic flow is seen in case of downstream vasodilation (e.g. 
inflammation, post-exercise, high-grade stenosis). The next step 
is the examination of abdominal arteries. If possible, the patient is  
required to fast before the study. A convex low-frequency probe is 
required. Aortic DUS has been described previously. If possible, 
the aorto-iliac bifurcation and common and external arteries are 
examined as well as the origin of internal iliac arteries.

Atherosclerosis
Plaques

Plaques are CV risk markers. Carotid echolucent non-stenotic 
plaques can only be detected by colour Doppler, E-flow, or B-flow.

Femoropopliteal stenosis/occlusion
Femoropopliteal (FP) stenosis is diagnosed by direct signs (alias-
ing in colour Doppler, accelerated blood flow and turbulences 

Fig. 68.25 Longitudinal view of the femoral bifurcation. CFA, common 
femoral artery; DFA, deep femoral artery; SFA,  superficial femoral artery.

SFA
CFA

DFA

Fig. 68.26 Run-off vessel upstream popliteal occlusion.
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(especially aorto-iliac stenosis) or give objective data on claudica-
tion. It is not useful in case of non-compressible arteries, of course. 
If the treadmill is not available, a simplified stress test can be per-
formed with repetitive ankle flexion–extension manoeuvres in the 
upright (or supine) position.

Medial arterial calcification
Initially referred to as Mönckeberg’s sclerosis, medial arterial cal-
cification (MAC) occurs independently of atherosclerosis. It is 
frequent in elderly patients as well as patients suffering from dia-
betes mellitus, severe renal impairment, or hypervitaminosis D. 
MAC is probably enhanced by vitamin K antagonists (warfarin). 
It can also be encountered in otherwise normal patients (espe-
cially sportsmen). It is frequently located in the aorta and lower 
limb arteries (especially from distal SFA to distal ankle arteries). It 
stiffens arteries with adverse repercussions on blood pressure, left 
ventricular function, stroke, etc. It causes overestimation of ABI 
(non-compressible arteries). MAC appears as punctuate hyper-
echogenicity in the arterial wall (% Fig. 68.27).

Acute ischaemia
There are three major causes of acute ischaemia: embolus, throm-
bosis, or dissection.

Graft surveillance
Surveillance programme

Patients undergoing surgical revascularization procedures are at 
risk of early and late complications, recurrence of disease at revas-
cularized sites, and development of new arterial disease at remote 
sites. Stenosis or aneurysm can develop after vein or prosthetic 

Aorto-iliac stenosis/occlusion

Aorto-iliac vessels are first assessed indirectly by the CFA Doppler 
waveform analysis. A CFA PSV of 45 cm/s or less combined with 
a monophasic waveform is highly predictive of ipsilateral iliac 
occlusion. Nevertheless ‘moderate’ but symptomatic common 
iliac artery or external iliac artery stenosis may coexist with nor-
mal or ‘near-normal’ Doppler in the CFA. Hyperaemia or exercise 
testing will demask such patients. Direct DUS aorto-iliac vessels 
examination should be performed whenever possible. Abdominal 
aortic diameter must be measured (ectasia? AAA?) and calcifi-
cations and/or thrombus must be mentioned. Aliasing in colour 
Doppler can help detecting the stenosis. SVR, which has the best 
discriminative value, recorded in the aorto-iliac segments can 
predict the severity of iliac stenoses. Additional parameters such 
as PSV, EDV, and the presence or absence of reverse flow and 
spectral broadening in the Doppler spectrum are also helpful in 
stenosis gradation [15] (% Table 68.6).

Exercise testing
The standard Skinner–Strandness treadmill test is performed at a 
speed of 2 miles/hour with a 12% incline. Currently other proto-
cols can be used (constant-load treadmill, graded-load treadmill, 
pain threshold speed). Before starting, patients are told to alert 
the technician regarding development of any pain (e.g. in lower 
limb, chest, knee, or hip), shortness of breath, or dizziness. Stress 
test contraindications must be respected. The test is continued 
until limb claudication or for 5 minutes if the patient remains 
asymptomatic. At the end of the test, the patient is immediately 
placed in the supine position. The ankle SBPs are quickly meas-
ured, starting with the symptomatic leg. The measurements are 
repeated every 30 seconds for the first 4 minutes and then every 
minute for up to 10 minutes. The pressure measurement routine 
is stopped earlier if the pressure returns to baseline. The brachial 
SBP should be recorded immediately at the first set of ankle SBP 
and at the end of the postexercise ankle SBP (ideally by a 2D tech-
nologist). Data recorded from the treadmill procedure should 
include measured ankle SBP, length of time the patient was able to 
walk, time required for the SBP to return to baseline, nature and 
location of the patient’s symptoms, and reason for discontinuing. 
The ankle SBP should increase with exercise as the brachial SBP 
increases too. An ABI less than 0.9 at 1 minute after exercise indi-
cates haemodynamically significant peripheral artery disease [12]. 
Post-exercise ABI shouldn’t lower by more than 15% [16]. Post-
exercise ABI may be necessary to uncover subcritical stenosis 

Table 68.6 Duplex velocity characteristics of aorto-iliac stenoses

Plaque/stenosis PSV SVR EDV

50–74% > 300 cm/s > 4 (> 2.8 for 85% 
Sp and Se)

75–99% > 400 cm/s > 6 ≥ 40 cm/s  
(90%Sp, 70%Se)

de Smet AA, Ermers EJ, Kitslaar PJ. Duplex velocity characteristics of aortoiliac stenoses.  
J Vasc Surg 1996; 23(4):628–36.

Popl art

MAC

Fig. 68.27 Medial calcification in the popliteal artery.
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Transluminal percutaneous  
angioplasty/stenting
Early adverse events
Early adverse events are rare except haematomas. They include 
acute thrombosis, arterial dissection, distal embolism, cholesterol 
embolism, and local complications of endovascular procedures 
(e.g. false aneurysm and arteriovenous fistula).

Surveillance
DUS is being performed to identify individuals who need reinter-
vention. It is currently performed after revascularization (1 and 
6 months), often annually thereafter, and at recurrence of symp-
toms. ABI measurement is mandatory but not sufficient. After 
iliac stenting, native iliac arteries Doppler criteria are used. After 
FP stenting, PSV should be lower than 180 cm/s and SVR less 
than 2.5. SVR greater than 2 is commonly considered as predic-
tive of greater than 50% stenosis [18] and requires repeated DUS 
2–3 months later. To determine 80% or higher, combining PSV of 
at least 275 cm/s and SVR of 3.5 or higher is highly specific and 
predictive [19].

Arteritis
Takayasu disease

Takayasu disease can involve the aorta and its first- and second-
order branches. Takayasu arteritis usually affects postvertebral 
SCAs and CCAs but can extend to renal arteries and the aorta. 
Chronic lesions are less specific than acute ones (see % ‘Supra-
aortic arteries’). US may be helpful in diagnosing Takayasu 
arteritis, in detecting pre-stenotic and/or stenotic lesions, aneu-
rysms, and in monitoring of the disease evolution and response 
to treatment.

Giant cell arteritis
See % ‘Supra-aortic arteries’.

Thromboangiitis obliterans (Buerger’s disease)
This is most commonly seen in young (both male and female) 
heavy tobacco smokers. Cannabis is also a risk factor. It preferen-
tially affects smaller distal upper and lower limb arteries causing 
obliteration and thrombosis and often leads to necrosis if smoking 
is not stopped. Thromboangiitis obliterans can also cause superfi-
cial vein thrombosis.

Complications of endovascular 
procedures
These include haematoma, arteriovenous fistula, infection, athero-
emboli, retroperitoneal haemorrhage, native arterial thrombosis, 
and pseudoaneurysm [14].

arterial bypass and lead to graft thrombosis. Autogenous vein 
grafts usually fail within their midportion and at anastomotic 
sites. As a result, long-term patency is preserved by early re-inter-
vention. Unlike vein grafts, prosthetic grafts fail more frequently 
because of impaired native vessel outflow or poor arterial inflow. 
Application of graft surveillance helps preserving the patency of 
bypass grafts, especially venous ones, and is cost-effective. For 
autogenous vein grafts, DUS surveillance should be performed 
at intervals of 1, 3, 6, 12, 18, and 24 months postoperatively and 
then annually thereafter. For infrainguinal prosthetic grafts, sur-
veillance programmes are less standardized and should take the 
clinical assessment of the patient into account. DUS should be 
performed in the immediate postoperative period and at regular 
intervals for at least 2 years, with interval history (new symptoms), 
vascular examination, and ABI at rest [16]. About one-third of 
lower bypass grafts are at increased risk for occluding within 3–6 
months because of early postoperative (4–6 weeks) stenoses that 
can also be detected by DUS.

Duplex ultrasound
The location and type of graft (venous, prosthetic) are identified 
before beginning DUS. ABI is measured and complete arterial 
mapping of the lower limb is performed. PW Doppler interro-
gation is guided by the colour Doppler findings. Aortobifemoral 
bypasses may show stenosis, kinking, or pseudoaneurysm. For 
infrainguinal bypasses, PSV is measured in the proximal native 
artery, at the proximal anastomosis, throughout the graft seg-
ment, in the distal anastomosis, and in the distal native vessel 
(US guidelines). Abnormalities (e.g. stenosis, aneurysm, and 
mural thrombus) must be looked for in the proximal anastomo-
sis graft segment (longitudinal and cross-sectional views). Colour 
Doppler imaging can identify stenotic aliasing. The entire length 
of the graft should be imaged and PSV (with optimal incident 
angle) recorded. PSV in ‘normal regions’ of the stenosed graft 
are recorded to calculate the graft flow velocity (GFV). In super-
ficial venous grafts, the sonographer must avoid overestimation 
of flow velocity due to compression by the probe. Here are the 
normal Doppler values in the graft: ascension time less than 180 
ms, GFV between 45 and 150 cm/s, ABI > 0.9, and low-resistance 
flow pattern. At sites of stenosis, the SVR is calculated (SVR = 
PSVmax/PSVproximal to the stenosis) to estimate the stenosis. According to 
Bandyk et al. [17], a GFV less than 40 cm/s and absent diastolic 
forward flow are associated with early graft occlusion and these 
grafts need prompt correction. Most stenoses develop within the 
first year. High-grade stenoses (> 70%) are defined as PSV greater 
than 300 cm/s (venous grafts) and 250 cm/s (prosthetic grafts), 
EDV greater than 20 cm/s, and SVR across the stenosis greater 
than 3–3.5. They must be corrected. Early moderate or interme-
diate stenoses (PSV > 150–200 cm/s, SVR = 2–3.5) progress to a 
severe stenosis in approximately two-thirds of sites. A decrease in 
GFV by more than 30 cm/s is abnormal. Postoperative decrease 
in GFV to less than 45 cm/s identifies venous grafts with impend-
ing failure. Stenoses should be monitored and treated in case of 
progression.
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up to 3000 IU or rarely 6000 IU) with a primary success rate of 
93%. The recurrence rate is about 5%. Complications are rare: 
thrombosis of the native artery, venous thrombosis, distal arterial 
thromboembolism (< 2%), and very rarely pulmonary embolism.

Catheter-related femoral arteriovenous fistula
Duplex US can easily diagnose an arteriovenous fistula when 
recording a continuous turbulent flow from the artery to the 
adjacent vein which is dilated. A catheter-related femoral arte-
riovenous fistula usually requires surgical repair or endovascular 
closure with covered stents.

Popliteal artery aneurysm
Popliteal artery aneurysm (PAA) is generally defined by an 
increased diameter exceeding 15 mm (Fig. % 68.29). Apart from 
elastopathies, PAAs are usually encountered in men aged 60 years 
or older. Half of PAAs are bilateral and 40% of them are associ-
ated with an AAA. The main complication of PAAs is chronic 
and/or acute distal embolization with a high risk of amputation. 
Less frequent complications are deep vein thrombosis or oedema 
due to popliteal vein compression, rupture, or infective compli-
cations. Sometimes a PAA is detected because of palpation of a 
popliteal pulsatile mass, or incidentally found during imaging of 
the popliteal region. US imaging with comprehensive lower limb 
arterial DUS is the method of choice to assess PAA and its com-
plications. Other major differential diagnoses must be ruled out: 
large popliteal artery (arteriomegaly), adventitial cyst, synovial 
cyst, post-stenotic arterial dilation related to an entrapped pop-
liteal artery, or a false aneurysm at the anastomotic site of a bypass. 
DUS should also detect mural thrombosis. For PAAs smaller than  
20 mm without thrombus, DUS surveillance can be proposed 
every 6 months in the absence of any symptom. PAAs larger than 
20 mm should be operated on [20].

Catheter-related femoral artery 
pseudoaneurysm
Catheter-related femoral artery pseudoaneurysm (FAP) is the 
most frequent complication of endovascular procedures. It is due 
to incomplete closure of the femoral artery puncture site after cath-
eter or sheath withdrawal or to a closure device failure. FAP is a 
‘pulsatile haematoma’ that communicates with the femoral artery. It 
occurs after 0.1–0.2% of diagnostic angiograms and after 3.5–5.5% 
of interventional procedures. The incidence is increased in obese 
patients, heavily calcified arteries or in inadequate puncture (too 
proximal, at the iliofemoral junction or too distal, at the origin of the 
SFA). Peri- and/or post-procedural anticoagulation and/or ‘poly-
antiplatelet therapy’ are risk factors, as well as longer procedures, 
larger-diameter delivery-sheath sizes catheters (transcatheter aor-
tic valve implantation), and difficult arterial access. ‘Abnormal’ 
pain at the access site after arterial puncture and/or pulsatile mass 
after endovascular procedure is an obvious indication of diagnostic 
duplex US. Typical DUS shows a cavity (sac) which communicates 
with the artery through a small channel (neck). Doppler records a 
typical high-velocity back and forth blood flow in the channel (sys-
tolic femoral artery-sac flow and diastolic sac-femoral artery flow) 
(% Fig. 68.28). In the absence of antithrombotic therapy, FAPs 
smaller than 2 cm diameter tend to close spontaneously within  
2 months. In contrast, large FAPs can rupture into the retroperi-
toneal space or the upper thigh, or compress the adjacent femoral 
vein or nerve. The majority of uncomplicated FAPs can be man-
aged with either US-guided compression therapy or injection of 
thrombin (preferably human thrombin) directly in the FAP cavity. 
US-guided compression therapy has a good primary success rate 
(63–86%), but the procedure is long (compression for 10 minutes 
at a time and repeated for up to 60 minutes) and painful (requir-
ing analgesia). FAPs larger than 2 cm diameter can be successfully 
thrombosed by the US-guided injection of thrombin (500–1000 IU,  

Fig. 68.28 Femoral pseudoaneurysm.

CFA
neck

sac
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Fig. 68.29 Longitudinal view of 
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thrombus; unlike arteriomegaly, the 
edges of the vessel are not parallel.
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CHAPTER 69

Competence and 
certification
Alexandros S. Stefanidis and  
Bogdan A. Popescu

Summary
Cardiovascular imaging has contributed significantly to the remarkable reduction in 
mortality over the past four decades. However, quality of imaging and interpretation 
in echocardiography and other imaging modalities can vary widely and thus appar-
ently innocuous tests may cause harm. A patient with a false-positive test result may 
subsequently have an unwarranted invasive procedure, or, in contrast, a patient with a 
false-negative test result may not receive life-saving treatment. Staff, equipment, qual-
ity control, and quality assurance may all influence the final imaging result. Failure to 
appropriately regulate any one of these factors can generate suboptimal image quality, 
erroneous interpretation, inappropriate treatment, and thus poor outcomes.

Certification of personnel and accreditation of imaging departments by official sci-
entific authorities are critical in all areas of cardiovascular imaging to guarantee optimal 
performance and interpretation of quality studies for patient diagnosis and manage-
ment. This is especially important in the field of echocardiography where operators 
have sometimes dissimilar training and knowledge that may not support proper patient 
management. The necessity to deliver proper training is recognized and several certifica-
tion–accreditation processes exist within cardiovascular imaging, with the aim to ensure 
that cardiac echocardiographers and other imaging specialists are fully competent within 
any given modality.

Rationality
In the early days of cardiology, ultrasound use was limited, and usually anyone with cre-
dentials as a cardiologist could perform and interpret echocardiographic studies. The 
sustained development of imaging due to rapid technological advances proved its prin-
cipal role in the patient approach. However, less attention has been focused on quality 
compared to other areas of cardiovascular medicine. Besides, in the era of budgetary con-
straints, growth rates of imaging as high as 26% per year captured the attention of payers, 
insurers, and regulators and questions regarding the cost:benefit ratio of cardiovascular 
imaging in general are now more frequently confronted [1].

With the advent of qualified echocardiographers (medical or not), echocardiogra-
phy and other imaging modalities have gradually renovated cardiovascular medicine by 
improving the prevention, diagnosis, and management of cardiovascular disease.

Contemporary trends suggest that personnel performing diagnostic imaging proce-
dures need to demonstrate a commitment to quality and accepted standards of practice. 
Laboratory accreditation provides the means required to demonstrate that commitment.
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The development of a competency-based educational pro-
gramme focuses firstly on the issue of individual certification. 
However, increasing importance has now been placed on ensuring 
departmental competence.

To attain and maintain high standards, however, individual skill 
is insufficient and a proper infrastructure and organization are also 
needed. As a consequence, the natural progression is from certi-
fying individuals to establishing standards for echocardiographic 
laboratories, whereby the examinations and the equipment used 
are appropriate for clinical competence. Both the American Society 
of Echocardiography, through the Intersocietal Commission for 
the Accreditation of Echocardiographic Laboratories, and the 
European Association of Cardiovascular Imaging (EACVI) have 
introduced accreditation both for individuals and for echocardio-
graphic laboratories.

Individual certification
Evaluation of individual competence is an essential and critical 
part of the educational process in echocardiography for a cardiol-
ogy fellow. Ideally, the assessment may be accomplished by direct 
observation of the skill of the trainee to perform and interpret the 
echocardiographic examination or may take the form of a practi-
cal or written examination, or both. Evaluation of the competence 
should be the responsibility of the head of the echocardiographic 
laboratory [5].

Nevertheless, recognizing the inconsistency in echocar-
diographic image quality, objective examinations have been 
created by several professional medical societies and associa-
tions. These are designed for physicians who want to test and 
demonstrate their proficiency in several echo modalities (adult 
transthoracic, adult transoesophageal, and congenital heart dis-
ease echocardiography).

The goals of the individual certification process are to evaluate 
the training and level of knowledge of a candidate in an authorized 
manner, provide an impetus to professional evolution in the field, 
and serve the public by encouraging quality patient care in the 
practice of echocardiography.

A certification system for individuals undertaking echocardiog-
raphy exams across the member countries of the EACVI (formerly 
the European Association of Echocardiography) was introduced in 
2003. This scheme does not affect local legal requirements for the 
practice of echocardiography and the reporting of echocardiograms. 
It provided a voluntary scheme for individuals to demonstrate and 
receive validation of their competence in echocardiography.

Competence requires assessment that the candidate has 
appropriate knowledge, skills, and attitudes and is assessed in a 
combination of three ways:

1.  evidence (statements or testimonials) by trainers and 
supervisors

2. knowledge-based assessments (examinations)

3. evidence of practical ability (log books and practical 
assessment).

Terminology
The terms certification, accreditation, competence, and creden-
tial, while seemingly similar, are often used without a well-defined 
understanding of the differences between them [2,3].

A certification is an authorized document declaring a level of 
accomplishment of training of an individual. An accreditation is 
provided by an authority to a laboratory, department, or hospital 
‘to state officially that something is of adequate standard’. However, 
accreditation does not apply directly to an individual.

Competence is the recognition of capability or legal authority. 
An echocardiographer can be competent to perform an ultrasono-
graphic examination based on his/her knowledge, skill, behaviour, 
and attitude.

The updated European Society of Cardiology Core Curriculum 
[4] defines the different levels of competence on several diagnostic 
techniques and states the level expected for a given area of subject 
matter including echocardiography:
◆	 Level I: experience of selecting the appropriate diagnostic or 

therapeutic modality and interpreting results or choosing an 
appropriate treatment for which the patient should be referred. 
This level of competence does not include performing a technique, 
but participation in procedures during training may be valuable.

◆	 Level II: in addition to Level I requirements, the trainee should 
acquire practical experience but not as an independent opera-
tor. Trainees should have assisted in or performed a particular 
technique or procedure under the guidance of a trainer. This 
level also applies to circumstances in which the trainee needs to 
acquire the skills to perform the technique independently, but 
only for routine indications in uncomplicated cases.

◆	 Level III: in addition to Level I and II requirements, the trainee 
must be able independently to recognize the indication, per-
form the technique or procedure, interpret the data, and 
manage the complications.

Competence does not award the credential to perform this proce-
dure in a clinical setting. An institution acknowledges competence 
through a credentialing process. Since credentials are hospital or 
health system specific, they are not necessarily transferable from 
one institution/system to another.

Competence and accreditation
Accreditation implies that reasonable procedural expertise and 
knowledge has been established. However, with respect to echo-
cardiography, competence requires additionally that one has the 
skill to integrate study results within the clinical context of patient 
care. Such competence cannot be established through a brief 
period of training or teaching course, but is accrued during organ-
ized clinical training that cumulatively provides the experience of 
numerous clinical cases.
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2. The advanced standard: this will aim to fulfil requirements and 
offer an advanced service with state-of-the-art equipment, and 
is also accredited for training and research. For this level, it will 
be necessary for the laboratories to have a history of research 
and teaching with state-of-the-art equipment performing all 
echo modalities, such as Doppler tissue imaging, contrast, 
three-dimensional, and speckle tracking echocardiography [8].

Institutions need to submit their applications through an online 
platform enclosing all required documentation regarding indi-
vidual certifications and facilities. After this initial step, a direct 
chain of communication between the National Society/EACVI 
reviewers and the applying laboratory is created. The involvement 
of the National Society makes the process more efficient while 
also reinforcing the partnership between the National Societies 
and the EACVI. Upon review by the National representative, 
the EACVI Laboratory Accreditation Subcommittee reviews the 
index application, discusses the initial recommendation, and 
finalizes the investigation. A possible rejection of an application 
does not preclude a second revision by the committee after the 
applicant lab has adopted a number of recommended changes/
improvements.

Quality improvement
Though endorsing a high level of quality has become an impor-
tant concern for patients, physicians, and payers, relatively limited 
attention has been focused on measures of quality control and 
quality improvement in echocardiography.

At present, quality assessment of echocardiography services in 
Europe occurs almost exclusively through voluntary accreditation 
of clinical settings. Nevertheless, measurement and supervising 
are needed beyond accreditation. Accredited conditions during a 
snapshot in time are not necessarily equal to constant regulation 
and it would be desirable to implement monitoring for a constant 
quality control and further improvement [9].

Proposed models generally consist of four distinct domains 
of process that affect clinical outcome: patient selection, study 
performance, image interpretation, and reporting. Laboratory 
infrastructure (logistics, equipment, staffing) and organization 
(procedures and protocols) influence and support these four 
domains (see % Fig. 69.1).
◆	 The first step to a high-quality echocardiographic service is 

to ensure appropriate patient selection for a particular echo 

The importance of trainers and supervisors should not be under-
estimated. The supervisor should hold national and/or EACVI 
certification and usually be the head of the laboratory in which 
training was undertaken. At the end of the training, the super-
visor will be asked to testify that the candidate has undergone a 
programmed training and achieved competence. Subsequently 
candidates will also undertake a multiple choice questions exami-
nation of their theoretical knowledge and their ability to interpret 
images from echo studies. Questions submitted by members of 
the relevant subcommittees are reviewed for accuracy, relevance, 
simplicity and precision, and consistency of the potential answers. 
The examination is constantly evaluated and revised assessing 
the statistics feedback of the candidates’ results. Each question 
in the database is characterized by its statistical difficulty, allow-
ing examinations of comparable difficulty across the years. The 
passing scores are adjusted so that equivalent candidate skill is 
required to pass each particular exam.

Finally, the practical element for EACVI certification consists 
of submission of a logbook of cases performed by the candidate 
within a distinct period after passing the written examination. The 
case-mix is prearranged to cover the range of pathologies normally 
seen. In combination, the supervisor’s statement, completion of 
the written examination, and practical logbook provide evidence 
of competence and the award of certification by the EACVI.

Laboratory accreditation
As already stated, the concept of laboratory accreditation aims to 
demonstrate that the studies being performed meet certain stand-
ards for quality and interpretation. Even if this process in Europe 
is usually voluntary, in some other countries like the United States, 
accreditation is no longer just an awarding marking laboratory’s 
excellence but instead a prerequisite for reimbursement. This 
motivation came not only from professional societies but also 
from payers. Nevertheless, when one accepts accreditation as a 
usable measure of laboratory quality, the issue becomes who or 
what body is best suited to provide such an evaluation. The model 
might be a specific testing procedure that runs under the auspices 
of a unique or various professional societies [6,7].

The EACVI provides a voluntary service of lab accreditation 
with two levels of standards:
1. The basic standard: this will aim to fulfil ‘mandatory’ require-

ments offering an adequate basic clinical service. It is postulated 
that the majority of echocardiographic services in each country 
will fulfil these basic requirements.

Echocardiography process

Laboratory infrastructure and organization

Patients
Patient

selection
Study

performance
Study

interpretation
Study

reporting

Improving
patient care
(outcomes)

Fig. 69.1 Laboratory infrastructure 
and organization.



CHAPTER 69 competence and certification624

Table 69.1 Action items and quality measures in the ‘dimensions of care’ framework for echocardiography

Step Quality goals Action items Quality measures

Laboratory 
infrastructure

Ensure baseline 
standards for 
equipment and staff 
proficiency

Apply for standard laboratory accreditation
EACVI and/or national certification for both 
sonographers and physicians
Aim for advanced laboratory accreditation for stress 
echo and TOE
Monitor number of studies performed/reported by 
each sonographer/physician

Percentage of echo studies performed by certified 
sonographers
Percentage of echo studies performed/reported by 
certified physicians
CME credits for both sonographers and clinicians

Patient selection Appropriateness Introduce appropriateness criteria for transthoracic, 
transoesophageal, and stress echocardiography
Develop specific study order forms to help referring 
clinicians in selecting appropriate indications
Monitor case-mix of echo studies

Percentage studies meeting appropriateness criteria
Percentage of in- and outpatient studies reported 
as normal

Study performance Diagnostic quality 
studies

Adopt EACVI recommendations for standardization 
of performance, digital storage, and reporting of 
echocardiographic studies
Adopt EACVI recommendations for stress echo
Adopt EACVI recommendations for TOE
Ensure adequate time for each echo modality
Develop specific protocols for the use of contrast

Number of studies reviewed monthly for 
completeness by the clinical and/or technical head 
of the laboratory
Percentage of complete studies according to EACVI 
recommendations
Percentage of non-interpretable studies
Number of studies performed/interpreted daily by 
each sonographer/physician
Percentage of studies performed with the use of 
contrast

Patient safety Monitoring in- and outpatient waiting list
Develop specific time-frame for performing echo 
study according to the clinical priority
Monitoring major complications of stress echo 
(death, acute myocardial infarction, major 
arrhythmias) and of TOE

Percentage of patient who were studied within the 
predefined time-frame set for each clinical priority
Percentage of patients with documented signed 
informed consent prior to TOE or stress echo
Percentage of unsuccessful intubations in patients in 
whom TOE was attempted

Study interpretation Accuracy Adopt existing standards for measuring and 
interpreting echo studies
Compare results with other imaging techniques or 
with surgical findings
Adopt digital archiving of images and data

Percentage of patients with an explicit clinical 
indication to echo
Percentage of patients with abnormal stress 
echo and normal coronary arteries at coronary 
angiography
Bias and limits of agreement of left ventricular 
volumes vs cardiac magnetic resonance or nuclear
Bias and limits of agreement of transaortic gradients 
with cardiac catheterization
Number of studies reviewed monthly for 
interpretation by the clinical head of the laboratory

Reproducibility Develop procedures for determining intra- and inter-
reader variability of reporting physicians

Intra- and inter-reader reproducibility of left 
ventricular ejection fraction
Intra- and inter-reader reproducibility of aortic/
prosthetic effective orifice area

Reporting Completeness Develop computerized software for structured 
reporting for all echo modalities
Adopt minimal data sets for comprehensive reporting 
of echo studies

Percentage of reports meeting requirements of the 
minimal data set for reporting
Percentage of reports in which the clinical 
indication for the study has been clearly stated
Percentage of reports in which a comparison with 
previous studies (when available) has been provided

Timelines Define procedures to provide timely report to 
referring physicians

Improved patient care 
(outcomes)

Satisfaction Develop customer satisfaction assessment tools satisfaction score above a pre-determined value
Percentage of patients referred to cardiac 
scintigraphy after a definitively positive or negative 
stress echo for coronary artery disease

Impact on clinical 
management

Develop methods for measuring patient outcomes 
and impact on medical decision making

TOE, transoesophageal echocardiography.
Reproduced from Popescu BA, Andrade MJ, Badano LP, Fox KF, Flachskampf FA, Lancellotti P et al, European Association of Echocardiography recommendations for training, 
competence and quality improvement in echocardiography, Eur J Echocardiogr (2009), 10, 8, 893–905 by permission of Oxford University Press.
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to minimize variability. However, sufficient imaging inter-
pretation cannot be guaranteed simply by the certification of 
personnel. High-quality echo laboratories should provide evi-
dence of both accuracy and reproducibility of echo studies’ 
interpretation. Means to assess accuracy include comparing the 
results from one study with those from an alternate imaging 
modality. Reproducibility can be assessed by measuring intra- 
and inter-reader variability of the most critical parameters (e.g. 
left ventricular ejection fraction and/or volumes, transaortic 
gradients, and valve areas).

◆	 Finally, a high-quality echo report should be accurate, complete, 
and answer unambiguously the clinical question for which the 
study was requested. It should also be easy and comprehensive 
to understand by the referring physician.

Quality measures proposed for each step of the framework are 
depicted in % Table 69.1.

Conclusion
Echocardiography and cardiovascular imaging in general are 
subject to the same quality considerations as other diagnostic 
and therapeutic procedures in cardiology. Individual certifica-
tion and echo lab accreditation are both critical to ensure optimal 
performance and interpretation of quality echocardiographic 
studies. The role for certification of individuals is likely to weaken 
with time, whilst departmental accreditation has the potential to 
expand high-quality clinical care and training.

modality on the basis of evidence or consensus that it is reason-
able, cost-effective, will affect patient management, and will lead 
to clinical benefit. The importance of developing and adopting 
appropriateness criteria is also emphasized. Appropriateness 
criteria for echocardiographic modalities are either already 
published or are under development by several associations and 
societies [10,11].

◆	 The second step is study performance using adequate equip-
ment and certified operators, to obtain complete and accurate 
information related to the clinical questions. High-quality image 
acquisition also depends on specific protocols that improve 
the prospect that images are of adequate diagnostic quality. 
Adherence to such laboratory protocols could be a potential 
means of evaluating quality. All the studies need to be recorded, 
ideally in digital format. Factors such as the incidence of com-
plications during transoesophageal echo or stress echo studies 
or the percentage of unsuccessful intubation in attempted tran-
soesophageal echo studies are indicators to be used for assessing 
patient’s safety. Training and certification of operators (either 
sonographers or cardiologists) who perform echo studies are 
also important quality indicators. However, accreditation of indi-
vidual echocardiographers alone cannot guarantee high-quality 
echo studies. It is also necessary for a laboratory to provide ade-
quate facilities and organization, and this underlines the EACVI 
and other associations and societies’ establishment of procedures 
for both individual certification and laboratory accreditation.

◆	 Images need to be interpreted by a skilled physician, with qual-
ity controls and processes in place to maximize accuracy and 
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CHAPTER 70

Training for emergency 
echocardiography
Aleksandar N. Neskovic

General considerations
Emergency echocardiography refers to the use of echocardiography in the assessment 
of patients with suspected cardiovascular disease requiring immediate diagnosis and 
treatment [1]. Of note, it is a comprehensive echocardiographic evaluation of cardiac 
morphology and function, intended not only to identify cardiovascular conditions which 
are easy to detect, like pericardial effusion, severe global left ventricular dysfunction, and 
hypovolaemia, but also subtle abnormalities as well as difficult or rare pathologies. Thus, 
emergency echocardiography should be clearly differentiated from point-of-care focused 
cardiac ultrasound (FoCUS) [2,3] and examinations performed with pocket-sized imag-
ing devices (echo scanning) [4], both of which may accompany clinical examination.

When performing echocardiography in emergency settings the operator is obviously 
exposed to stress and time constraints, which may often result in suboptimal image acquisi-
tion, inaccurate readings, or missing the key information. These challenging circumstances 
are at least partly responsible for both interpretation errors and missed findings that are 
likely to occur more frequently [1]. Therefore, it is essential that the person performing/
interpreting echocardiography has a respectable knowledge of cardiology and the capacity 
to obtain and fully integrate echo information into clinical decision-making processes [1]. 
However, emergency cardiac diagnostics is performed not only by qualified cardiologists, 
but also by emergency physicians, anaesthesiologists, intensive care specialists, cardiac 
surgeons, or even fellows, general practitioners, and properly trained sonographers/car-
diac physiologists. Despite having quite different medical backgrounds, all of them may be 
capable of obtaining crucial, life-saving information in emergency situations. Currently, 
there is a rapidly growing trend towards straightforward access to cardiac imaging by 
using hand-held, pocket-sized imaging devices by non-cardiologists and cardiologists 
with insufficient formal training. Expected clinical benefit due to widespread availability 
of cardiac imaging may be seriously disputed by an increased likelihood of disastrous 
errors in the emergency setting, as a consequence of an operator’s incompetence [5].

Safe and efficient practice of emergency echocardiography relies mostly on appropriate 
education and training that should qualify operators to independently perform the study 
in the emergency setting and interpret findings unaided.

Training requirements and levels of competence
In its recently published recommendations, the European Association of Cardiovascular 
Imaging (EACVI) has set standards for adequate education and training for the safe and 
efficient use of echocardiography in emergency settings [1].
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Two basic principles proposed in this document are, firstly, that 
the level of competence in echocardiography required for emer-
gency cases is at least the same as for elective cases, and, secondly, 
competence requirements are the same for cardiologists and non-
cardiologists. In practice, this means that any general cardiologist 
[6] who has completed basic echocardiography training, outlined 
in the EACVI recommendations for training, competence, and 
quality improvement in echocardiography [7], should be consid-
ered as competent to perform transthoracic echocardiography for 
making a diagnosis and guiding management in cardiac emergen-
cies. Non-cardiologists should reach the same level of expertise 
through a training programme similar to the training programme 
for general cardiologists, with additional theoretical learning on 
certain cardiovascular diseases/conditions [1].

For performing transoesophageal studies and applying 
advanced echocardiography techniques, specialized additional 
training must be completed for all operators [7].

The EACVI recognizes two levels of competence in emergency 
echocardiography: the independent operator level and the expert 
operator level (see % Table 70.1) [1].

Independent operator level is achieved both by cardiologists 
and non-cardiologists who successfully complete education 
and training according to the proposed recommendations [1]. 
In order to further improve technical skills and build experi-
ence, all cardiologists involved regularly in emergency cardiac 
care are strongly encouraged to complete an additional train-
ing programme covering interpretation/reporting of at least 150 
echocardiographic examinations in critical or life-saving scenar-
ios [1]. As emphasized earlier, the same requirements for training 
in emergency echocardiography are applied for non-cardiologists. 
However, since the proficiency in cardiovascular diseases among 
non-cardiologists is typically insufficient compared with cardi-
ologists, additional education and training are mandatory for 
them to achieve the independent operator level in emergency 

Table 70.1 Minimal requirements for training and expertise for cardiologists and non-cardiologists for unaided performing/interpretation of 
adult echocardiography in emergency settings

Level of competence 
in emergency 
echocardiography

Profile of individual 
performing emergency 
echocardiography

Minimal number 
of examinations 
performed to 
become competent 
according to EAE 
recommendationsb

Achieved level 
of expertise 
according to EAE 
recommendations

Level of competence 
to be achieved 
according to ESC Core 
Curriculumc

Additional education/
training requirements

Independent operator Cardiologists 
(completed training 
according to ESC 
Core Curriculum 
requirements for general 
training for cardiologists)

350 (TTE) Basic echocardiography Level III in general  
adult TTE
Level II in TEE
Level II in stress 
echocardiography

Highly recommended 
150 emergency cases 
interpreted/reported

Non-cardiologistsa 
(completed training in 
their own specialties, but 
not in cardiology)

350d (TTE) Basic echocardiography Level III in general  
adult TTE
Level II in TEE
Level II in stress 
echocardiography

Mandatory
Theoretical: 
specific knowledge 
on emergency 
cardiovascular diseases/
conditions (see list,  
Box 70.1)
Practical skills: 150 
emergency cases 
interpreted/reported; 
50 of which personally 
performed and 
documented

Expert operator Cardiologists 
(completed training 
appropriate for 
cardiologists with 
subspecialty interest in 
echocardiography)

750 (TTE)
75 (TOE)
100 (stress echo)

Advanced 
echocardiography

Level III in general  
adult TTE
Level III in complex  
adult TTE
Level III in TOE
Level III in stress 
echocardiography

No additional training 
required (expert 
operators in emergency 
echocardiography 
provides: education, 
training, and 
supervision)

a Anaesthesiologists, intensive care specialist, emergency physicians, cardiac surgeons. Sonographers and fellows are not included.
b Programme directors directly involved in education and training process in emergency echocardiography must have advanced level of expertise in echocardiography (according to 
EAE recommendations [7]), and achieved Level III of competence in general adult TTE, TOE, and stress echocardiography (according to ESC Core Curriculum [5]).
c The ESC Core Curriculum [6].
d Additional training is mandatory.
Neskovic AN, Hagendorff A, Lancellotti P, Guarracino F, Varga A, Cosyns B, Flachskampf FA, Popescu BA, Gargani L, Zamorano JL, Badano LP, Emergency echocardiography: the 
European Association of Cardiovascular Imaging recommendations, Eur Heart J Cardiovasc Imaging (2013), 14, 1, 1–11 by permission of Oxford University Press.
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Expert operator level is the highest level of competence in 
emergency echocardiography and is reserved for cardiolo-
gists specialized in echocardiography [1]. It is equivalent to 
advanced echocardiography level of expertise by the EACVI 
recommendations [7]. This level includes competence in special 
echocardiographic techniques, such as transoesophageal, con-
trast, and stress echocardiography [7]. Expert operators should 
be individually certified in echocardiography at national or 
international level and they are expected to act as key individuals 

echocardiography [1]. Theoretical learning programmes should 
include specific knowledge on emergency cardiovascular dis-
eases/conditions (see % list, Box 70.1), while additional hands-on 
training (see % Box 70.2) consists of interpretation/reporting of 
at least 150 emergency echocardiographic cases, with a case-mix 
covering the full range of emergency cardiovascular conditions; at 
least 50 of these examinations must be personally performed, doc-
umented, and interpreted under close supervision by an expert 
(see % Table 70.1) [1].

Box 70.1 Proposed list of emergency cardiovascular diseases/conditions to be included in additional theoretical learning programme

◆	 Acute coronary syndrome/acute myocardial infarction
◆	 Mechanical complications of acute myocardial infarction
◆	 Acute aortic syndrome/aortic dissection
◆	 Acute pulmonary embolism
◆	 Acute heart failure/cardiogenic shock
◆	 Acute pericarditis
◆	 Cardiac tamponade
◆	 Acute myocarditis
◆	 Pneumothorax
◆	 Cardiomyopathies
◆	 Aortic stenosis

◆	 Acute valvular regurgitation
◆	 Hypertrophic cardiomyopathy
◆	 Takotsubo cardiomyopathy
◆	 Prosthetic valve dysfunction
◆	 Cardiac sources of embolism (tumours and masses)
◆	 Ventricular assist device malfunction
◆	 Acute complications of interventional procedures in the cath-

eterization and electrophysiological laboratories
◆	 Acute complications of cardiac surgery
◆	 Endocarditis
◆	 Traumatic injuries of the heart.

Neskovic AN, Hagendorff A, Lancellotti P, Guarracino F, Varga A, Cosyns B, Flachskampf FA, Popescu BA, Gargani L, Zamorano JL, Badano LP, Emergency 
echocardiography: the European Association of Cardiovascular Imaging recommendations, Eur Heart J Cardiovasc Imaging (2013), 14, 1, 1–11 by permission of 
Oxford University Press.

Box 70.2 Subjects of special training interest to be included in additional programme of learning practical skills for cardiologists and 
non-cardiologists

◆	 Indication and limitations of emergency echocardiography
◆	 Knowledge about technical settings, artifacts, and pitfalls of 

echocardiography
◆	 Knowledge about anatomy and topography of the heart and the 

great thoracic arteries and veins
◆	 Standardized echocardiographic examination and documenta-

tion; value of non-standardized views
◆	 Analysis of left and right cardiac chamber size and function:

●	 Detection of cardiogenic shock and its differentiation from 
other causes of shock

●	 Detection of regional left ventricular dysfunction
●	 Detection of right ventricular function, including right heart 

infarction
●	 Detection of acute pulmonary embolism

◆	 Detection of acute valvular disease
◆	 Analysis and detection of pericardial effusion

●	 Differentiation between effusion and hematoma

●	 Differentiation between hemodynamically stable situations 
and tamponade

●	 Differentiation between pleural and pericardial effusion
◆	 Analysis of intra- and extravascular volume status:

●	 Detection of hypovolemia
●	 Detection of normal and pathological vein status
●	 Differentiation between different causes of increased central 

venous pressure
●	 Detection of increased extravascular lung water (B-lines—lung 

comets)
◆	 Analysis of the thoracic aorta:

●	 Detection of acute aortic dissection (hematoma, ulcer)
●	 Detection of ectasia and aneurysm

◆	 Detection of prosthetic valve malfunction
◆	 Detection and differential diagnosis of cardiac masses—cardiac 

sources of embolism
◆	 Assessment of patient with chest trauma.

Neskovic AN, Hagendorff A, Lancellotti P, Guarracino F, Varga A, Cosyns B, Flachskampf FA, Popescu BA, Gargani L, Zamorano JL, Badano LP, Emergency 
echocardiography: the European Association of Cardiovascular Imaging recommendations, Eur Heart J Cardiovasc Imaging (2013), 14, 1, 1–11 by permission of 
Oxford University Press.
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responsible for education, training, supervision, and quality 
control [1].

A certification process for emergency echocardiography cur-
rently is not offered by the EACVI. Nevertheless, it seems likely 
that both individual competence recognized by successful indi-
vidual accreditation for various echocardiographic modalities [8], 
as well as appropriate environment and logistics acknowledged 
by successful EACVI laboratory accreditation [9], will assure a 
high-standard overall echocardiography service, including echo-
cardiography in cardiac emergencies.

The maintenance of competence in emergency echocardiogra-
phy for both cardiologists and qualified non-cardiologists can be 
achieved by discussing, performing, and/or interpreting 50 emer-
gency cases per year, with an adequate case-mix [1].

Conclusion
For the benefit of patients, both cardiologists and non-cardiolo-
gists performing emergency echocardiography evaluation should 
have the necessary skills to obtain diagnostic information, the 
knowledge to understand it entirely, and should use it correctly, 
thoughtfully, and with care [2].

While it is recognized that simple and fast FoCUS may provide 
key clinical information by detecting a limited number of critical 
cardiac conditions [2,3], there are undisputable and substantial 
differences between the content and duration of existing educa-
tional and training programmes for emergency echocardiography 
and FoCUS [1,2]. Therefore, the EACVI promotes and strongly 
supports systematic training in echocardiography and emergency 
echocardiography, as a general prerequisite for full competence in 
collecting high-quality information with cardiac ultrasound and, 
consequently, optimal patient management [1,2].
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CHAPTER 71

Laboratory accreditation
Petros Nihoyannopoulos and Luna Gargani

Summary
Echocardiography has not been regulated for many years, unlike any other imaging 
modality. Consequently, many individuals were self-taught on any piece of equipment 
they had the opportunity to use. This process was clearly unsatisfactory and produced 
many poorly taught ‘echocardiographers’ around the world. Consequently, image quality 
was questionable, giving a bad reputation to the technique as an ‘operator-dependent’ 
procedure. While this statement is correct, the fact that the studies were poorly recorded 
and by individuals ‘in transit’ through their basic cardiological training, it is not sur-
prising that quality was indeed variable. Recognizing this problem, the British Society 
of Echocardiography (BSE) issued a set of standards for training in echocardiography in 
1994 [1] that gradually have been adopted nationwide in the United Kingdom and form 
the basis of the BSE national accreditations for individuals. Standards are needed to pro-
tect both trainees and patients alike. Although not compulsory, it is widely accepted as 
a minimum standard for trainees to claim basic echocardiography training skills during 
their specialization in cardiology and a prerequisite for subspecialty training in cardio-
vascular imaging. For sonographers it is linked with a pay rise once they pass the BSE 
examination. It has taken about 10 years since the publication of the original article on 
training in the United Kingdom to establish the need for training in echocardiography 
and it happened after the professional body, in this case the BSE, self-regulated the train-
ing and accreditation process.

In 2003, the European Association of Echocardiography (now the European Association 
of Cardiovascular Imaging, EACVI) set up the terms of reference for a Europe-wise 
standardization of individual accreditations, and most of the European representatives 
contributed enthusiastically so that the training standards in Europe became homoge-
nous [2,3]. It was agreed that the accreditation process would be run as a service by the 
European Association of Echocardiography (now the EACVI) for its members and would 
not necessarily be a compulsory or regulatory certificate of competence or excellence. 
Again, the professional body regulating itself.

The goals of accreditation are to protect patients from undergoing echocardiographic 
examinations performed by unqualified persons and to set a European standard for com-
petency and excellency in echocardiography [4,5].

Accredited echocardiographers are expected to be able to perform and report routine 
echocardiographic studies unsupervised and the process was based on the following 
principles:

1. While European accreditation is designed to test the competency of an individual to be 
able to perform, interpret, and report routine echocardiographic studies unsupervised, 
the right to report and sign clinical studies in individual countries will be defined by 
national laws.
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2. Accreditation in echocardiography should bring credibility and 
professional legitimacy to an individual by demonstrating com-
petency through the successful completion of examinations.

3. The accreditation process comprises a written and a practical 
component.

4. The accreditation process will identify qualified practitioners of 
echocardiography and should enhance the professional image 
of echocardiographers. It will also provide statistics and records 
about echocardiography that can be easily accessed.

5. As echocardiographic skills can only be maintained by continued 
education and practical involvement, a re-accreditation process 
will be required. The duration of accreditation will be 5 years.

Importance of laboratory 
accreditation
In 2009, the European Association of Echocardiography (now the 
EACVI) launched the laboratory accreditation process. The mis-
sion of the EACVI is to ‘Promote excellence in clinical diagnosis, 
research, technical development and education in cardiovascu-
lar imaging in Europe and worldwide’. Laboratory standards are 
important in order to improve and ‘guarantee’ a uniform qual-
ity across Europe. The ‘regulations’ are there only to establish 
parameters that will improve standards and encourage a dialogue 
between an institution and the EACVI accreditation committee. 
It is important to make these standards ‘realistic’ and applicable 
to the majority of European institutions to improve quality and 
avoid ‘elitism’. This is an entirely voluntary service that the EACVI 
provides to its membership. Echocardiography is primarily a 
laboratory-based investigation. Accreditation of individual echo-
cardiographers alone cannot guarantee a high-quality department. 
It is also necessary to have adequate machines, proper infrastruc-
ture, management, and organization.

Detailed accreditation of echocardiography standards might 
have the following advantages:

◆	 to devolve echocardiographic control giving more local 
autonomy

◆	 to mark log-books and videos for adult accreditation thus 
accelerating the process and also bringing it more into line with 
European practice

◆	 to train non-cardiac practitioners (e.g. general practitioners, 
nurses, and cardiac technicians) and maintain quality control 
and continued learning.

Moreover, many educational, scientific, research, and economic 
benefits may arise from the laboratory accreditation process, 
including:

◆	 becoming hosting centres for EACVI grants, scientific projects, 
and research programmes

◆	 becoming hosting centres for fellowships, educational courses, 
and meetings

◆	 being selected for trials with echo substudies
◆	 attracting human and economic resources.

In order to satisfy the progressively increasing sub-specialization 
in echocardiography, laboratory standards are available in three 
modules:

1.  transthoracic echocardiography (TTE)

2.  transoesophageal echocardiography (TOE)

3.  stress echocardiography.

Departments are encouraged to follow the published minimal 
standards, graded into two levels: the basic level, satisfying ser-
vice-based clinical standards, and a second, more advanced level, 
aimed at tertiary centre level, which would include substantial 
time for training and research:

◆	 Basic: fulfils ‘mandatory’ requirements and offers a basic but 
adequate service. This should apply to the vast majority of 
institutions around Europe where they simply perform routine 
echocardiography as a clinical service. This level ought to guar-
antee a ‘good diagnostic service’ for the patient and ensure a 
good quality of echocardiographers performing the studies.

◆	 Advanced: fulfils ‘mandatory’, ‘preferred’, and also ‘desirable’ 
requirements and offers an ideal service which is also accred-
ited for training. This is particularly aimed at laboratories with 
state-of-the-art equipment where they also perform training 
and research. It is expected that only few laboratories in each 
country would have this level of standards and these would 
serve as ‘tertiary centres’ among a network of echocardiography 
departments in a state.

Module 1: transthoracic 
echocardiography
Staffing and training
All centres should have either a specialist Technical and/or Clinical 
Head of Department.

The Clinical Head should have specialist echocardiographic 
training and ideally hold EACVI accreditation. His/her job 
description should include setting clinical guidelines and policy, 
performing studies, training doctors and sonographers, audit, 
and clinical meetings. He/she should set up a system for review-
ing requests and reports, and urgent clinical review in response 
to findings at echocardiography. Sonographers performing and 
reporting studies unsupervised should preferably be EACVI 
accredited or a National Society equivalent. Continuing education 
should be provided to fulfil EACVI re-accreditation requirements 
or to a similar level. There should be a small library of relevant 
reference textbooks within the department.
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The job profile of a sonographer includes training, self-edu-
cation, audit, and quality control in addition to performing 
echocardiograms. In some countries, such as the United Kingdom, 
cardiac sonographers perform and report echocardiographic stud-
ies independently once they are nationally or EACVI accredited.

Organization and equipment
Echo room used for inpatients on beds should be at least 20 m2 in 
area with appropriate ventilation, air conditioning, heating, light-
ing, and ancillary facilities available. Echo machines must have the 
capacity for imaging including M-mode, second harmonic imag-
ing, colour mapping, pulsed wave (PW) Doppler, both steerable 
and stand-alone continuous wave (CW) Doppler, and Doppler 
tissue imaging (DTI). A single echo machine can usually handle 
up to a maximum of 2500 studies each year. The machine should 
be serviced regularly and maintained in good condition, with a 
scheduled cleaning programme.

There must be careful consideration of patient comfort, privacy, 
dignity, and provision of adequate information, and there must 
be awareness of health and safety issues, including infection con-
trol. A report database should exist, with facilities for storing and 
retrieving specific echo studies [6]. A separate viewing room is 
recommended for reviewing studies and offline reporting. There 
should be appropriate storage space for equipment and supplies. A 
patient information leaflet should be available.

Quality of studies performed
The time allocated for a standard transthoracic study should be 
a minimum of 30 minutes. Frequently, the study may be pro-
longed to 60 minutes when full quantification in complex valve or 
congenital heart disease is required as well as application of new 
modalities such as DTI, speckle-tracking, three-dimensional, and 
contrast echocardiography. Allowing for all aspects of the job pro-
file, an echocardiographer will perform an average of no more than 
1500 studies per year. Often, however, managers put pressure on 
departments to perform more studies and reduce the waiting lists. 
Consequently, echocardiographers foreshorten the examinations 
in favour of numbers. This practice needs to be discouraged as ulti-
mately quality and reputation suffer. The national and/or EACVI 
laboratory accreditation document should be available in all 
departments and be highlighted to those who want to cut corners.

A list of indications for echocardiograms should be agreed 
in-house, and prioritizing and filtering of requests by senior indi-
viduals is necessary. Minimum standards for studies and study 
protocols should be established internally, as well as a format for 
reports.

The requirements of the Data Protection Act 1998 must be com-
plied with regarding data storage [7]. Reports from routine studies 
should usually be issued on the day of the examination. For urgent 
or inpatient studies, at least a preliminary report should usually 
be issued immediately. The main report should be logical and 
descriptive. It should contain three sections: the measurements, the 
descriptive part, and the conclusion. The section on measurements 

should be clearly identifiable at the top of the report and should con-
tain cavity dimensions and Doppler measurements/calculations.

The description section should include the valve anatomy, cav-
ity size, and global and regional ventricular function of both the 
left and the right heart. The conclusion should be accurate and 
concise, relevant to the request. The final report should be issued 
by an accredited echocardiographer. A clinical comment may be 
added when appropriate.

Basic and advanced criteria for TTE are summarized in 
% Table 71.1.

Table 71.1 Basic and advanced criteria for transthoracic 
echocardiography

Basic Advanced

Staff

Both clinical and technical heads 
of echocardiography

At least one echocardiographer 
holding EACVI or national 
individual accreditation.

Technical head spends six or more 
sessions in echocardiography 
activities (including management 
or quality control)

Clinical head performs at least one 
session including transthoracic studies 
each week

Both technical and clinical heads have 
EACVI/national accreditation

Organization/equipment

System of review for uncertain 
echocardiograms

System of alerts for important 
pathology found at 
echocardiography

Provision for continuing 
education

Studies archived. Reports written 
within 24 hours

Most machines have second 
harmonic imaging and full 
quantification package

All machines have colour and 
stand-alone Doppler

No machine in regular use 
upgraded more than 7 years ago

30–40 minutes allocated per 
standard study and up to 1 hour 
for a complex study

Data Protection Act or equivalent 
applied

Manual handling policy 
implemented

Rooms uncluttered and of 
adequate size

Appropriate provision of patient 
facilities and information

Formal and systematic quality control

Agreed minimum standards and 
imaging protocol for studies

List of indications for echo published 
internally

System of liaison with other 
departments to advise about timing of 
or results of studies

At least two EACVI/nationally 
accredited echocardiographers

Weekly departmental meetings

Report database and digital archiving

Available Standard Operating 
Procedures

Adequate storage space

There should be regular teaching 
to junior doctors, fellows, and 
sonographers with appropriate 
provision of teaching material (videos, 
CDs, books, etc.)

Evidence of scientific work produced by 
the department

Advanced quantitation (Doppler tissue 
imaging, contrast, regurgitant volumes) 
when needed

History of success in training for EACVI/
national accreditations

Nihoyannopoulos P, Fox K, Fraser A, Pinto F. EAE laboratory standards and accreditation, 
Eur J Echocardiogr (2007), 8, 1, 80–7 by permission of Oxford University Press. Popescu 
BA, Stefanidis A, Nihoyannopoulos P, Fox KF, Ray S, Cardim N, et al. Updated standards 
and processes for accreditation of echocardiographic laboratories from The European 
Association of Cardiovascular Imaging, Eur Heart J Cardiovasc Imaging (2014), 15, 7, 
717–27 by permission of Oxford University Press.
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The procedure should be explained to the patient and prefer-
ably a patient information leaflet should be provided ahead of the 
examination. Informed consent should be obtained and docu-
mented before the procedure. In some countries this is a legal 
requirement.

A list of indications for TOE should be agreed in each centre. 
A preoperative checklist should be used and be available in the 
department (% Table 71.3). Whenever sedation is used, it should 
be in accordance with recommendations given for monitoring 
[8]. The TOE probe must be checked electrically at a frequency 
dependent on usage, and a logbook of these checks must be kept.

The TOE probe should be cleaned after every study and steri-
lized when appropriate. Each laboratory should establish a 
written protocol. The use of single-use latex sheaths should also 
be considered.

Organization and equipment
There should be appropriate provision of the following:
◆	 room size 20 m2 minimum (ideally > 25 m2 in area)
◆	 air conditioning or appropriate climate control
◆	 couch with facility for head-down tilt
◆	 facilities for cleaning and sterilizing the probe

Table 71.2 Basic and advanced criteria for transoesophageal 
echocardiography

Basic Advanced

Designated Head of TOE

Written informed consent

Established protocols

Head of TOE performs/
interpreting > 50 studies each 
year

Head of TOE has EACVI/
national accreditation

Designated person, usually a 
nurse, to manage airway and 
recover the patient

Organization/equipment

Resuscitation equipment

Multiplane probe

Room typically 20 m2 in area Routine use of:

Suction, oxygen, and pulse oximeter

Blood pressure monitor

Patient preparation including letter and 
pre-procedure checklist

Provision for continuing education

Provision for quality control

Sedation used according to published 
guidelines

Lockable drug cupboard

Facilities for cleaning/sterilizing the probe

Recovery area

Minimum standards for 
studies established

List of indications for TOE 
agreed internally

Quality control of results, e.g. 
against surgery, pathology

Room at least 20 m2 in area

Regular audits

History of success in training 
students

Digital storage and retrieval

Nihoyannopoulos P, Fox K, Fraser A, Pinto F. EAE laboratory standards and accreditation, 
Eur J Echocardiogr (2007), 8, 1, 80–7 by permission of Oxford University Press. Popescu 
BA, Stefanidis A, Nihoyannopoulos P, Fox KF, Ray S, Cardim N, et al. Updated standards 
and processes for accreditation of echocardiographic laboratories from The European 
Association of Cardiovascular Imaging, Eur Heart J Cardiovasc Imaging (2014), 15, 7, 
717–27 by permission of Oxford University Press.

Module 2: transoesophageal 
echocardiography
All the standards for TTE should be applied, in addition to those 
listed in % Table 71.2.

Staffing and training
All centres should have a designated Head of TOE. This will 
usually be the Clinical Head of Echocardiography. TOE studies 
require an operator with appropriate training, a cardiac-trained 
nurse, and/or an assistant physician and preferably a sonographer. 
Specifically, who may be an operator depends very much upon 
each country’s regulatory authorities. The EACVI recommends 
that whoever performs and reports TOEs unsupervised should 
be appropriately trained and preferably have achieved TOE indi-
vidual accreditation standards. Each operator should perform or 
directly supervise at least 50 studies per year. Minimum stand-
ards for studies should be established and the Head of TOE must 
be responsible for ensuring that all operators adhere to them. 
Continuing education must be provided for all operators.

Table 71.3 Example of a transoesophageal echocardiography checklist

Hospital Name:

Department Name:

Patient Name:

Ward: Hospital Number; Consultant:
Date

 1. Patient identity band Yes/No
 2. Consent form signed Yes/No
 3. Drug chart Yes/No
 4. Venflon in situ Yes/No
 5. History of swallowing difficulties Yes/No

a) Haemoptysis Yes/No
b) Oesophageal surgery Yes/No

 6. Previous endoscopy Yes/No
If yes, any problems:
 7. Diabetes/epilepsy/asthma/alcohol habits__________
 8. Blood sugar (if diabetic) BG _______
 9. Allergies Yes/No
10. INR if anticoagulated_______
11. Capped teeth/crowns Yes/No
12. Dentures  present/removed/not applicable
13. Nil by mouth from__________________
14. Blood pressure pre-procedure__________________
15. Oxygen saturation on air__________________
16. Escort present (if outpatient)  Yes/No
Checklist completed by ____________________ (signature)

Nihoyannopoulos P, Fox K, Fraser A, Pinto F. EAE laboratory standards and accreditation, 
Eur J Echocardiogr (2007), 8, 1, 80–7 by permission of Oxford University Press. Popescu 
BA, Stefanidis A, Nihoyannopoulos P, Fox KF, Ray S, Cardim N, et al. Updated standards 
and processes for accreditation of echocardiographic laboratories from The European 
Association of Cardiovascular Imaging, Eur Heart J Cardiovasc Imaging (2014), 15, 7, 
717–27 by permission of Oxford University Press.
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◆	 storage cupboard for the probe
◆	 resuscitation apparatus and drugs
◆	 lockable drug cupboard
◆	 suction, oxygen, and pulse oximeter
◆	 electrocardiogram (ECG) monitor
◆	 sphygmomanometer
◆	 facilities for recovery of the patient
◆	 protocols for patient care
◆	 equipment transducer should be multiplane and should have 

greater than 5 MHz frequencies with PW, CW, and colour flow 
mapping capabilities

◆	 intraoperative studies should be documented, archived, and 
reported.

Quality of studies performed
The report should precisely describe the findings and conclu-
sions, including information about ventricles, atria, left atrial 
appendage, valves, interatrial septum, pericardium, and all visible 
parts of the thoracic aorta. Additional ad hoc information should 
be added in case the TOE study was performed with a specific 
clinical question, such as prior to cardioversion, transcatheter 
aortic valve implantation/replacement, percutaneous mitral 
valve edge-to-edge repair [9], or for full quantitation in valvu-
lar heart disease [10]. It should be stated in the report whether 
any cardiac or other structure was not well visualized. Additional 
information about medication used (sedation and contrast), ease 
of probe insertion, and if any complications occurred should be 
added [11].

Module 3: stress echocardiography
All the standards for TTE should be applied, in addition to those 
listed in % Table 71.4.

Staffing and training
All centres should have a designated Head of Stress 
Echocardiography, who should perform or directly supervise and/
or review at least 100 stress echo studies per year. Each operator/
reporter of the team should also perform or directly supervise and/
or review at least 100 stress echo studies per year. Stress echocardi-
ography requires an experienced operator ideally accredited with 
at least one trained assistant. At least one member of staff perform-
ing the study should possess formal qualifications in intermediate 
or advanced life support. Continuing education must be provided 
for those performing and interpreting the studies.

A detailed specific request form including indication for stress, 
symptoms, history of coronary artery disease if known (previous 
myocardial infarction, coronary angiography, stent, or surgery), 
medications, as well as the presence of allergies, asthma, pros-
tatism, or glaucoma should be clearly listed. The exam procedure, 

risks, and benefits should be explained to the patient, and informed 
consent collected. A list of indications for stress echocardiograms 
should be agreed internally, possibly in accordance with current 
EACVI recommendations [12]. Appropriate protocols for each 
stressor (exercise, dobutamine, dipyridamole, and adenosine) 
should be established, and the Head of Stress Echocardiography 
must be responsible for ensuring that all operators adhere to 
them. Capability for quad-screen display rather than simple vide-
otaping is advised. Quality control and feedback in the form of 
regular audits and comparison of results, including but not exclu-
sively coronary angiography data, should be established to assess 
clinical correlation and outcomes.

Organization and equipment
There should be appropriate provision of a designated room size of 
a minimum of 20 m2 (preferably >25 m2). The following require-
ments are recommended:

◆	 stress echocardiography software with minimal frame rate 
greater than 40 frames/s, digital acquisition with ECG trigger-
ing and synchronization (quad screen)

◆	 provision of additional hardware and software for improving 
quantification (contrast agents and contrast-specific software 
or tissue Doppler) should be available

◆	 infusion syringe for pharmacological stress and/or equipment 
for exercise stress (e.g. bicycle)

◆	 ECG monitor and recorder
◆	 sphygmomanometer

Table 71.4 Basic and advanced criteria for stress echocardiography

Basic Advanced

Designated Head of Stress 
Echocardiography

Performing a minimum of 100 studies/
year

Studies performed by at least two 
people, one of whom is a clinician. 
At least one must have advanced life 
support or equivalent

Head has a substantial experience of 
TTE and stress echo

Blood pool contrast available

Machine with second harmonic 
imaging and Doppler tissue imaging 
software

Resuscitation facilities readily available

Established appropriate protocols

Provisions for continue educational 
activities

Head maintains continuous 
medical education for stress echo

More than 300 studies/year

Machine capable of changing 
mechanical index and with digital 
stress echo package

Audit of results against angiography 
or other independent standard

Availability of myocardial perfusion

Advanced software dedicated to 
contrast imaging

Capability for both 
pharmacological and exercise stress

Additional quantification package 
should be available

Neskovic AN, Hagendorff A, Lancellotti P, Guarracino F, Varga A, Cosyns B, Flachskampf 
FA, Popescu BA, Gargani L, Zamorano JL, Badano LP, Emergency echocardiography: 
the European Association of Cardiovascular Imaging recommendations, Eur Heart J 
Cardiovasc Imaging (2013), 14, 1, 1–11 by permission of Oxford University Press.
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◆	 resuscitation apparatus and drugs readily available
◆	 for centres that use a bicycle ergometer, this should have the 

capability to position the patient at a 45° angle backwards and a 
45° angle rotated to the left side.

Standards for advanced level for all 
modules
The centre must have accomplished at least the minimal standards 
at basic level in TTE. For the advanced standards, scientific work, 
research, and a publications list produced from the laboratory will 
be considered. A list of required criteria for rating a laboratory for 
advanced level is provided in the tables.

Each centre must have an EACVI or a nationally accredited 
individual responsible for training. Staffing levels and workload 
should be appropriate to the number of trainees to ensure ade-
quate clinical capacity. Regular weekly departmental case review 
sessions and protected tutorial sessions must be held.

Access to a core library with at least three up-to-date echo text-
books and one general cardiology textbook, and to printed and 
online journals should be available for all staff, as well as training 
material-tapes/CDs/digital cases, etc. Internet access should also 
be available to all staff. Access to local, national, and international 
meetings should be supported. The laboratory should demon-
strate a history of success in training students, sonographers, and 
junior doctors to EACVI proficiency/similar level.

Assessing quality in echocardiography
The first step is to create specific quality measures. The EACVI 
model consists of four distinct domains, which may influence clin-
ical outcome: patient selection, study performance, interpretation, 
and reporting. Laboratory infrastructure (logistics, equipment, 
and staffing) and organization (procedures and protocols) influ-
ence and support these four domains.

First step
To ensure appropriate patient selection for a particular echo 
modality. Here it is important to highlight that echocardiography 
today has become a multimodality method in its own right using 
transoesophageal imaging, stress echocardiography, contrast, 
deformation, and three-dimensional imaging. As not all modali-
ties are applicable to all patients, appropriate patient selection 
based on evidence or consensus that is reasonable and cost-effec-
tive will affect patient management and will lead to clinical benefit.

Second step
To ensure optimal study performance. This requires adequate 
equipment, used by accredited echocardiographers, to obtain 
complete and accurate information related to the clinical ques-
tion. Factors such as the incidence of complications during TOE 
or stress echo studies or the percentage of unsuccessful intu-
bation in attempted TOE studies are indicators to be used for 

assessing patient safety. All studies need to be recorded, ideally 
in a digital format.

Third step
To guarantee that images are assessed qualitatively and quanti-
tatively in an accurate and reproducible way. High-quality study 
interpretation is not guaranteed by the existence of accredited 
echocardiographers. High-quality echo laboratories should 
provide evidence of both accuracy and reproducibility of the inter-
pretation of echo studies. There are different approaches to assess 
accuracy in echocardiography: random re-reporting of studies; 
comparison of echo results with those obtained using other imag-
ing modalities; analysis of computerized databases; and reviewing 
a master set of cases by each reader of the laboratory.

Reproducibility should be assessed by measuring intra- and 
inter-reader variability of the most critical parameters, that is, 
left ventricular (LV) ejection fraction and/or volumes, transaortic 
gradients, and valve areas.

Fourth step
A report should be timely and issued in a clear, concise, and 
clinically oriented manner in order to address further patient 
management and ultimately improve outcome. Study and previ-
ous report archiving and retrieval procedures for comparison are 
integral parts of this final step.

Maintenance of competence
The essence of improving the quality of an echo laboratory is that 
all professionals involved in the process of producing an echo 
study (cardiologists, sonographers, nurses, administrative per-
sonnel, managers, and other healthcare professionals) work as a 
team. The aim is to identify and analyse problems using objective 
measures of quality performance, develop possible solutions, and 
implement changes. Accreditation is provided for a limited time. 
Both the BSE and the EACVI laboratory accreditations are valid 
for 5 years, after which they will have to be reapplied for.

Ultimately, the aims of re-accreditation are to maintain quality 
standards for the labs already accredited by the EACVI, while also 
to carry on meeting the standards of clinical competence.

What next?
With recent expansion of diagnostic imaging modalities applicable 
to almost every cardiovascular disease entity, the patient’s journey 
from diagnosis to treatment has become ever more complex and 
demanding. Selecting the right diagnostic test for an individual 
requires skills, clinical acumen, and common sense. Above all, it 
requires knowledge of what each imaging modality can offer and 
whether it may be applicable to the given patient. Importantly, it is 
essential to avoid duplication and to apply the given test to answer 
specific clinical questions, taking into consideration the avail-
able expertise in a particular institution in the most cost-effective 
fashion. Echocardiography and nuclear imaging have been the 



CHAPTER 71 laboratory accreditation636

long-standing traditional cardiac imaging modalities but trainees 
were typically trained mostly in echocardiography as part of their 
curriculum as nuclear imaging was in the radiology department 
not always accessible by the trainees.

Over the past 10 years, however, the use of cardiac imaging has 
exploded and cardiac magnetic resonance (CMR) and cardiac 
computed tomography (CT) have become integral parts of the 
daily diagnostic armamentarium, together with advanced echo-
cardiography and nuclear imaging techniques. This explosion 
and expanding complexity of cardiac imaging led to the necessity 
to develop the core curriculum for cardiology trainees in multi-
modality imaging. While the basics of each imaging modality are 
taught during basic training of cardiology fellows, a new subspe-
cialty has emerged so that an advanced cardiovascular imaging 
training track has been proposed to address the desires of some 
cardiology fellows interested in emphasizing cardiovascular imag-
ing as a subspecialty in their professional career. While training in 
multimodality imaging is becoming essential, becoming a leading 
expert in all three modalities, namely echocardiography, CMR, 
and nuclear/CT, is virtually impossible so that one individual will 
eventually chose the modality of his/her choice [13].

The issue of certification in multimodality is therefore becom-
ing relevant in a way similar to the single-modality certifications 
that have been developed over time. As a reminder, the EACVI ini-
tiated the certification programme for individuals but also for the 
centres so that patients will feel protected and safe across Europe.

◆	 For the individual, there is a clear demand from doctors and 
sonographers alike who wish to be certified as this provides 
them with a standard for competency and excellence. If a multi-
modality certification for all three modalities were to be issued, 
the programme will likely be popular. Importantly, however, 
any certification is provided for a limited time (i.e. 5 years), 
after which the individual will need to be re-certified. This is 
generally straightforward as long as the individual continues 
to practise the selected modality. This will be more difficult 
for a multimodality imager as he/she will need to demonstrate 
continuous involvement in all modalities, which may be more 
challenging.

◆	 For the hospital/laboratory, certification is a statement that they 
can safely perform and report echocardiograms. This is impor-
tant for the patient and helpful. It also means that individuals 
have a transferable skill.

◆	 Echo certification is helpful for future employers. However, this 
may not apply to a broad imaging certification. A multimodal-
ity certification would not automatically imply the competence 
and expertise to independently perform and report echo, CMR, 
CT, and nuclear examinations and individual modality level 2/3 
certification would be necessary for this. One of the reasons for 
starting the echo certification was a concern that standards of 
echo were very variable across Europe because it was such an 
easy modality to introduce and use. CMR and CT have evolved 
more slowly and from tertiary centres outwards so that there 
may be less concern about standards.

While setting a multimodality certification is a natural and valu-
able step for a multimodality imaging association, its basis and 
aims would not be the same as the principles that were behind the 
establishment of the echocardiography certification process. We 
face the great challenge of promoting high standards for compe-
tence and excellence in multimodality while avoiding averageness 
and oversimplification.

Can the general imager work alongside the single-modality 
imager? The single-modality imager will serve as teacher, thought 
leader, champion, researcher, and mentor, while a new generation 
of dedicated multimodality professionals will provide balance, 
appropriateness, and clinical judgement. The expectation is that 
they will work together to keep the field of cardiovascular imaging 
exciting, productive, and valuable to our patients.

Conclusion
Accreditation of echocardiography laboratories is essential to 
guarantee elevated standards for competence and excellence, and 
ultimately to ensure high-quality care for patients. The EACVI 
has established recommendations and criteria to promote quality 
improvement by setting up a basic and advanced level of stand-
ards. This process will also yield significant educational, scientific, 
research, and economic benefits to the accredited laboratories. 
Future development of a generalized multimodality imaging 
accreditation is the next challenge, but will have to work alongside 
the holders of single-modality imaging accreditation.
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CHAPTER 72

Quality assurance in 
echocardiography
Kevin F. Fox and Henry J. Skinner

Summary
The intention of every echocardiographer and every echocardiography laboratory is to 
provide timely, accurate, and clinically relevant information. Quality assurance (QA) is 
the systematic process by which one ensures this aim is fulfilled.

QA requires attention to all elements of echocardiography, patient selection, workflow 
organization, equipment maintenance, knowledge and skill of practitioners, and sys-
tematic audit of studies undertaken. A QA programme is an inextricable part of quality 
improvement (QI).

What is quality assurance?
The definition of QA includes the planned, systematic activities that are necessary to 
ensure that a product or service fulfils its requirements. Echocardiography certainly falls 
within the category of a ‘product or service’.

QA may be both an internal and an external process. QA relates to all aspects of a 
service, so not only should reports be timely, accurate, and useful, but the patient’s experi-
ence should be a safe and positive one.

Why should we undertake quality assurance?
An accurate report is intuitively better than an inaccurate one. However, objectively dem-
onstrating the adverse effects of poor quality echocardiography is challenging.

Some specific clinical decisions may depend on a discrete measurement, for example, 
treatments for left ventricular dysfunction may depend on an ejection fraction of less than 
35%. In oncology, trastuzumab is used for management of breast cancer but can cause 
left ventricular impairment. Guidelines apply to its use such that a 10% fall in ejection 
fraction leads to cessation of therapy. It is therefore vital that a measured fall in ejection 
fraction of 10% is a true change and not a measurement error [1].

Inaccurate echocardiography also impacts in research studies. Measurement errors 
will dilute and mask true changes in echo parameters and lead to the misinterpretation 
of trial outcomes. A study to find echo parameters useful to identify responders to biven-
tricular pacemaker insertion was hampered by inter- and intra-observer variability in the 
measurement of the echo parameters under investigation [2].
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Evidence for quality assurance and 
current recommendations
Data support the feasibility and effectiveness of QA processes. 
In the PARTNER I trial, extensive QA in image acquisition and 
analysis was feasible and yielded high levels of measurability 
and reproducibility [3]. Assessment of diastolic function was 
improved through another multifaceted QI programme [4].

The British Society of Echocardiography demonstrated the 
feasibility of a national QA programme whereby individual echo-
cardiographers undertake a short, 6-monthly multiple choice test 
of interpretation of images, although a positive impact on the 
quality and accuracy of routine studies performed by participants 
has not yet been shown [5].

QA is increasingly integrated into recommendations for the oper-
ation of echocardiography services. This is typically included in the 
requirements of accreditation schemes such as that of the European 
Association of Cardiovascular Imaging (EACVI) [6] and in the 
United States whereby the national scheme for echo lab accreditation 
run by the Intersocietal Accreditation Commission requires QA.

The American Society of Echocardiography and partner organ-
izations have also produced guidelines for QA and the closely 
linked QI in clinical practice and trials [7].

Training in echocardiography
A prerequisite for providing a quality service is adequately trained 
staff. The EACVI has published documents relating to the training 
required to achieve competence in echocardiography [8]. In addition 
the EACVI runs certification programmes for echocardiographers. 
To achieve certification individuals must undertake a programme 
of training and then pass a Knowledge Based Assessment (exam) 
and submit evidence of practical training. Competence must 
be maintained and therefore the EACVI certifications include a 
requirement for 5-yearly renewal (re-accreditation) based on con-
tinued clinical practice and learning. The EACVI accreditation 
principles are shared with other national and international certifi-
cations including those in the United States.

Quality assurance as applied to echo: 
equipment, people, patient selection 
and triage, study performance, and 
study quality
A comprehensive QA programme will address all aspects of a 
service.

The infrastructure, process, and personnel
Laboratories should have indications for echocardiography and 
audit regularly against those standards.

Waiting times for performing and reporting should be audited 
and reasonable targets established.

The environment must be clean, adequately sized, and preserve 
the dignity of patients. Recommendations for room sizes and 
facilities are listed in the EACVI guidelines for laboratory accredi-
tation [6].

While there are few data linking length of study to quality, it is 
reasonable to state that staff should not be overburdened and studies 
given adequate time.

The staff should be adequately skilled and be maintaining their 
skills through a programme of continuing medical education 
(CME).

Particularly for stress and transoesophageal echocardiography, 
safety aspects should be addressed through the use of protocols, 
safety checks, and audit.

Equipment should be systematically and regularly main-
tained and updated, not just the echo machines but monitoring 
equipment and infusion devices. The EACVI requirements for 
laboratory accreditation give guidance on equipment specifica-
tions and recommend a renewal frequency of 7 years.

The echo study
The largest part of a QA programme concerns the performance and 
reporting of the echo study. Consistent methodology using param-
eters shown to have maximum accuracy and minimum variability 
are essential and the European Association of Echocardiography 
(which is now incorporated in the EACVI) have published such 
recommendations [9].

The two broad aspects that need to be assessed are the ‘accuracy’ 
of the studies and their ‘variability’. Accuracy reflects comparison 
against an absolute or ‘gold’ standard while variability describes 
differences in repeat measurements of identical parameters. This 
is a key distinction. For example, while data suggest that the E/E′ 
ratio is the least variable measure of diastolic function, it may not 
necessarily be the best measure. Studies should be assessed across 
the four domains of image quality, completeness, accuracy, and 
interpretation.

In comparing studies and measurements, different statistical 
methods can be applied. Comparing values against an absolute 
standard can be done using McNemar’s test. If there is uncertainty 
about the true reading, agreement between observers on dichoto-
mous categories (i.e. normal versus abnormal) can be measured 
using Cohen’s kappa coefficient. A kappa statistic greater than 0.61 
suggests substantial agreement.

Bland Altman plots provide a helpful and very visual descrip-
tion of the spread of measurements. In fact the plethora of 
statistical methods makes comparisons of data, and therefore 
identifying appropriate benchmarks for measurement variability, 
challenging.

The ‘accuracy’ of the echo implies comparison to a gold standard 
but typically it means in relation to other data, that is, from other 
imaging modalities. There may be controversy over what is the 
‘true’ reading. For ejection fraction, cardiac magnetic resonance 
may be currently regarded as the ‘gold standard’ and comparison  

quality assurance as applied to echo
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with the echo measured ejection fraction in patients having both 
investigations is an example of this element of QA. While caution 
must be used when comparing modalities measuring different 
parameters (i.e. stress echo which measures perfusion versus coro-
nary angiography demonstrating anatomy), such comparisons are 
useful audit tools for an echo service. Operative findings provide 
another ‘gold standard’. A study by Faletra et al. published in 2000 
identified a 12% error rate in identifying prosthetic valve pathol-
ogy when comparing the echo report with subsequent operative 
findings [10].

Peer review of a proportion of randomly selected studies is a 
key part of QA, and is separate from discussion and review of 
interesting and difficult cases. The simplest form of peer review 
is re-reporting of a study by an experienced echocardiographer to 
confirm concordance. The ‘gold standard’ for assessing accuracy 
in reporting is probably review by a panel of experts.

Errors in echo reports are either errors of interpretation [11] or 
errors of omission of recommended data sets. Studies have directly 
or indirectly assessed the frequency of errors. Chandra reported inci-
dence in discrepancy in echocardiography reports of 4% in a very 
large cohort of almost 100 000 reports [12]. The incidence of report-
ing error in paediatric echocardiography reports was 6.5% [13].

The UK Royal College of Radiology established a classification 
of reporting differences (here applied between two echocardi-
ographers or between an echocardiographer and expert panel; 
see % Box 72.1) [14].

There are few data or standards on acceptable proportions for 
each category. The target for category 1 and 2 errors should intui-
tively be 0% but this may be difficult to achieve [15]. Differences 
in category 4 are acceptable and inevitable variations. In defining a 
target for category 3 errors, audit data from high-volume services 
suggest that between experienced echocardiographers a category 3  
error rate may be up to 7% (UK Department of Health, personal 
communication) (see % Table 72.1)

The second main focus of QA is in measurement of individual 
echo parameters. Given the importance of longitudinal monitor-
ing of patients by echocardiography, reproducibility (consistency 
of repeat measurements) subdivided into inter-observer and 
intra-observer variability should be measured and minimized.

A number of studies have looked at inter-observer (between 
echocardiographers) and intra-observer (consistency of repeat 
reporting by the same echocardiographer) variability of stress 
echos. Results for reproducibility of stress echo reporting have 
often been disappointing, with kappa values of 0.37 (fair agree-
ment only) [16] but have also shown training effects [17].

A study of the reporting of mitral regurgitation gave infor-
mation about the variability of grading of mitral regurgitation 
amongst a large group of experienced echocardiographers [18]. 
Substantial variation in grading even amongst ‘experts’ was noted 
but the paper does give an indication of what variation might be 
expected. Less than 10% of cases were classified by individuals as 
greater than 1 grade away from the modal classification (where a 
change from mild-to-moderate to moderate = 1 grade).

Just like reporting variation there is little guidance on reason-
able standards for measurement variability. Reported data on 
measurement variability are derived mainly from research studies 
or selected series which may not be realistic in clinical practice.

Few specific requirements exist although the British Society of 
Echocardiography has published that when measuring ejection 
fraction for patients receiving trastuzumab chemotherapy ‘Echo lab-
oratories performing such studies should have evidence … that they 
can identify a 10% change in EF as a true change’ [1]. This therefore 
represents one target for a QA programme but is based on the needs 
of a clinical guideline rather than an analysis of benchmark practice.

In a large study of measurement of ejection fraction using 
real-time three-dimensional echocardiography, correlation coef-
ficients of 0.9 were obtained [19].

In the Val-HeFT trial, investigating the value of valsartan in 
heart failure, only 50% of participating centres were felt to be of 
sufficient quality (measured on a 16-point scale) to provide echo 
data at the start of the study. However, with training, this propor-
tion improved [20]. This positive impact of teaching has also been 
demonstrated by Johri et al. [21].

Ideally inter- and intra-observer variability should be measured 
by repeating studies but more typically this is assessed by repeat 
measurements based on stored images.

One intriguing yet effective method of quality assessment is 
to assume that all echocardiographers in a busy laboratory study 
patients from the same ‘pool’. One would therefore expect that on 
average the mean ejection fraction (and its standard deviation) of  

Box 72.1 Classification of reporting differences

5. No difference
4. Minor difference of wording or style or non-inclusion of clini-

cally insignificant features
3. Debatable but possible difference in reporting but with low 

likelihood of harm
2. Difference in reporting that is likely to have an adverse clini-

cal, but non-life-threatening effect
1. Definite difference in reporting with unequivocal potentially 

serious or life-threatening effect.
Jolly BC, Ayers B, MacDonald MM, Armstrong P, Chalmers AH, Roberts G, 
and Southgate LH.,The reproducibility of assessing radiological reporting: 
studies from the development of the General Medical Council’s Performance 
Procedures, 2001, Wiley.

Table 72.1 Examples of tolerances for echo QA programmes

Parameter Target

Ejection fraction Inter- and intra-observer variability < 10%

Aortic valve area (planimetry) Inter- and intra-observer variability < 10%

Stress echo reporting  
(abnormal/normal)

Kappa > 0.37

Category 3 reporting errors < 7%

Data from: Reprinted with permission of Macmillan Publishers Ltd. British Journal of 
Cancer, Fox KF.95, 10, copyright (2006). Reprinted from Journal of the American College of 
Cardiology, 27/2, Hoffmann R, Lethen H, Marwick T, Arnese M, Fioretti P, Pingitore A et al, 
Analysis of interinstitutional observer agreement in interpretation of dobutamine stress 
echocardiograms, 330–6, Copyright (1996) with permission from Elsevier. Reproduced 
from Heart, Goland S, Trento A, Iida K, Czer LSC, De Robertis M, Naqvi TZ et al., 93, 
801–7, copyright notice 2007 with permission from BMJ Publishing Group Ltd.
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all the studies performed by each echocardiographer would be the 
same. Differences in mean ejection fraction between echocardiog-
raphers are likely to represent differences in technique [22]. With 
electronic reporting such an analysis can often be produced rela-
tively easily and is a useful adjunct to a QA programme.

The number of cases that require peer review to ensure an 
adequate sample size is not defined. The proportion will depend 
on the total number of studies performed and also the number 
of studies done by each operator and their seniority. For a low-
volume caseload it is suggested that a minimum of five studies per 
echocardiographer per year be reviewed [23,24]. A figure of 10% 
of studies may be statistically robust, but this is a formidable logis-
tical undertaking for busy laboratories.

A quality assurance programme as part 
of continuous quality improvement
Combining the elements previously described together is the basis 
of a comprehensive QA programme. An example of a comprehen-
sive QA programme, and how one might develop is described in  
% Box 72.2.

Introducing a quality assurance programme
For echo laboratories trying to introduce QA, a stepwise introduc-
tion may be appropriate.

For example:

1. establish a regular review meeting of difficult or interesting 
cases

2. develop equipment and echocardiographer training logs

3. develop indications, triage, and study protocols

4. undertake audits of practice against protocols

5. introduce regular peer review of randomly selected cases

6. add measurement variability exercises based on re-measure-
ment from stored images.

The practicalities are those of any change implementation: prepa-
ration, planning, communication, and adequate resources:

◆	 Preparation: there should be a shared wish to undertake QA. 
While leadership is required, the whole team must be involved 
and committed.

◆	 Planning: ‘The devil is in the detail.’ Thinking through the exact 
logistics of the QA programme is necessary, particularly identi-
fying time and resources for the work.

◆	 Communication: regular and wide communication with all 
stakeholders is necessary. It is important to be aware of sensi-
tivities around QA where identification of errors can be seen 
as a criticism of individuals rather than a non-judgemental QI 
opportunity. Feedback of the positive aspects of the QA pro-
gramme and evidence of QI will maintain enthusiasm.

◆	 Adequate resources: a QA programme will fail if inadequately 
resourced. Similarly, an over-ambitious programme will also 
fail and a graduated approach may be more successful.

The aim of a QA programme is not just to maintain quality but 
also, on the basis that no service is as good as we would wish, the 
central part of a continuous QI strategy.

Personal view
QA tends to be at the bottom of the priority list for echo laborato-
ries, and yet in many ways it should be the top. Working furiously 
to undertake ever larger numbers of studies is of no value if the 
information generated is unreliable. QA can be challenging. It asks 
uncomfortable questions of us and requires time that seemingly 
could be spent on performing more studies. Success requires lead-
ership and teamwork and often works best when built up steadily 
over time. But a successful QA programme brings credit to the 
laboratory, job satisfaction for all staff, and clinical benefit for the 
patients.

Box 72.2 Elements of a quality assurance programme

1. Regular (at least annual) assessment of environment and 
equipment

2. Regular review of protocols for patient selection, patient 
information, indications for studies, triage, and study 
performance

3. Regular (annual) audit of parameters of process of care: wait-
ing times for studies, waiting times for reports, proportion of 
studies fulfilling appropriateness criteria/indications, number 
of studies performed, patient satisfaction

4. Regular (monthly) clinical governance review of safety (espe-
cially stress and transoesophageal echocardiography)

5. Documented programme of staff training including internal 
and external CME

6. Regular (weekly) meeting to discuss complex or interesting 
cases

7. Regular peer review of a proportion of randomly selected 
studies through re-reporting or panel review. Up to 10% 
recommended for low-volume caseload/less experienced 
operators. Feedback mechanism for reporting differences and 
alert system for high difference rates/category 1 or 2 errors

8. Comparison of echo reports with reports from other imaging 
modalities and operative findings

9. Regular programme to assess intra- and inter-observer 
variability.

personal view
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Further reading and websites
EACVI laboratory accreditation: http://www.escardio.org/communities/

EACVI/accreditation/Pages/welcome.aspx#lab
EACVI individual accreditation: http://www.escardio.org/communities/

EACVI/accreditation/Pages/welcome.aspx#certif
Intersocietal Accreditation Commission echo laboratory accreditation 

guidelines: http://www.intersocietal.org/echo/

ISO 9000: http://www.iso.org/iso/home.htm
Picard MH, Adams D, Bierig SM, et al. American Society of 

Echocardiography Recommendations for Quality Echocardiography 
Laboratory Operations. J Am Soc Echocardiogr 2011; 24:1–10.
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non-valvular 542
pulmonary vein ablation 546–7
valvular 542

atrial fraction 165
atrial natriuretic peptide 164
atrial septal defect 507–9

closure 86, 569–70
atrial switch 521
atrioventricular delay 200
atrioventricular septal defects 512–13
attenuation 4
attenuation artefacts 76–7
attenuation coefficient 4
autoimmune disease 486–8, 498–9

B
B-lines 111
B-mode imaging 7
backscatter 4
baffle obstruction 521–2
beamforming 60

parallel receive 62–3
Becker muscular dystrophy 402
Behçet’s disease 500, 613
Bernoulli equation 30
bicuspid aortic valve 235, 254, 515
biomarkers 556
biplane (Simpson) method 134, 164, 193, 413
biventricular connections 519
Blalock–Taussig shunt 520
blooming 77
body surface area 177
brachiocephalic trunk stenosis/occlusion 610
Braunwald classification 218t
Buerger’s disease 618
bulbo-ventricularis foramen 525
bull’s eye plot 144, 219f

C
calcific aortic valve disease 232, 235, 245–6, 253
calcium score 242
cancer therapy 495–6, 504, 552–7, 611
carcinoid disease 479–80, 500
cardiac arrest 532
cardiac arrhythmias 537, 542–9
cardiac catheterization 412
cardiac magnetic resonance 342, 410–11, 474
cardiac murmurs 536–7
cardiac oncology 552–7
cardiac output 135
cardiac resynchronization therapy 198–200, 

206
cardiac tamponade 422–4, 535
cardiac timing interval 155–6
cardiac transplantation 431–8

acute allograft rejection 434–5
cardiac allograft vasculopathy 435–6
follow-up 436–8
hyperacute allograft rejection 431–2
immediate postoperative period 431–2

isolated right ventricular failure 432
monitoring 436–8
normal features of transplanted heart 432–4
pericardial effusion 432
perioperative echocardiography 431, 588–9
primary graft failure 432
right ventricular endomyocardial biopsy 436

cardiac troponins 556
cardiac tumours 451–8

metastatic 456–7
primary benign 451–6
primary malignant 456

cardiogenic shock 535–6
cardiomyopathy

arrhythmogenic right ventricular 389–92, 
410–11

eosinophilic 386, 388, 411–12, 491
familial 401–2
peripartum 477–8
Takotsubo 220, 397–9
see also dilated cardiomyopathy; hypertrophic 

cardiomyopathy; restrictive 
cardiomyopathy

cardiotoxicity 552–6
cardioversion 546
Carney complex 451
carotidodynia 611
CARPA 76
Carpentier classification (valvular disease) 263, 

264f, 282, 283f, 303
Carpentier nomenclature (mitral valve) 267, 

270f
catheter ablation 86–7, 546–7
catheter-related femoral arteriovenous 

fistula 619
catheter-related femoral artery 

pseudoaneurysm 619
cavitation 14
cavo-pulmonary connection 526
certification 621–5
Chagas disease 494–5
chemotherapy 495–6, 504, 552–7
chest pain 216, 217t, 532
Chiari network 457
chordae tendineae 268
chronic kidney disease 501
chronic obstructive pulmonary disease 425, 

505
Churg–Strauss syndrome 491–2, 500
cirrhosis 506
coarctation of the aorta 516–17
colour flow mapping 28–9

aortic regurgitation 256–9
mitral regurgitation 285–90
tricuspid regurgitation 307–9
vascular imaging 603

colour tissue Doppler echocardiography 32
common arterial trunk 523–5
common carotid artery

coiling 611
stenosis/occlusion 609

competence 47–8, 67, 621–5
complement activation-related pseudo-allergy 

(CARPA) 76
compliance 152
computed tomography 342
computerized reports 118–19
congenital heart disease, see adult congenital 

heart disease
congenitally corrected transposition of the great 

arteries 522–3
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connective tissue disease 483–6
constrictive pericarditis 388–9, 424–7
continuity equation 29, 239–40, 278
continuous wave Doppler 28

aortic regurgitation 261–2
mitral regurgitation 290

contractile reserve 247–8, 377
contrast echocardiography 70–7

accreditation 77
allergic reactions 76
artefacts 76–7
contraindications 76
contrast administration 71
contrast agents 70, 71t
cost-effectiveness 77
Doppler signal enhancement 76
imaging modalities 71–2
indications 72
left ventricular non-compaction 73, 395
left ventricular opacification 72, 97
left ventricular structure and function 72–3
left ventricular thrombus 73, 444–5
myocardial perfusion 73–6, 225
safety 76
stress testing 72, 97
training 77
transoesophageal 76
vascular imaging 604

CoreValve® 340–1
Cormier score 279
coronary aneurysm 229
coronary angiography 435
coronary artery

anomalies 228–30
imaging 597–601
post-transplant vasculopathy 435–6
stress echocardiography 102

coronary blood flow 599
coronary fistula 230
coronary flow reserve 97, 101–2, 106, 377–8, 

399, 436
coronary flow velocity reserve 599–601
coronary sinus 581

unroofed 508
cost-effectiveness 77, 88, 116–17
credential 622
cropping 66
Curschmann–Steinert disease 401
cysts, pericardial 427, 456

D
damping 3, 5
DeBakey classification 463
Definity® 71t
deformation echocardiography 35–40

cancer therapeutics-related cardiac 
dysfunction 554–6

heart failure 194–6
heart failure with preserved ejection 

fraction 211
left atrial function 167–8
left ventricular diastolic function 158
left ventricular systolic dysfunction 137–41, 

194–6
modalities 36–7
principles 35
right atrium 188
stress testing 96–7
views 37–40
windows 37–40

dextrocardia 518
diabetes 108

diastolic aortic flow reversal 259–60
diastolic pulmonary artery pressure 32, 178
DICOM format 9, 42, 115–16
digital echocardiography laboratory 115–19
digital storage 9, 42–3, 115–16
dilated cardiomyopathy 372–83

aetiology 372
diagnosis 373
echocardiographic features 372
ejection fraction 381
familial screening 382
filling patterns 381–2
follow-up 382
ischaemic/non-ischaemic differentiation 377
left ventricular diastolic function 374, 381–2
left ventricular dyssynchrony 380–1
left ventricular systolic function 373–4
left ventricular thrombus 378, 380
mitral regurgitation 378, 382
monitoring 382
pulmonary hypertension 380
right ventricle 374–5, 378, 382
risk stratification 381–2
stress echocardiography 376–8

dipyridamole stress echocardiography 91, 94–5, 
376

direct current cardioversion 546
distributive shock 535
dobutamine stress echocardiography 91, 94–5

cardiac allograft vasculopathy 436
dilated cardiomyopathy 376
low-flow–low-gradient aortic stenosis 241
mitral regurgitation 295
post-myocardial infarction 225
replacement heart valves 339

Doppler echocardiography 27–34
aortic regurgitation 251–2, 256–62
artefacts 34
cardiac tamponade 424
constrictive pericarditis 388–9, 424–5
contrast agents 76
left atrial appendage 543, 545
left atrial function 165
left ventricular systolic function 134–6
mitral regurgitation 285–93
mitral stenosis 274
principles 27–9
pulmonary flow 181–2
replacement heart valves 328
tricuspid regurgitation 307–9

double helix formation 124–5
doxorubicin 553t, 553–4
dP/dt 134–5, 174, 203
drop-out artefact 13f
drug-induced conditions 255, 494, 501; see also 

cancer therapy
dual-chamber pacing 366–7
Duchenne muscular dystrophy 402
duplex ultrasound 603

abdominal aorta 611–13
lower extremities 615–18
renal arteries 613–15
supra-aortic arteries 605–11

Duran nomenclature 268, 270f
dynamic reception focusing 6
dyslipidaemia 501
dyspnoea 532–4

E
e’ 33, 148–50, 154–5, 158, 203–4
E velocity 152, 203
E/A 152–3, 203

Ebstein’s anomaly 523
eccentricity index 413–14
EchoNavigator™ 560–1
Edwards SAPIEN® valve 341
E/e’ 157, 158
E/E’ 203–4
effective orifice area 239
effective orifice area index 329t, 331, 332f
effective regurgitant orifice area 31–2, 258–9, 

288–9
Ehlers–Danlos syndrome 499
ejection fraction 133–4, 166, 193–4, 202, 

210–11, 381, 397–8, 413, 554
electroanatomical mapping 87
electronic aperture variation 6
electronic focusing 5–6
electronic steering 5–6
electrophysiological interventions 86–8
emboli

cardiac sources 440–8
pulmonary 448, 533

emergency echocardiography 626–9
end-diastolic pulmonary artery pressure 416–17
endocarditis

non-bacterial and marantic 442, 500–1
replacement heart valves 339–40, 348
see also infective endocarditis

endomyocardial biopsy 436
endomyocardial fibrosis 386, 411–12
eosinophilic cardiomyopathy 386, 388, 411–12, 

491
epi-aortic echocardiography 461–2
epicardial echocardiography 4t
epicardial fat 422
ergonovine stress echocardiography 95
ergotamine alkaloids 494
Eustachian valve 457
exercise

diastolic function during 151
E/e’ 158
pulmonary hypertension 212
right ventricular assessment 417
systolic pulmonary artery pressure 182

exercise stress echocardiography 91, 93, 106–7
aortic regurgitation 262–3
aortic stenosis 246
dilated cardiomyopathy 376
heart failure with preserved ejection 

fraction 212
mitral regurgitation 293, 295–6
mitral stenosis 279
replacement heart valves 339

exercise treadmill test 617
expert operator level 628–9
external carotid artery stenosis 609
extracorporeal membrane oxygenation 538–9
eyeball method 96, 133

F
far zone 5
FAST 538
femoral arteriovenous fistula,  

catheter-related 619
femoral artery pseudoaneurysm,  

catheter-related 619
femoropopliteal stenosis/occlusion 616
fibroma 454–5
fibromuscular dysplasia 611, 614
filling pressures 157, 206
fistula

catheter-related femoral arteriovenous 619
coronary 230



646  index

flow convergence, see PISA method
focused cardiac ultrasound 531
focusing 3, 6
Fontan operation 526
fractional area change 133, 173–4, 413
fractional shortening 131
frame rate 8
Fraunhofer field 5
free wall rupture 221
Fresnel field 5
Friedreich’s ataxia 401
full volume 3D data set 8
fundamental imaging 8

G
Gerbode defect 510
giant cell arteritis 489, 610, 613
Glenn shunt 526
global longitudinal strain 140, 141, 158, 188, 

205, 554–6
gooseneck deformity 512
graft-versus-host disease 504
granulomatosis with polyangiitis 492, 500

H
haematological disorders 494
haemochromatosis 387, 480–1
haemodynamic instability 535–6
haemodynamic monitoring 587
hand-held echocardiography 79–84
Harlequin syndrome 539
harmonic imaging 8–9
heart failure

dyspnoea 532–3
follow-up 205–6, 213
left ventricular dyssynchrony 197–200
left ventricular systolic dysfunction 193–6
monitoring 205–6, 213
risk stratification 202–5, 213
with preserved ejection fraction 209–13

heart rate, indexing for 176
heart transplantation, see cardiac 

transplantation
helix formation 124–5
hemi-Fontan shunt 526
hepatic vein flow 180–1, 309
hereditary haemorrhagic telangiectasia 494
hibernating myocardium 91, 100, 224
HIV infection 493
HL7 9
Horton disease 489, 610, 613
hypereosinophilia 386, 388, 411–12, 491
hyperparathyroidism 501
hypertensive heart disease 107–8, 364
hypertrophic cardiomyopathy 354–68

alcohol septal ablation 366
apical 73, 357
cavity size 357
clinical presentation 354
diagnostic criteria in first-degree relatives 365
differential diagnosis 363–4
dual-chamber pacing 366–7
echocardiographic essentials 368t
follow-up 367
functional features 357–63
global longitudinal strain 141
intraventricular obstruction 361–3
left atrium 357
left ventricle 355–6, 357
left ventricular diastolic function 360
left ventricular outflow tract obstruction 361, 

366–7
left ventricular systolic function 357–9

midventricular obstructive 362–3
mitral regurgitation 363
mitral valve 357, 362
mitral valve surgery 366
monitoring 367
morphology 355–7
myectomy 366
myocardial contrast echocardiography 76
myocardium 355–7
pathophysiology 354
patterns of hypertrophy 355–7
phenocopies 363–4
role of echocardiography 355
stress echocardiography 108

hypovolaemic shock 535

I
image analysis 117–18
image optimization 9–10
image storage 9, 42–3, 67, 115–16
imaging modes 7–8
Impella 538–9
implantable cardioverter defibrillator 549
in transit thrombi 447, 448
incident angle 604
independent operator level 627–8
individual certification 622–3
infective endocarditis 344–52

abscess 345t, 347–8
aortic incompetence 232
aortic regurgitation 255
clinical decision tree 350f
diagnosis 344–9
embolic risk 350, 441–2
follow-up 352
intraoperative echocardiography 351–2
monitoring 352
prognosis 350, 352
replacement heart valves 339–40, 348
surgical decision-making 350–1
vegetations 339–40, 344–6, 441–2

inferior vena cava diameter 179–80
intensity 3
inter-observer variability 640
interatrial septum

aneurysm 457
lipomatous hypertrophy 455–6

interleaflet fibrous tangles 231
intermittent positive pressure ventilation 533–4
internal carotid artery

coiling 611
dissection 610–11
occlusion 609
stenosis 608–9

interventional echocardiography 560–71
intracardiac shunts 569–71
percutaneous closure of paravalvular 

leaks 567–9
valvular heart disease 560–7

interventricular delay 200
interventricular dyssynchrony 198
intima–media thickness 606–7
intimal tears 466
intra-aortic balloon pump 586
intra-observer variability 640
intracardiac echocardiography 4t, 85–8
intracoronary echocardiography 4t
intramural haematoma 466–7
intraoperative echocardiography

cardiac transplantation 431
infective endocarditis 351–2
replacement heart valves 341
see also perioperative echocardiography

intravascular echocardiography 85–8, 435
intraventricular dyssynchrony 198–9
intraventricular filling 150–1
iron overload 387, 480–1
ischaemic cascade 90
ischaemic heart disease 141, 216–30
ischaemic stroke 440
isolated right ventricular failure 432
isolated ventricular non-compaction 394–6
isovolumic acceleration 416
isovolumic relaxation time 151, 415

J
jet

velocities 236–9, 245
width 257

K
Kawasaki disease 229, 490
kidney disease, chronic 501

L
laboratory accreditation 623, 630–6
Lagrangian strain 138–9
Lambl’s excrescences 457
lateral artefact 77
leaflet tethering 221
left atrial active emptying fraction 166
left atrial appendage 162, 165, 542–5

closure 547–8
thrombus 445–6, 545

left atrial ejection fraction 166
left atrial emptying fraction 157
left atrial expansion index 166
left atrial minimal volume 157
left atrial passive emptying fraction 166
left atrial volume index 157
left atrium

anatomy 162
athletes 474
deformation 167–8
dimensions 164–5
function 165–9
heart failure with preserved ejection 

fraction 210
hypertrophic cardiomyopathy 357
isomerism 519
left ventricular interdependence 163
M-mode echocardiography 23
mitral stenosis 278–9
neuroendocrine function 164
physiology 163–4
remodelling 163
spontaneous echo contrast 545
stiffness 168–9
structure 163
thrombus 278–9, 445–6, 545, 587
volume 156–7, 164–5, 204, 542
volume–pressure curves 163–4

left bundle branch block 107, 198
left ventricle

aneurysm 221–2
aortic regurgitation 255
aortic stenosis 244–5, 246–7
apical rocking 198–9
athletes 473–4
cardiac resynchronization therapy 198–9
complex congenital heart disease 519
compliance 152
contractility 126–9
contrast echocardiography 72–3
diastolic function, see left ventricular diastolic 

function
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double helix formation 124–5
eccentricity index 413–14
filling pressures 157, 206
geometry 123–5
hypertrophic cardiomyopathy 355–6, 357
intracardiac flow visualization 129
left atrial interdependence 163
M-mode echocardiography 24
mass 125, 137, 202
mitral regurgitation 284
mitral stenosis 279
morphology 123–5
myocardial fibres 126, 127f
opacification 72, 97
perioperative echocardiography 584–5
pregnancy 477
pseudoaneurysm 221–2
regional function 141–2, 198
relative wall thickness 125
reverse modelling 206
right ventricle and 172
rotation 128, 141
systolic function, see left ventricular systolic 

function
thrombi 73, 223, 378, 380, 442–5
torsion 128, 141, 195
transplanted heart 433
twist and untwist 40, 128, 141, 142t, 149, 

158, 195
volume 133–4, 136–7, 157–8, 198, 202, 210
wall motion index 142–4

left ventricular assist device 538, 539–40, 589–91
left ventricular diastolic function 147–59

atrial fibrillation 159
cancer therapeutics-related cardiac 

dysfunction 554
deformation imaging 158
dilated cardiomyopathy 374, 381–2
exercise 151
hypertrophic cardiomyopathy 360
invasive measures 151–2
non-invasive measures 152–9
perioperative echocardiography 584–5
physiology 147–51
risk stratification in heart failure 202–4
stress echocardiography 158
Takotsubo cardiomyopathy 398
transplanted heart 433

left ventricular dyssynchrony 197–200, 380–1
left ventricular ejection fraction 133–4, 193–4, 

202, 210–11, 381, 397–8, 554
left ventricular end-diastolic pressure 151
left ventricular filling pressure 151, 206
left ventricular inflow tract 123
left ventricular non-compaction 73, 394
left ventricular outflow tract 124, 257
left ventricular outflow tract obstruction

differential diagnosis 234
hypertrophic cardiomyopathy 361, 366–7
obstructive shock 535
Takotsubo cardiomyopathy 398–9

left ventricular systolic function 131–45
contrast echocardiography 72–3
deformation imaging 137–41, 194–6
dilated cardiomyopathy 373–4
Doppler measurement 134–6
heart failure 193–6
hypertrophic cardiomyopathy 357–9
M-mode echocardiography 131–3
perioperative echocardiography 584
Takotsubo cardiomyopathy 397–8
three-dimensional echocardiography 136–7
transplanted heart 433

two-dimensional echocardiography 133–4
levocardia 518
Libman–Sacks vegetations 484, 498
lipomas 455–6
lipomatous hypertrophy of interatrial 

septum 455–6
live (real-time) 3D imaging 8, 64–5, 88, 97, 315
liver cirrhosis 506
Löffler’s syndrome 386, 411–12, 491
logarithmic compression 7
lower transoesophageal views 49
Luminity® 71t
lung

consolidations 111, 113
fibrosis 505
pulse 113
sliding 111
ultrasound 111–13

lymphomas 456, 494

M
M-mode echocardiography 22–5

aortic regurgitation 251
left ventricular systolic function 131–3

M-mode imaging 7
McConnell’s sign 399
Mahan’s equation 178–9
marantic endocarditis 442, 500–1
Marfan syndrome 488, 499
matrix array transducers 6, 59–61
mean pulmonary artery pressure 32, 178–9, 

416–17
mean right atrial pressure 179–81
mechanical circulatory support 538–40, 589–91
mechanical index 3, 71
mechanical steering 5
medial arterial calcification 617
mesocardia 518
metastatic tumours 456–7
microbubbles 70
microscopic polyangiitis 500
mid-systolic notch 181–2
mid-wall fractional shortening 133
minimally invasive cardiac surgery 587–8
mirror image artefact 11f
MitraClip® 563–7
mitral annular plane systolic excursion 

(MAPSE) 132, 554
mitral annulus

anatomy and dynamics 271–2
caseous calcification 457
diameter 261
velocity 148–50, 154–5, 158, 203–4

mitral inflow 261
velocity 152–4, 158, 203

mitral regurgitation 282–97
acute 293, 536
acute coronary syndromes 220–1
aetiology 282–4
aortic regurgitation and 320
aortic stenosis and 245, 319–20
chronic 293
dilated cardiomyopathy 378, 382
follow-up 297
heart failure 204
hypertrophic cardiomyopathy 363
left ventricular adaptation 284
mechanisms 282–4
mild 293t
MitraClip® 563–7
mitral stenosis and 279, 319
moderate 293t
perioperative echocardiography 583

persistent/recurrent 296
primary (organic) 282, 284, 293, 295, 296
quantification of severity 284–93, 294t
secondary (functional) 282, 284, 295–6
severe 293t
stress echocardiography 108, 293, 295–6
suitability for repair 296–7
Takotsubo cardiomyopathy 399
timing of surgery 297

mitral stenosis 274–81
acute decompensation 537
aetiology 274
aortic regurgitation and 321
aortic stenosis and 279, 320
congenital 280
degenerative 280
grading severity 279
left atrium 278–9
left ventricle 279
mitral regurgitation and 279, 319
non-rheumatic 280
percutaneous mitral valve 

commissurotomy 279–80
pulmonary hypertension 279
quantification of severity 274–8
rheumatic 274, 279
stress echocardiography 279
tricuspid valve and 279

mitral valve
anatomy 267–9
area 30, 276–7
hypertrophic cardiomyopathy 357,  

362, 366
M-mode echocardiography 23–4
morphology 269–72
perioperative echocardiography 581–4
replacement valves 333–6
resistance 278
subvalvular suspension apparatus 270–1
systolic anterior motion 362

mixed connective tissue disease 486
mixed valve disease 317–19
multibeat ECG-gated acquisition 63, 65
multiline acquisition 62–3
multiplane imaging 64
multiple transmission focusing 6
multiple valve disease 317, 319–21
murmurs 536–7
muscular dystrophy 402
Mustard repair 521
myectomy 366
myocardial blood flow 97
myocardial contrast echocardiography 73–6, 

97, 225
myocardial deformation imaging, see 

deformation echocardiography
myocardial fibrosis 247
myocardial infarction 217–20

cardiogenic shock 535–6
classification 218t
complications 220–3
coronary artery distribution 219–20
diagnosis 218–19
infarct expansion 223–4
myocardial contrast echocardiography 75
NSTEMI 217–18
prognosis 219
STEMI 217
viability and recovery of function 224–5

myocardial ischaemia 90, 100–1, 104–5, 217
myocardial performance (Tei) index 135–6, 

204, 415–16
myocardial perfusion 73–6, 225
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myocardial viability 75–6, 91, 100, 104, 224–5, 
399

myocarditis, acute 532
myotonic dystrophy 401
myxoma 451–2, 587

N
natural strain 139
near-field clutter 10
near real-time imaging 8, 65
near zone 5
neoplastic disease 495, 500–1, 503
Nikaidoh procedure 521, 522
non-cardiac vascular surgery, risk 

stratification 108
non-ST elevation myocardial infarction 

(NSTEMI) 217–18
Nyquist frequency limit 28

O
obesity 506
obstructive shock 535
Optison® 71t
osteogenesis imperfecta 499
ostium secundum atrial septal defect 508

P
pacing, dual-chamber 366–7
pacing stress echocardiography 95
PACS 9
papillary fibroelastoma 452, 454
papillary muscle 268

rupture 221
parallel receive beamforming 62–3
parasternal long-axis view 17, 404
parasternal right ventricle views 17–18
parasternal right ventricular inflow view 17–18
parasternal right ventricular outflow view 18
parasternal short-axis views 18, 404–5
paravalvular leaks, percutaneous closure 567–9
partial anomalous pulmonary venous 

return 514–15
particle imaging velocimetry 129
patches 61
patent ductus arteriosus 32, 513–14
patent foramen ovale 86, 580

thrombus straddling 447
penetrating atherosclerotic ulcer 467–8
penetration assessment 13f
percutaneous mitral valve 

commissurotomy 279–80
performance measurement 13f, 14
pericardial cysts 427, 456
pericardial effusion 420–4

acute aortic syndromes 468
cardiac transplantation 432
detection 421
differential diagnosis 421–2
myocardial infarction 221, 223
perioperative echocardiography 587
quantification 422

pericardiocentesis 223, 424
pericarditis 420

constrictive 388–9, 424–7
pericardium

anatomy 420
congenital absence 427
right atrial function 186
systemic disease 502–4
transplanted heart 434

perioperative echocardiography 575–91
aims of the examination 577–8

aortic valve 585–6
cardiac transplantation 431, 588–9
complications 576–7
conducting the examination 578–80
contraindications 577
haemodynamic monitoring 587
indications 575–6
infective endocarditis 351–2
left ventricle 584–5
left ventricular assist device 589–91
minimally invasive cardiac surgery 587–8
mitral valve 581–4
myxoma 587
pericardial effusion 587
replacement heart valves 341
report 580
right heart 580–1
safety 576–7
thrombus 587

peripartum cardiomyopathy 477–8
persistence 10
persistent ductus arteriosus 32, 513–14
phased array transducers 6
piezoelectric effect 5
PISA method 31–2, 258–9, 278, 288–9, 307, 

309
pixel interpolation 10
planimetry 240, 276–7
plaque 607–8, 616
pleural effusion

differential diagnosis 421–2
hand-held echocardiography 80, 82t
lung ultrasound 113

pneumothorax
acute care 533
lung ultrasound 113

pocket-size hand-held echocardiography 79–84
point spread function 63–4
polyarteritis nodosa 500
polycythaemia 494
polyserositis 503–4
popliteal artery aneurysm 619
post-processing 10, 117–18
Potts shunt 520
power 3
pre-processing 9–10
pregnancy 476–8
pressure gradients 30, 236–9, 274–6
pressure half-time 30, 262, 277
pressure recovery 238–9, 328–9
primum atrial septal defect 508
propagation speed 3
prosthetic heart valves, see replacement heart 

valves
proximal isovelocity convergence area (PISA) 

method 31–2, 258–9, 278, 288–9, 307, 
309

pseudoaneurysm
femoral artery 619
left ventricle 221–2

pseudoxanthoma elasticum 499
pulmonary artery pressure

diastolic 32, 178
end-diastolic 416–17
mean 32, 178–9, 416–17
systolic 157, 177, 182, 204, 210, 310, 581

pulmonary atresia and ventricular septal 
defect 520–1

pulmonary capillary wedge pressure 151
pulmonary circulation 177–82
pulmonary embolism 448, 533
pulmonary hypertension

aortic stenosis 247
dilated cardiomyopathy 380
Doppler flow 181–2
exercise-induced 212
heart failure with preserved ejection 

fraction 210
mitral stenosis 279

pulmonary interstitial syndrome 112
pulmonary regurgitation 314, 316, 408
pulmonary stenosis 313, 316, 321, 517
pulmonary valve

anatomy 313
M-mode echocardiography 24–5
normal adult values 316t
quantitative assessment 314
replacement valves 336–7
three-dimensional echocardiography 315
transoesophageal echocardiography 315
two-dimensional echocardiography 314

pulmonary vascular resistance 182
pulmonary vein ablation 546–7
pulmonary venous flow 150, 155, 203, 290–1
pulse repetition frequency 8
pulse wave velocity 460–1
pulsed wave Doppler 28

aortic regurgitation 259–61
pulsed wave tissue Doppler 

echocardiography 32
heart failure 196

Q
quality assessment 635
quality assurance 14, 638–41
quality improvement 623–5, 635

R
radiofrequency catheter ablation 86–7, 546–7
radiotherapy 495–6, 504, 552, 556–7, 611
range ambiguity artefact 8
Rastelli procedure 521, 522
RAW-DICOM 116
real-time 3-D imaging 8, 64–5, 88, 97, 315
real-time zoom acquisition 63
refraction artefact 11f
refresh rate 8
regional wall motion 99–100, 142–4, 398, 584
regurgitant fraction 31–2, 260–1, 291–2
regurgitant jets 31–2
regurgitant volume 31–2, 258–9, 260–1, 291–2
Reiter syndrome 488, 499
relative wall thickness 125
renal arteries, duplex ultrasound 613–15
rendering techniques 66
réparation à l’etage ventriculaire (REV) 521, 

522
replacement heart valves 324–42

acute decompensation 537
aortic valve 327–33
biological valves 324, 325f, 326t
cardiac magnetic resonance 342
classification 324
complications 327t
computed tomography 342
endocarditis 339–40, 348
high velocity across 329–31
indications and timing of 

echocardiography 326
intraoperative echocardiography 341
mechanical valves 324, 325f, 326t
minimum echocardiographic dataset 327t
mitral valve 333–6
normal appearance 327
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obstruction 329–31, 334–7, 339
paraprosthetic regurgitation 331, 333, 336, 

337, 339
patient–prosthesis mismatch 329t, 331, 332f
percutaneous closure of paravalvular 

leaks 567–9
perioperative echocardiography 341
preoperative echocardiogram 340–1
pressure recovery 328–9
pulmonary valve 336–7
Ross procedure 340
sizing conventions 325–6
stentless valves 340
stress echocardiography 339
transcatheter implantation 340–1
transoesophageal echocardiography 327, 

341–2
transthoracic echocardiography 327
tricuspid valve 337–9

reports 43–4, 67, 580
computerized 118–19

resonance frequency 5
rest echocardiography 73, 224, 435–6
restrictive cardiomyopathy 386–9

aetiology 386–7
differentiation from constrictive 

pericarditis 388–9, 425–7
echocardiographic features 387–8
pathology 387

retroperitoneal fibrosis 613
REV 521, 522
revascularization, graft surveillance 617–18
reverberation artefact 11f, 12f
reverse McConnell’s sign 399
rhabdomyoma 454
rhabdomyosarcomas 456
rheumatic heart valve disease 232, 235, 253, 

274, 279, 302, 303, 317, 497–8
rheumatoid arthritis 483–4, 499
right atrial appendage 185, 186
right atrium

anatomical variants 457
athletes 187, 188
deformation 188
dimensions 186–7
function 187–8
geometry 185
isomerism 519
morphology 185
pericardium integrity 186
physiology 185–6
pressure 179–81
right ventricular filling 185–6
thrombi 446–8
tricuspid valve and 186
tricuspid regurgitation 310

right index of myocardial performance 
(RIMP) 175

right ventricle
anatomical variants 457
athletes 474
complex congenital heart disease 519
contraction pattern 172
dilated cardiomyopathy 374–5, 378, 382
endomyocardial biopsy 436
exercise effects 417
fractional area change 173–4, 413
function 403–4, 406–17
haemodynamic assessment 177–82, 416–17
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