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D E D I C AT I O N

To Robert M. Berne and Matthew N. Levy,  
whose research and scholarship in cardiovascular physiology have enriched  

and inspired generations of students and colleagues



vi

P R E FAC E

We believe that physiology is the backbone of clinical med-
icine. In the clinic, the emergency room, the intensive care 
unit, or the surgical suite, physiological principles are the 
basis for action. But we also find great intellectual satisfac-
tion in the science of physiology as the means to explain the 
elegant mechanisms of our bodies. In the eleventh edition 
of Berne and Levy’s classic monograph on cardiovascular 
physiology, we have tried to convey both ideas.

Physiology serves as a foundation that students of 
medicine must comprehend before they can understand 
the derangements caused by pathology. This text of car-
diovascular physiology emphasizes general concepts and 
regulatory mechanisms. To present the various regulatory 
mechanisms clearly, the component parts of the system are 
first discussed individually. Then, the last chapter describes 
how various individual components of the cardiovascu-
lar system are coordinated. The examples describe how 
the body responds to two important stresses—exercise 
and hemorrhage. Selected pathophysiological examples 
of abnormal function are included to illustrate and clarify 
normal physiological processes. These examples are dis-
tributed throughout the text and are identified by colored 
boxes with the heading “Clinical Box.”

The text incorporates the learning objectives for cardio-
vascular physiology of the American Physiological Society, 
except for hemostasis and coagulation. These last-named 
topics are found in hematology books. The book has been 
updated and revised extensively. The relation between 
pressure–volume loops and cardiac function curves, newer 
aspects of endothelium function, myocardial metabo-
lism and its relation to oxygen consumption and cardiac 
energetics, and the regulation of peripheral, cerebral, and 

coronary blood flows have received particular emphasis. 
The theory of cardiac excitation–contraction coupling has 
been extensively updated, particularly with respect to new 
understanding of the roles of intracellular calcium ions. 
Whenever available, physiological data from humans have 
been included. Some old figures have been deleted and 
many new figures have been added to aid comprehension 
of the text. Selected references appear at the end of each 
chapter. The scientific articles included were chosen for 
their depth, clarity, and appropriateness.

Throughout the book, italics are used to emphasize 
important facts and concepts, and boldface type is used 
for new terms and definitions. Each chapter begins with a 
list of objectives and ends with a summary to highlight key 
points. Case histories with multiple-choice questions are 
provided to help in review and to indicate clinical relevance 
of the material. The correct answers and brief explanations 
for them appear in Appendix A. A comprehensive review 
examination, with explanations of the correct answers, has 
been added as Appendix B.

We thank our readers for their constructive comments. 
Thanks are also due to the numerous investigators and 
publishers who have granted permission to use illustra-
tions from their publications. In most cases these illustra-
tions have been altered somewhat to increase their didactic 
utility. In some cases, unpublished data from investiga-
tions by Robert Berne and Matthew Levy and the current 
authors have been presented.

Achilles J. Pappano
W. Gil Wier



Overview of the Circulation and Blood 

OBJECTIVES 
1. Describe the general structure of the cardiovascular 

system. 
2. Compare the compositions and functions of the blood 

vessels. 
3. Compare the relationship of the vascular cross-sec­

tional area to the velocity of blood flow in the various 
vascular segments. 

The circulatory, endocrine, and nervous systems constitute 
the principal coordinating and integrating systems of the 
body. Whereas the nervous system is primarily concerned 
with communication and the endocrine glands with reg­
ulation of certain body functions, the circulatory system 
serves to transport and distribute essential substancF to 
the tissues and to remove metabolic byproducts. The circu­
latory system also shares in such homeostatic mechanisms 
as regulation of body temperature, humoral communi­
cation throughout the body, and adjustments of 0 2 and 
nutrient supply in different physiologica1 states. 

The cardiovascular system accomp ishes these functions 
with a pump (see Chapter 4), a sec·es of distributing and 
collecting tubes (see Chapter 7), and an extensive system 
of thin vessels that permit rapid exchange between the tis­
sues and the vascular channels (see Chapter 8). The pri­
mary purpose of this text is to discuss the function of the 
components of the vascular system and the control mecha­
nisms (with their checks and balances) that are responsible 
for alteration of blood distribution necessary to meet the 
changing requirements of different tissues in response to a 
wide spectrum of physiological (see Chapters 9 and 10) and 
pathological (see Chapter 13) conditions. 

Before one considers the function of the parts of the 
circulatory system in detail, it is useful to consider it as a 
whole in a purely descriptive sense (Fig. 1. 1) . The heart 

4. Indicate the pressure changes and pathways of blood 
flow throughout the vasculature. 

5. Describe the constituents of the blood and explain the 
functions of the cellula elements of blood. 

6. Know the importance 0f blooa. group matching before 
blood transfusions. 

consists of two pumps in series: the right ventricle to propel 
blood througH the lungs for exchange of 0 2 and CO2 (the 
pulmonary circulation) and the left ventricle to propel 
blood to all other tissues of the body ( the systemic cir­
culation). The total flow of blood out of the left ventricle 
is known as the cardiac output (CO). The rhythmic con­
traction of the heart is an intrinsic property of the heart 
whose sinoatrial node pacemaker generates action paten -
tials spontaneously ( see Chapter 3). These action potentials 
are propagated in an orderly manner through the organ to 
trigger contraction and to produce the currents detected in 
the electrocardiogram (see Chapter 3). 

Unidirectional flow through the heart is achieved 
by the appropriate arrangement of effective flap valves. 
Although the cardiac output is intermittent, continuous 
flow to the periphery occurs by distention of the aorta and 
its branches during ventricular contraction (systole) and 
elastic recoil of the walls of the large arteries that propel the 
blood forward during ventricular relaxation (diastole). 
Blood moves rapidly through the aorta and its arterial 
branches (see Chapter 7). The branches become narrower 
and their walls become thinner and change histologi­
cally toward the periphery. From the aorta, a predomi­
nantly elastic structure, the peripheral arteries become 
more muscular until the muscular layer predominates 
at the arterioles (Fig. 1.2). 

In the large arteries, frictional resistance is relatively 
small, and mean pressure throughout the system of large 
arteries is only slightly less than in the aorta. The small 

1 



2 CHAPTER 1  Overview of the Circulation and Blood

arteries and arterioles serve to regulate flow to individ-
ual tissues by varying their resistance to flow. The small 
arteries offer moderate resistance to blood flow, and this 
resistance reaches a maximal level in the arterioles, some-
times referred to as the stopcocks of the vascular system. 
Hence the pressure drop is significant and is greatest in the 
small arteries and in the arterioles (Fig. 1.3). Adjustments 
in the degree of contraction of the circular muscle of 
these small vessels permit regulation of tissue blood flow 
and aid in the control of arterial blood pressure (see 
Chapter 9).

In addition to a sharp reduction in pressure across the 
arterioles, there is also a change from pulsatile to steady 
flow as pressure continues to decline from the arterial to 
the venous end of the capillaries (see Fig. 1.3). The pulsatile 
arterial blood flow, caused by the phasic cardiac ejection, is 
damped at the capillaries by the combination of distensibility 
of the large arteries and frictional resistance in the arterioles.

Many capillaries arise from each arteriole to form 
the microcirculation (see Chapter 8), so that the total 
cross-sectional area of the capillary bed is very large, despite 
the fact that the cross-sectional area of each capillary is less 
than that of each arteriole. As a result, blood flow velocity 
becomes quite slow in the capillaries (see Fig. 1.3), anal-
ogous to the decrease in velocity of flow seen at the wide 
regions of a river. Conditions in the capillaries are ideal for 
the exchange of diffusible substances between blood and 
tissue, because the capillaries are short tubes whose walls 
are only one cell thick and because flow velocity is low.

On its return to the heart from the capillaries, blood 
passes through venules and then through veins of increas-
ing size with a progressive decrease in pressure until the 
blood reaches the vena cava (see Fig. 1.3). As the heart is 
approached, the number of veins decreases, the thickness 
and composition of the vein walls change (see Fig. 1.2), the 
total cross-sectional area of the venous channels dimin-
ishes, and the velocity of blood flow increases (see Fig. 1.3). 
Note that the velocity of blood flow and the cross-sectional 
area at each level of the vasculature are essentially mirror 
images of each other (see Fig. 1.3).

Data indicate that between the aorta and the capillar-
ies the total cross-sectional area increases about 500-fold 
(see Fig. 1.3). The volume of blood in the systemic vas-
cular system (Table 1.1) is greatest in the veins and small 
veins (64%). Of the total blood volume only about 6% is 
in the capillaries and 14% in the aorta, arteries, and arteri-
oles. In contrast, blood volume in the pulmonary vascular 
bed is about equal between arteries and capillaries; venous 
vessels display a slightly larger percentage of pulmonary 
blood volume. The cross-sectional area of the venae cavae 
is larger than that of the aorta. Therefore the velocity of 
flow is slower in the venae cavae than that in the aorta  
(see Fig. 1.3).

Veins Arteries

Venules
ArteriolesCapillaries

Head and neck
arteries

Arm arteries Pulmonary veins

Bronchial arteries

Pulmonary
artery

Right atrium

Venae cavae

Right
  ventricle

Coronary
arteries

Trunk arteries

Hepatic artery
Hepatic

vein

Portal vein
Peritubular
capillaries

Glomeruli

Mesenteric arteries
Renal
arteries

Efferent arterioles Afferent
arterioles

Pelvic arteries
Leg arteries

AortaLeft atrium

Left ventricle

Splenic
artery

Fig. 1.1  Schematic diagram of the parallel and series arrange-
ment of the vessels composing the circulatory system. The cap-
illary beds are represented by thin lines connecting the arteries 
(on the right) with the veins (on the left). The crescent-shaped 
thickenings proximal to the capillary beds represent the arteri-
oles (resistance vessels). (Redrawn from Green, H. D. (1944). In 
O. Glasser (Ed.). Medical physics (Vol 1); Chicago: Mosby-Year 
Book.)

In a patient with hyperthyroidism (Graves disease), the 
basal metabolism is elevated and is often associated 
with arteriolar vasodilation. This reduction in arteriolar 
resistance diminishes the dampening effect on the pul-
satile arterial pressure and is manifested as pulsatile 
flow in the capillaries, as observed in the fingernail beds 
of patients with this ailment.

CLINICAL BOX 
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Blood entering the right ventricle via the right atrium is 
pumped through the pulmonary arterial system at a mean 
pressure about one-seventh that in the systemic arteries. 
The blood then passes through the lung capillaries, where 
CO

2
 is released and O

2
 taken up. The O

2
-rich blood returns 

via the four pulmonary veins to the left atrium and ventri-
cle to complete the cycle. Thus in the normal intact circula-
tion the total volume of blood is constant, and an increase 
in the volume of blood in one area must be accompanied 
by a decrease in another. However, the distribution of the 
circulating blood to the different body organs is deter-
mined by the output of the left ventricle and by the con-
tractile state of the arterioles (resistance vessels) of these 
organs (see Chapters 9 and 10). In turn, the cardiac output 
is controlled by the rate of heartbeat, cardiac contractility, 
venous return, and arterial resistance. The circulatory sys-
tem is composed of conduits arranged in series and in par-
allel (see Fig. 1.1).

It is evident that the systemic and pulmonary vascular 
systems are composed of many blood vessels arranged in 
series and parallel, with respect to blood flow. The total 
resistance to blood flow of the systemic blood vessels is 
known as the total peripheral resistance (TPR), and the total 
resistance of the pulmonary vessels is known as the total pul-
monary resistance. Total peripheral resistance and cardiac 
output determine the mean pressure in the large arteries, 
through the hydraulic resistance equation (see Chapter 7).

The main function of the circulating blood is to carry 
O

2
 and nutrients to the various tissues in the body and 

to remove CO
2
 and waste products from those tissues. 

Furthermore, blood transports other substances, such as 
hormones, white blood cells, and platelets, from their sites 
of production to their sites of action. Blood also aids in 
the distribution of fluids, solutes, and heat. Hence blood 
contributes to homeostasis, the maintenance of a constant 
internal environment.

A fundamental characteristic of normal operation of 
the cardiovascular system is the maintenance of a relatively 
constant mean (average) blood pressure within the large 
arteries. The difference between mean arterial pressure (Pa)  
and the pressure in the right atrium (P

ra
) provides the 

driving force for flow through the resistance (R) of blood 
vessels of the individual tissues. Thus when the circulatory 
system is in steady-state, total flow of blood from the heart 
(cardiac output, CO) equals total flow of blood returning 
to the heart. The relation among these variables is described 
in the following hydraulic equation:

	 Pa − Pra = CO × R	 (1.1)

The cardiovascular system, together with neural, renal, 
and endocrine systems, maintains Pa at a relatively con-
stant level, despite the large variations in cardiac output 
and peripheral resistance that are required in daily life. If 
the Pa is maintained at its normal level under all circum-
stances, then each individual tissue will be able to obtain the 
necessary blood flow required to sustain its functions. Because 
blood flow to the brain and the heart cannot be interrupted 
for even a few seconds without endangering life, maintenance 
of the Pa is a critical function of the cardiovascular system. 

Endothelium

Elastic tissue

Smooth muscle

Fibrous tissue

Wall thickness

Diameter

0.5 µm

Capillary
8 µm

Venule
20 µm

1 µm2 µm

Terminal
arteriole
10 µm

Arteriole
30 µm

6 µm
1.5
mm

Vena cava
30 mm

0.5 mm

Vein
5 mm

2 mm

Aorta
25 mm

1 mm
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Microvessels 20 µmMacrovessels 10 mm

Fig. 1.2  Internal diameter, wall thickness, and relative amounts of the principal components of the vessel 
walls of the various blood vessels that compose the circulatory system. Cross sections of the vessels are not 
drawn to scale because of the huge range from aorta and venae cavae to capillary. (Redrawn from Burton, A. 
C. (1954). Relation of structure to function of the tissues of the wall of blood vessels. Physiological Reviews, 
34(4), 619–642.)
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BLOOD
Blood consists of red blood cells, white blood cells, and 
platelets suspended in a complex solution (plasma) of var-
ious salts, proteins, carbohydrates, lipids, and gases. The 
circulating blood volume accounts for about 7% of the 
body weight. Approximately 55% of the blood is plasma; 
the protein content is 7 g/dL (about 4 g/dL of albumin and 
3 g/dL of plasma globulins).

Erythrocytes
The erythrocytes (red blood cells) are flexible, biconcave 
disks that transport oxygen to the body tissues (Fig. 1.4). 
Mammalian erythrocytes are unusual in that they lack a 
nucleus. The average erythrocyte is 7 μm in diameter, and 
these cells arise from pluripotential stem cells in the bone 
marrow. All of the cells in the circulating blood are derived 

from these stem cells. Most of these immature cells develop 
into various forms of mature cells, such as erythrocytes, 
monocytes, megakaryocytes, and lymphocytes. The 
erythrocytes lose their nuclei before they enter the circula-
tion, and their average life span is 120 days. Approximately 
5 million erythrocytes are present per microliter of blood. 
However, a small fraction of the pluripotential stem cells 
remains in the undifferentiated state.

Hemoglobin (about 15 g/dL of blood) is the main 
protein in the erythrocytes. Hemoglobin consists of 
heme, an iron-containing tetrapyrrole. Heme is linked 
to globin, a protein composed of four polypeptide chains 
(two α and two β chains in the normal adult). The iron 
moiety of hemoglobin binds loosely and reversibly to O

2
 

to form oxyhemoglobin. The affinity of hemoglobin for 
O

2
 is a steep function of the partial pressure of O

2
 (Po

2
) 
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Fig. 1.3  Phasic pressure, velocity of flow, and cross-sectional 
area of the systemic circulation. The important features are the 
major pressure drop across the small arteries and arterioles, 
the inverse relationship between blood flow velocity and cross- 
sectional area, and the maximal cross-sectional area and min-
imal flow rate in the capillaries. (Reproduced with permission 
of Taylor & Francis from Levick, J. R. (2010). An introduction 
to cardiovascular physiology, 5th ed. London: Hodder Arnold.)
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TABLE 1.1  Distribution of Blood Volume*

ABSOLUTE VOLUME (mL) RELATIVE VOLUME (%)
Systemic circulation: 4200 84
Aorta and large arteries 300 6.0
Small arteries 400 8.0
Capillaries 300 6.0
Small veins 2300 46.0
Large veins 900 18.0
Pulmonary circulation: 440 8.8
Arteries 130 2.6
Capillaries 110 2.2
Veins 200 4.0
Heart (end-diastole) 360 360 7.2 7.2
Total 5000 5000 100 100

*Values apply to a 70-kg woman; increase values by 10% for a 70-kg man.
Data from Boron, W. F., & Boulpaep, E. L. (2016). Medical physiology, 3rd ed. Philadelphia: Elsevier.
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Fig. 1.4  The morphology of blood cells. 1, Normal red blood cell; 2, platelet; 3, neutrophil; 4, neutrophil, band 
form; 5a, eosinophil, two lobes; 5b, eosinophil, band form; 6a, basophil, band form; 6b, metamyelocyte, baso-
philic; 7, lymphocyte, small; 8, lymphocyte, large; 9, monocyte, mature; 10, monocyte, young. (From Daland, 
G. A. (1951). A color atlas of morphologic hematology. Cambridge, MA: Harvard University Press.)
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at Po
2
 less than 60 mm Hg (Fig. 1.5). This allows ready 

diffusion of O
2
 from hemoglobin to tissue. The bind-

ing of O
2
 to hemoglobin is affected by pH, temperature, 

and 2,3-diphosphoglycerate concentration. These factors 
affect O

2
 transport particularly at Po

2
 less than 60 mm Hg.

Changes in the polypeptide subunits of globin affect the 
affinity of hemoglobin for O

2
. For example, fetal hemoglo-

bin has two γ chains instead of two β chains. This substitu-
tion increases its affinity for O

2
. Changes in the polypeptide 

subunits of globin may induce certain serious diseases,  
such as sickle cell anemia and erythroblastosis fetalis  
(Fig. 1.6). Sickle cell anemia is a disorder associated with 
the presence of hemoglobin S, which is an abnormal form 
of hemoglobin in the erythrocytes. Many of the erythro-
cytes in the bloodstream of patients with sickle cell anemia 
have a sicklelike shape (see Fig. 1.6). Consequently, many 
of the abnormal cells cannot pass through the capillaries 
and, therefore, cannot deliver adequate O

2
 and nutrients 

to the local tissues. Thalassemia is also a genetic disorder 
of the globin genes; α and β forms exist. In either case, the 
disorder leads ultimately to a microcytic (small cell), hypo-
chromic (inadequate quantity of hemoglobin) anemia (see 
upper central panel of Fig. 1.6).

The number of circulating red cells normally remains 
fairly constant. The production of erythrocytes (eryth-
ropoiesis) is regulated by the glycoprotein erythropoietin,  
which is secreted mainly by the kidneys. Erythropoietin 
enhances erythrocyte production by accelerating the differ-
entiation of stem cells in the bone marrow. This substance 

is often used clinically to increase red blood cell production 
in anemic patients. 

Leukocytes
There are normally 4000 to 10,000 leukocytes (white blood 
cells) per microliter of blood. Leukocytes include granulo-
cytes (65%), lymphocytes (30%), and monocytes (5%). Of 
the granulocytes, about 95% are neutrophils, 4% are eosin-
ophils, and 1% are basophils. White blood cells originate 
from the primitive stem cells in the bone marrow. After 
birth, granulocytes and monocytes in humans continue to 
originate in the bone marrow, whereas lymphocytes origi-
nate in the lymph nodes, spleen, and thymus.

Granulocytes and monocytes are motile, nucleated cells 
that contain lysosomes that have enzymes capable of digest-
ing foreign material such as microorganisms, damaged  
cells, and cellular debris. Thus leukocytes constitute a major 
defense mechanism against infections. Microorganisms or the  
products of cell destruction release chemotactic substances  
that attract granulocytes and monocytes. When migrating 
leukocytes reach the foreign agents, they engulf them (phago-
cytosis) and then destroy them through the action of enzymes 
that form O

2
-derived free radicals and hydrogen peroxide. 

Lymphocytes
Lymphocytes vary in size and have large nuclei. Most lym-
phocytes lack cytoplasmic granules (see Fig. 1.5). The two 
main types of lymphocytes are B lymphocytes, which are 
responsible for humoral immunity, and T lymphocytes, 
which are responsible for cell-mediated immunity. When 
lymphocytes are stimulated by an antigen (a foreign pro-
tein on the surface of a microorganism or allergen), the 
B lymphocytes are transformed into plasma cells, which 
synthesize and release antibodies (gamma globulins).  
Antibodies are carried by the bloodstream to a site of infec-
tion, where they “tag” foreign invaders for destruction by 
other components of the immune system. 
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Fig. 1.5  Oxyhemoglobin dissociation curve showing the satu-
ration of hemoglobin as a function of the partial pressure of O2 
(Po2) in the blood. Oxygenation of hemoglobin at a given Po2 is 
affected by temperature and the blood concentration of metab-
olites, CO2, 2,3-diphosphoglyerate (2,3-DPG), and H+. P50, the 
partial pressure where hemoglobin is 50% saturated with O2. 
(From Koeppen, B. M., & Stanton, B. A. (2017). Berne and Levy 
physiology, 7th ed. Philadelphia: Mosby Elsevier.)

Anemia and chronic hypoxia are prevalent in people who 
live at high altitudes, and such conditions tend to stimu-
late erythrocyte production and can produce polycythe-
mia (an increased number of red blood cells). When the 
hypoxic stimulus is removed in subjects with altitude 
polycythemia, the high erythrocyte concentration in the 
blood inhibits erythropoiesis. The red blood cell count is  
also greatly increased in polycythemia vera, a disease 
of unknown cause. The elevated erythrocyte concentra-
tion increases blood viscosity, often enough that blood 
flow to vital tissues becomes impaired.

CLINICAL BOX 



7CHAPTER 1  Overview of the Circulation and Blood

Platelets
Platelets are small (3 μm) anucleate cell fragments of mega-
karyocytes, which reside in the bone marrow. Upon mat-
uration, megakaryocytes fragment into platelets, which 
enter the circulation.

Platelets are important in hemostasis. Damage to the 
endothelium of a blood vessels causes platelets to adhere to 
the site of injury where they release adenosine diphosphate 
(ADP) and thromboxane A

2
 (TAX

2
), which cause adhesion 

of more platelets. Platelet aggregation may continue in 
this fashion until some of the small blood vessels become 
occluded by the aggregated platelet mass. Platelets are pre-
vented from aggregating along the length of a normal vessel 

by the antiaggregation action of prostacyclin (PGI
2
). This 

substance is released from normal endothelial cells in adja-
cent uninjured segments of the blood vessel. Platelets also 
release 5-hydroxytryptamine (serotonin), which causes 
vasoconstriction, and thromboplastin, which accelerates 
blood coagulation. 

The main T cells are cytotoxic and are responsible for 
long-term protection against some viruses, bacteria, 
and cancer cells. They are also responsible for the rejec-
tion of transplanted organs.

CLINICAL BOX 

Bleeding is an important clinical problem, and trauma 
is its most common cause. Bleeding such as from the 
gastrointestinal tract can cause severe anemia or car-
diovascular shock. Occult bleeding in the stool can be 
the first sign of peptic ulcer or intestinal bleeding. When  
the platelet count is abnormally low, as in thrombo-
cytopenic purpura, tiny hemorrhages (petechiae) or 
larger hemorrhages (ecchymoses) may appear in the  
skin and mucous membranes. Bleeding occurs into the 
tissues, especially the joints, in hemophilia, a heredi-
tary disease. This disease occurs only in males, but the 
genetic abnormality is carried by females.

CLINICAL BOX 

Microcytic,
hypochromic anemia Sickle cell anemia

Megaloblastic anemia Erythroblastosis fetalis

Proerythroblast

Basophil
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GENESIS OF RBC

Fig. 1.6  Genesis of red blood cells (RBCs), and red blood cells in different types of anemias. (From Guyton, A. 
C., & Hall J. E. (2016). Textbook of medical physiology, 13th ed. Philadelphia: WB Saunders.)
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Blood Is Divided Into Groups by Antigens Located 
on Erythrocytes
Four principal blood groups, designated O, A, B, and AB, 
prevail in human subjects. Each group is identified by the 
type of antigen that is present on the erythrocyte. People with 
type A blood have A antigens; those with type B blood have 
B antigens; those with type AB have both A and B antigens, 
and those with type O have neither antigen. The plasma of 
group O blood contains antibodies to A, B, and AB.

Group A plasma contains antibodies to B antigens, 
and group B plasma contains antibodies to A antigens. 

Group AB plasma has no antibodies to O, A, or B anti-
gens. In blood transfusions, crossmatching is necessary 
to prevent agglutination of donor red cells by antibodies 
in the plasma of the recipient. Because plasma of groups 
A, B, and AB has no antibodies to group O erythrocytes, 
people with group O blood are called universal donors. 
Conversely, persons with AB blood are called universal 
recipients because their plasma has no antibodies to the 
antigens of the other three groups. In addition to the ABO 
blood grouping, there are Rh (Rhesus factor)–positive  
and Rh-negative groups. 

An Rh-negative person can develop antibodies to Rh- 
positive red blood cells if exposed to Rh-positive blood. 
This can occur during pregnancy if the mother is Rh- 
negative and the fetus is Rh-positive (inherited from 
the father). In this case Rh-positive red blood cells from 
the fetus enter the maternal bloodstream at the time 
of placental separation and induce Rh-positive antibod-
ies in the mother’s plasma. The Rh-positive antibod-
ies from the mother can also reach the fetus via the  

placenta and agglutinate and hemolyze fetal red blood 
cells (erythroblastosis fetalis, a hemolytic disease of 
the newborn). Red blood cell destruction can also occur 
in Rh-negative individuals who have previously had 
transfusions of Rh-positive blood and have developed 
Rh antibodies. If these individuals are given a subse-
quent transfusion of Rh-positive blood, the transfused 
red blood cells will be destroyed by the Rh antibodies 
in their plasma.

CLINICAL BOX 

   	SUMMARY
	•	� The cardiovascular system is composed of a heart, 

which pumps blood, and blood vessels (arteries, capil-
laries, veins) that distribute the blood to all organs.

	•	� The greatest resistance to blood flow, and hence the 
greatest pressure drop, in the arterial system occurs at 
the level of the small arteries and the arterioles.

	•	� Pulsatile pressure is progressively damped by the elas-
ticity of the arteriolar walls and the functional resistance 
of the arterioles, so that capillary blood flow is essen-
tially nonpulsatile.

	•	� Velocity of blood flow is inversely related to the 
cross-sectional area at any point along the vascular 
system.

	•	� Most of the blood volume in the systemic vascular bed 
is located in the venous side of the circulation.

	•	� Blood consists of red blood cells (erythrocytes), white 
blood cells (leukocytes and lymphocytes), and platelets, 
all suspended in a solution containing salts, proteins, 
carbohydrates, and lipids.

	•	� There are four major blood groups: O, A, B, and AB. 
Type O blood can be given to people with any of the 
blood groups because the plasma of all of the blood 
groups lacks antibodies to type O red cells. Hence 
people with type O blood are referred to as universal 
donors. By the same token, people with AB blood are 
referred to as universal recipients because their plasma 
lacks antibodies to red cells of all of the blood groups. 
In addition to O, A, B, and AB blood groups, there are 
Rh-positive and Rh-negative blood groups. 

   	KEYWORDS AND CONCEPTS
Diastole
Erythrocytes
Hemoglobin
Homeostasis
Humoral immunity
Lymphocytes
Megakaryocytes

Monocytes
Pluripotential stem cells
Pulmonary circulation
Pulsatile arterial blood flow
Rh (Rhesus factor)–positive
Systemic circulation
Systole
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After a knife wound to the groin, a man develops a large 
arteriovenous (AV) shunt between the iliac artery and 
vein.
	1.	� Which of the following changes will occur in his sys-

temic circulation?
	 a.	�Blood flow in the capillaries of the fingernail bed 

becomes pulsatile.
	 b.	�The circulation time (antecubital vein to tongue) is 

decreased.
	 c.	�The arterial pulse pressure (systolic minus diastolic 

pressure) is decreased.
	 d.	�The greatest velocity of blood flow prevails in the 

vena cava.
	 e.	�Pressure in the right atrium is greater than in the 

inferior vena cava.

CASE 1.1 



Excitation: The Cardiac Action Potential 

OBJECTIVES 
1. Characterize the types of cardiac action potentials. 
2. Define the ionic basis of the resting potential. 
3. Define the ionic basis of cardiac action potentials. 

Experiments on "animal electricity" conducted by 
Galvani and Volta more than two centuries ago led to the 
discovery that electrical phenomena were involved in the 
spontaneous contractions of the heart. In 1855 Kolliker 
and Muller observed that when the nerve of an inner­
vated skeletal muscle preparation contacted the surface 
of a frog's heart, the muscle twitched with each cardiac 
contraction. 

The electrical events that normally occur in the heart 
initiate its contraction. Disorders in electrical activity can 
induce serious and sometimes lethal rhythm disturbances. 

CARDIAC ACTION POTENTIALS CONS ST 
OF SEVERAL PHASES 
The potential changes recorded from a typical ventricular 
muscle fiber are illustrated in Fig. 2.lA. Wn'en two micro­
electrodes are placed in an elect olyte solution near a strip 
of quiescent cardiac muscle, no potential difference (time 
a) is measurable between the two electrodes. At point b, 
one microelectrode was inserted into the interior of a car­
diac muscle fiber. Immediately the voltmeter recorded a 
potential difference (V m) across the cell membrane; the 
potential of the cell interior was about 90 mV lower than 
that of the surrounding medium. Such electronegativity of 
the resting cell interior is also characteristic of skeletal and 
smooth muscles, nerves, and indeed most cells within the 
body. 

At point c, an electrical stimulus excited the ventric­
ular cell. The cell membrane rapidly depolarized and the 
potential difference reversed (positive overshoot), such 
that the potential of the interior of the cell exceeded that 
of the exterior by about 20 m V. The rapid upstroke of the 

10 

4. Describe the characteristics of the fast- and slow­
response action potentials. 

5. Explain the temporal changes in cardiac excitability. 

action potential is designated phase 0. Immediately after 
the upstroke, thBre was a brief period of partial repolariza­
tion (phase 1), followed by a plateau (phase 2) of sustained 
depolarization that ersisted for about 0.1 to 0.2 seconds (s). 
The otential then became progressively more negative 
(P,hase 3), until the resting state of polarization was again 
athumed (at point e). Repolarization (phase 3) is a much 
slower process than depolarization (phase O). The interval 
from the end of repolarization until the beginning of the 
next action potential is designated phase 4. 

The temporal relationship between the action potential 
and cell shortening is shown in Fig. 2.2. Rapid depolariza­
tion (phase O) precedes cell shortening, repolarization is 
complete just before peak shortening is attained, and the 
duration of contraction is slightly longer than the duration 
of the action potential. 

The Principal Types of Cardiac Action Potentials 
Are the Slow and Fast Types 
Two main types of action potentials are observed in the 
heart, as shown in Fig. 2.1. One type, the fast response, 
occurs in the ordinary atrial and ventricular myocytes and 
in the specialized conducting fibers (Purkinje fibers ). The 
other type of action potential, the slow response, is found 
in the sinoatrial (SA) node, the natural pacemaker region 
of the heart, and in the atrioventricular (AV) node, the 
specialized tissue that conducts the cardiac impulse from 
atria to ventricles. 

As shown in Fig. 2.1, the membrane resting potential 
(phase 4) of the fast response is considerably more nega­
tive than that of the slow response. Also, the slope of the 
upstroke (phase 0), the action potential amplitude, and 
the overshoot of the fast response are greater than those 
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of the slow response. The action potential amplitude and 
the steepness of the upstroke are important determinants 
of propagation velocity, as explained later. Hence, conduc-
tion velocity is much slower in slow-response fibers than in 

fast-response fibers. Slow conduction increases the likeli-
hood of certain rhythm disturbances. 

The Ionic Basis of the Resting Potential
The various phases of the cardiac action potential are asso-
ciated with changes in cell membrane permeability, mainly 
to Na+, K+, and Ca++. Changes in cell membrane permea-
bility alter the rate of ion movement across the membrane. 
The membrane permeability to a given ion defines the net 
quantity of the ion that will diffuse across each unit area of 
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Fig. 2.1  Changes in transmembrane potential recorded from fast-response (A) and slow-response (B) cardiac 
fibers in isolated cardiac tissue immersed in an electrolyte solution from phase 0 to phase 4. (A) At time a, 
the microelectrode was in the solution surrounding the cardiac fiber. At time b, the microelectrode entered 
the fiber. At time c, an action potential was initiated in the impaled fiber. Time c to d represents the effective 
refractory period (ERP); time d to e represents the relative refractory period (RRP). (B) An action potential re-
corded from a slow-response cardiac fiber. Note that in comparison with the fast-response fiber, the resting 
potential of the slow fiber is less negative, the upstroke (phase 0) of the action potential is less steep, and the 
amplitude of the action potential is smaller; also, phase 1 is absent, and the RRP extends well into phase 4, 
after the fiber has fully repolarized.

50 mV

7 �m

400 ms
– 0 –

Fig. 2.2  Temporal relationship between the changes in trans-
membrane potential and the cell shortening that occurs in a single 
ventricular myocyte. (From Pappano A: Unpublished record, 1995.)

CLINICAL BOX
Fast responses may change to slow responses under 
certain pathological conditions. For example, in patients 
with coronary artery disease, when a region of cardiac 
muscle is deprived of its normal blood supply, the K+ 
concentration in the interstitial fluid that surrounds the 
affected muscle cells rises because K+ is lost from the 
inadequately perfused (ischemic) cells. The action poten-
tials in some of these cells may then be converted from 
fast to slow responses (see Fig. 2.18). An experimental 
conversion from a fast to a slow response through the 
addition of tetrodotoxin, which blocks fast Na+ channels 
in the cardiac cell membranes, is illustrated in Fig. 2.3.
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the membrane per unit concentration difference across the 
membrane. Changes in permeability are accomplished by 
the opening and closing of ion channels that are selective 
for individual ions.

Just as with all other cells in the body, the concentration 
of K+ inside a cardiac muscle cell, [K+]

i
, greatly exceeds the 

concentration outside the cell, [K+]
o
, as shown in Fig. 2.4. 

The reverse concentration gradient exists for free Na+ and 

for free Ca++ (not bound to protein). Estimates of the extra-
cellular and intracellular concentrations of Na+, K+, and 
Ca++, and of the equilibrium potentials (defined later) for 
these ions, are compiled in Table 2.1.

The resting cell membrane is relatively permeable to K+ 
but much less so to Na+ and Ca++. Hence K+ tends to diffuse 
from the inside to the outside of the cell, in the direction 
of the concentration gradient, as shown on the right side of 
the cell in Fig. 2.4.

Any flux of K+ that occurs during phase 4 takes place 
through certain specific K+ channels. Several types of K+ 
channels exist in cardiac cell membranes. Some of these 
channels are controlled (i.e., opened and closed) by the 
transmembrane voltage, whereas others are controlled by 
some chemical signal (e.g., a neurotransmitter). The spe-
cific K+ channel through which K+ passes during phase 4 is 
a voltage-regulated channel called i

K1
, which is an inwardly 

rectifying K+ current, as explained later (Fig. 2.5). Many  
of the anions (labeled A−) inside the cell, such as the pro-
teins, are not free to diffuse out with the K+ (see Fig. 2.4). 
Therefore as the K+ diffuses out of the cell and the A− 
remains behind, the cation deficiency causes the interior of 
the cell to become electronegative.

Therefore two opposing forces regulate K+ movement 
across the cell membrane. A chemical force, based on the 
concentration gradient, results in the net outward diffu-
sion of K+. The counterforce is electrostatic; the positively 
charged K+ ions are attracted to the interior of the cell by 
the negative potential that exists there, as shown on the left 
side of the cell in Fig. 2.4. If the system comes into equilib-
rium, the chemical and electrostatic forces are equal.

This equilibrium is expressed by the Nernst equation  
for K+, as follows:

	 EK =61.5log K +
o/ K +

i 	 (2.1)

The term to the right of the equals sign represents chem-
ical potential difference at the body temperature of 37°C. 
The term to the left, E

K
, called the potassium equilibrium 

potential, represents the electrostatic potential difference 
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Fig. 2.4  The balance of chemical and electrostatic forces acting 
on a resting cardiac cell membrane, based on a 30:1 ratio of the 
intracellular to extracellular K+ concentrations and the existence 
of a nondiffusible anion (A− inside but not outside the cell.)

100
mV

1s
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Fig. 2.3  Effect of tetrodotoxin on the action potential recorded 
in a calf Purkinje fiber perfused with a solution containing epi-
nephrine and 10.8 mM K+. The concentration of tetrodotoxin 
was 0 M in A, 3 × 10−8 M in B, 3 × 10−7 M in C, and 3 × 10−6 
M in D and E; E was recorded later than D. (Redrawn from 
Carmeliet E. & Vereecke, J. [1969]. Adrenaline and the plateau 
phase of the cardiac action potential. Importance of Ca++, Na+ 
and K+ conductance. Pflügers Archive, 313, 300-315.)

TABLE 2.1  Intracellular and Extracellular Ion Concentrations and Equilibrium Potentials in 
Cardiac Muscle Cells

ION
Extracellular  
Concentrations (mM)

Intracellular  
Concentrations (mM)a Equilibrium Potential (mV)

Na+ 145 10 71
K+ 4 135 –94
Ca++ 2 1 × 10−4 132

aThe intracellular concentrations are estimates of the free concentrations in the cytoplasm.
Modified from Ten Eick, R. E., Baumgarten, C. M., & Singer, D. H. (1981). Ventricular dysrhythmias: Membrane bias, or, of cur-
rents, channels, gates, and cables. Progress in Cardiovascular Diseases, 24, 157-188.
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that would exist across the cell membrane if K+ were the 
only diffusible ion.

An experimental disturbance in the equilibrium 
between electrostatic and chemical forces imposed by 
voltage clamping would cause K+ to move through the  
K+ channels (see Fig. 2.5). If the transmembrane poten-
tial (V

m
) were clamped at a level negative to E

K
, the elec-

trostatic force would exceed the diffusional force, and K+ 
would be attracted into the cell (i.e., the K+ current would 
be inward). Conversely, if V

m
 were clamped at a level pos-

itive to E
K
, the diffusional force would exceed the electro-

static force, and K+ would leave the cell (i.e., the K+ current 
would be outward).

When the measured concentrations of [K+]
i
 and [K+]

o
 

for mammalian myocardial cells are substituted into the 
Nernst equation, the calculated value of E

K
 equals about 

−94 mV (see Table 2.1). This value is close to, but slightly 
more negative than, the resting potential actually mea-
sured in myocardial cells. Therefore the electrostatic force 
is slightly weaker than the chemical (diffusional) force, and 
K+ tends to leave the resting cell.

The balance of forces acting on Na+ is entirely differ-
ent from that acting on the K+ in resting cardiac cells. The 
intracellular Na+ concentration, [Na+]

i
, is much lower 

than the extracellular Na+ concentration, [Na+]
o
. At 37°C, 

the sodium equilibrium potential, E
Na

, expressed by the 
Nernst equation is as follows:

	 ENa =61.5log Na +
o/ Na

+
i 	 (2.2)

For cardiac cells, E
Na

 is about 70 mV (see Table 2.1). 
Therefore at equilibrium a transmembrane potential of 
about +71 mV would be necessary to counterbalance the 
chemical potential for Na+. However, the actual voltage of 
the resting cell is just the opposite. The resting membrane 
potential of cardiac cells is about −90 mV (see Fig. 2.1A). 
Hence both chemical and electrostatic forces favor entry of 
extracellular Na+ into the cell. The influx of Na+ through 
the cell membrane is small because the permeability of 
the resting membrane to Na+ is very low. Nevertheless, it 
is mainly this small inward current of Na+ that causes the 
potential of the resting cell membrane to be slightly less 
negative than the value predicted by the Nernst equation 
for K+.

The steady inward leak of Na+ would gradually depo-
larize the resting cell were it not for the metabolic pump 
that continuously extrudes Na+ from the cell interior and 
pumps in K+. The metabolic pump involves the enzyme 
Na+, K+-ATPase, which is located in the cell membrane. 
Pump operation requires the expenditure of metabolic 
energy because the pump moves Na+ against both a chem-
ical gradient and an electrostatic gradient. Increases in 
[Na+]

i
 or in [K+]

o
 accelerate the activity of the pump. The 

quantity of Na+ extruded by the pump exceeds the quan-
tity of K+ transferred into the cell by a 3:2 ratio. Therefore 
the pump itself tends to create a potential difference across 
the cell membrane, and thus it is termed an electrogenic 
pump. If the pump is partially inhibited, as by digitalis,  
the resting membrane potential becomes less negative than 
normal.

The dependence of the transmembrane potential, V
m

, 
on the intracellular and extracellular concentrations of K+ 
and Na+ and on the conductances (g

K
 and g

Na
, respectively) 

of these ions is described by the chord conductance equa-
tion, as follows:

	 Vm = [EK (gk/gNa +gk)] + [ENa (gNa/gNa + gk)]	 (2.3)

For a given ion (X), the conductance (g
x
) is defined as 

the ratio of the current (i
x
) carried by that ion to the differ-

ence between the V
m

 and the Nernst equilibrium potential 
(E

x
) for that ion; that is,

	 gx = ix/ (Vm −Ex)	 (2.4)

The chord conductance equation reveals that the rela-
tive, not the absolute, conductances to Na+ and K+ deter-
mine the resting potential. In the resting cardiac cell, g

K
 

is about 100 times greater than g
Na

. Therefore the chord 
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Fig. 2.5  The K+ currents recorded from a rabbit ventricular 
myocyte when the potential was changed from a holding po-
tential of −80 mV to various test potentials. Positive values 
along the vertical axis represent outward currents; negative val-
ues represent inward currents. The Vm coordinate of the point 
of intersection (open circle) of the curve with the X-axis is the 
reversal potential; it denotes the Nernst equilibrium potential 
(EK) at which the chemical and electrostatic forces are equal. 
(Redrawn from Giles, W. R., & Imaizumi, Y. (1988). Comparison 
of potassium currents in rabbit atrial and ventricular cells. The 
Journal of Physiology, 405, 123-145.)
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conductance equation reduces essentially to the Nernst 
equation for K+.

When the ratio [K+]
o
/[K+]

i
 is increased experimen-

tally by a rise in [K+]
o
, the measured value of V

m
 (Fig. 2.6) 

approximates that predicted by the Nernst equation for 
K+. For extracellular K+ concentrations above 5 mM, the 
measured values correspond closely with the predicted 
values. The measured levels of V

m
 are slightly less negative 

than those predicted by the Nernst equation because of 
the small but finite value of g

Na
. For values of [K+]

o
 below  

5 mM, the effect of the Na+ gradient on the transmembrane 
potential becomes more important, as predicted by Eq. 2.3. 
This increase in the relative importance of g

Na
 accounts for 

the greater deviation of the measured V
m

 from that pre-
dicted by the Nernst equation for K+ at very low levels of 
[K+]

o
 (see Fig. 2.6). 

The Fast Response Depends Mainly on  
Voltage-Dependent Sodium Channels
Genesis of the Upstroke
Any process that abruptly depolarizes the resting mem-
brane to a critical potential value (called the threshold) 
induces a propagated action potential. The characteristics 
of fast-response action potentials are shown in Fig. 2.1A. 
The initial rapid depolarization (phase 0) is related almost 
exclusively to Na+ influx by virtue of a sudden increase in 
g

Na
. The action potential overshoot (the peak of the poten-

tial during phase 0) varies linearly with the logarithm of 
[Na+]

o
, as shown in Fig. 2.7. When [Na+]

o
 is reduced from 

its normal value of about 140 mM to about 20 mM, the cell 
is no longer excitable.

Specific voltage-dependent Na+ channels (often called 
fast Na+ channels) exist in the cell membrane. These 
channels can be blocked selectively by the puffer fish 
toxin tetrodotoxin (see Fig. 2.3) and by local anesthetics.  
A voltage-gated Na+ channel is depicted in Fig. 2.8; it con-
tains an α subunit composed of four domains (I–IV) and 
two β subunits (only one is shown). Each domain has six 
transmembrane α-helical segments linked by external and 
internal peptide loops. Transmembrane segment 4 serves 
as a sensor whose conformation changes with applied volt-
age and is responsible for channel opening (activation). 
The intracellular loop that connects domains III and IV 
functions as the inactivation gate. After depolarization, 
this loop swings into the mouth of the channel to block 
ion conductance. The extracellular portions of the loops 
that connect helices 5 and 6 in each domain form the pore 
region and participate in the determination of ion selec-
tivity. The Ca++ channels that form the basis of the slow 
response (see later) are similar in overall structure to Na+ 
channels but have a different ion selectivity.

The physical and chemical forces responsible for the 
transmembrane movements of Na+ are explained in 
Fig. 2.9. The regulation of Na+ flux through the fast Na+ 
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Fig. 2.6  The transmembrane potential (Vm) of a cardiac muscle 
fiber varies inversely with the potassium (K+) concentration of 
the external medium (curved line). The straight line represents 
the change in transmembrane potential predicted by the Nernst 
equation for EK. (Redrawn from Page, E. (1962). The electrical 
potential difference across the cell membrane of heart muscle. 
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channels can be understood in terms of the “gate” con-
cept. One of these gates, the m gate, tends to open as V

m
  

becomes less negative than the threshold potential and is 
therefore called an activation gate. The other, the h gate, 
tends to close as V

m
 becomes less negative and hence is 

called an inactivation gate. The m and h designations were 
originally employed by Hodgkin and Huxley in their math-
ematical model of ionic currents in nerve fibers.

Panel A in Fig. 2.9 represents the resting state (phase 4) of a 
cardiac myocyte. With the cell at rest, V

m
 is −90 mV and the m 

gates are closed while the h gates are wide open. The electro-
static force in Fig. 2.9A is a potential difference of 90 mV, and 
it is represented by the white arrow. The chemical force, based 
on the difference in Na+ concentration between the outside 
and inside of the cell, is represented by the dark arrow. For an 
Na+ concentration difference of about 130 mM, a potential 
difference of 60 mV (inside more positive than the outside) 
is necessary to counterbalance the chemical, or diffusional, 
force, according to the Nernst equation for Na+ (Equation 
2). Therefore we may represent the net chemical force favor-
ing the inward movement of Na+ in Fig. 2.9 (dark arrows) as 
equivalent to a potential of 60 mV. With the cell at rest, the 

total electrochemical force favoring the inward movement of 
Na+ is 150 mV (panel A). The m gates are closed, however, 
and the conductance of the resting cell membrane to Na+ is 
very low. Hence, the inward Na+ current is negligible.

Any process that makes V
m

 less negative tends to open the 
m gates and thereby activates the fast Na+ channels so that Na+ 
enters the cell (see Fig. 2.9B) via the chemical and electrostatic 
forces. Thus activation of the fast channels is a voltage-depen-
dent phenomenon. The precise potential at which the m gates 
swing open is called the threshold potential. The entry of Na+ 
into the interior of the cell neutralizes some of the negative 
charges inside the cell and thereby diminishes further the 
transmembrane potential, V

m
 (see Fig. 2.9B).

The rapid opening of the m gates in the fast Na+ chan-
nels is responsible for the large and abrupt increase in Na+ 
conductance, g

Na
, coincident with phase 0 of the action 

potential (see Fig. 2.12). The rapid influx of Na+ accounts 
for the steep upstroke of V

m
 during phase 0. The maximal 

rate of change of V
m

 (dV
m

/dt) varies from 100 to 300 V/s 
in myocardial cells and from 500 to 1000 V/s in Purkinje 
fibers. The actual quantity of Na+ that enters the cell is 
so small and occurs in such a limited portion of the cell’s 

�H3N

ScTX

Extracellular

Intracellular

CO2
�

�O2C
1 2 3 4 5

6

�H3N

P
P P P

P

H
P

�1 �

�
�

�
� � �

� �

Fig. 2.8  Schematic structure of a voltage-gated Na+ channel. The α subunit is composed of 4 domains (I–IV), 
each of which has 6 transmembrane helices; the N and C termini are cytoplasmic. Transmembrane segment 
4 is a voltage sensor whose conformation changes with applied voltage. The 4 domains are arranged around 
a central pore lined by the extracellular loops of transmembrane segments 5 and 6. The β2 subunit is shown 
on the left. P, phosphorylation sites; ScTX, scorpion toxin binding site. (Redrawn from Squire, L. R., Roberts, 
J. L., &, Spitzer, N. C., et al. (2002). Fundamental neuroscience, 2nd ed. San Diego, CA: Academic Press.)
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volume that the resulting change in the intracellular Na+ 
concentration cannot be measured precisely. The chemical 
force remains virtually constant, and only the electrostatic 
force changes throughout the action potential. Hence the 
lengths of the dark arrows in Fig. 2.9 remain constant at 60 
mV, whereas the white arrows change in magnitude and 
direction.

As Na+ enters the cardiac cell during phase 0, it neutral-
izes the negative charges inside the cell and V

m
 becomes 

less negative. When V
m

 becomes zero (see Fig. 2.9C), an 
electrostatic force no longer pulls Na+ into the cell. As long 
as the fast Na+ channels are open, however, Na+ contin-
ues to enter the cell because of the large concentration 
gradient. This continuation of the inward Na+ current 

causes the cell interior to become positively charged (see 
Fig. 2.9D). This reversal of the membrane polarity is the 
overshoot of the cardiac action potential. Such a reversal 
of the electrostatic gradient tends to repel the entry of Na+ 
(see Fig. 2.9D). However, as long as the inwardly directed 
chemical forces exceed these outwardly directed electro-
static forces, the net flux of Na+ is still inward, although the 
rate of influx is diminished.

The inward Na+ current finally ceases when the h 
(inactivation) gates close (see Fig. 2.9E). The opening 
of the m gates occurs very rapidly, in about 0.1 to 0.2 
milliseconds (ms), whereas the closure of the h gates is 
slower, requiring 10 ms or more. Inactivation of the fast 
Na+ channels is completed when the h gates close. The h 
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    A, During phase 4, the chemical 
(60 mV) and electrostatic (90 mV) 
forces favor influx of Na+ from the 
extracellular space. Influx is negligible, 
however, because the activation (m) 
gates are closed. 

    B, If Vm is brought to about
�65 V, the m gates begin to swing
open, and Na+ begins to enter the cell. 
This reduces the negative charge 
inside the cell. The change in Vm also 
initiates the closure of inactivation (h) 
gates, which operate more slowly than 
the m gates. 

    C, The rapid influx of Na+ rapidly 
decreases the negativity of Vm. As
Vm approaches 0, the electrostatic 
force attracting Na+ into the cell is 
neutralized. Na+ continues to enter
the cell, however, because of the 
substantial concentration gradient, 
and Vm begins to become positive.

    D, When Vm is positive by about 20 mV, Na+ 

continues to enter the cell, because the diffusional 
forces (60 mV) exceed the opposing electrostatic 
forces (20 mV). The influx of Na+ is slow, however, 
because the net driving force is small, and many of 
the inactivation gates have already closed.

    E, When Vm reaches about 30 mV, the h
gates have now all closed, and Na+ influx ceases. 
The h gates remain closed until the first half of 
repolarization, and thus the cell is absolutely 
refractory during this entire period. During the 
second half of repolarization, the m and h gates 
approach the state represented by panel A, and 
thus the cell is relatively refractory.
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stages of the action potential upstroke (B to E). The positions of the m and h gates in the fast Na+ channels 
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gates remain closed until the cell has partially repolarized 
during phase 3 (at about time d in Fig. 2.1A). From time 
c to time d, the cell is in its effective refractory period 
and does not respond to excitation. This mechanism pre-
vents a sustained, tetanic contraction of cardiac muscle 
that would interfere with the normal intermittent pump-
ing action of the heart. A period of myocardial relaxation, 
sufficient to permit the cardiac ventricles to fill with 
venous blood during each cardiac cycle, is as essential to 
the normal pumping action of the heart as is a strong car-
diac contraction.

About midway through phase 3 (time d in Fig. 2.1A), 
the m and h gates in some of the fast Na+ channels resume 
the states shown in Fig. 2.9A. Such channels are said to  
have recovered from inactivation. The cell can begin to 
respond again to excitation (Fig. 2.10). Application of a 
suprathreshold stimulus to a region of normal myocar-
dium during phase 3 evokes an action potential. As the 
stimulus is delivered progressively later during the course 
of phase 3, the slopes of the action potential upstrokes and 
the amplitudes of the evoked action potentials progres-
sively increase. Throughout the remainder of phase 3, the 
cell completes its recovery from inactivation. By time e in 
Fig. 2.1A, the h gates have reopened and the m gates have 
reclosed in the remaining fast Na+ channels, as shown in 
Fig. 2.9A. 

Statistical Characteristics of the “Gate” Concept
The patch clamp technique has made it possible to mea-
sure ionic currents through single membrane channels. 
The individual channels open and close repeatedly in a 

random manner. This process is illustrated in Fig. 2.11, 
which shows the current flow through single Na+ channels 
in a myocardial cell. To the left of the arrow, the membrane 
potential was clamped at −85 mV. At the arrow, the poten-
tial was suddenly changed to −45 mV, at which value it was 
held for the remainder of the record.

Fig. 2.11 indicates that immediately after the membrane 
potential was made less negative, one Na+ channel opened 
three times in sequence. It remained open for about 2 or 
3 ms each time and closed for about 4 or 5 ms between 
openings. In the open state, it allowed 1.5 pA of current 
to pass. During the first and second openings of this chan-
nel, a second channel also opened, but for periods of only  
1 ms. During the brief times that the two channels were 
open simultaneously, the total current was 3 pA. After 
the first channel closed for the third time, both channels 
remained closed for the rest of the recording, even though 
the membrane was held constant at −45 mV.

The overall change in ionic conductance of the entire 
cell membrane at any given time reflects the number of 
channels that are open at that time. Because the individ-
ual channels open and close randomly, the overall mem-
brane conductance represents the statistical probability of 
the open or closed state of the individual channels. The 
temporal characteristics of the activation process then 
represent the time course of the increasing probability 
that the specific channels will be open, rather than the 
kinetic characteristics of the activation gates in the indi-
vidual channels. Similarly, the temporal characteristics 
of inactivation reflect the time course of the decreasing 
probability that the channels will be open and not the 
kinetic characteristics of the inactivation gates in the indi-
vidual channels. 

Genesis of Early Repolarization
In many cardiac cells that have a prominent plateau, phase 
1 constitutes an early, brief period of limited repolarization 
between the end of the action potential upstroke and the 
beginning of the plateau (Fig. 2.12). Phase 1 reflects the acti-
vation of a transient outward current, i

to
, mostly carried by 

K+. Activation of these K+ channels leads to a brief efflux 
of K+ from the cell because the interior of the cell is posi-
tively charged, and because the internal K+ concentration 
greatly exceeds the external concentration (see Table 2.1). 
This brief efflux of K+ brings about the brief, limited repo-
larization (phase 1).

Phase 1 is prominent in Purkinje fibers (see Fig. 2.3) 
and in epicardial fibers from the ventricular myocardium 
(Fig. 2.13); it is much less developed in endocardial fibers. 
When the basic cycle length at which the epicardial fibers 
are stimulated is increased from 300 to 2000 ms, phase 1 
becomes more pronounced and the action potential dura-
tion is increased substantially. The same increase in basic 
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Fig. 2.10  The changes in action potential amplitude and slope 
of the upstroke as action potentials are initiated at different 
stages of the relative refractory period of the preceding exci-
tation. (Redrawn from Rosen, M. R., Wit, A. L., & Hoffman, 
B. F. (1974). Electrophysiology and pharmacology of cardiac 
arrhythmias. I. Cellular electrophysiology of the mammalian 
heart. American Heart Journal, 88, 380-385.)



18 CHAPTER 2  Excitation: The Cardiac Action Potential

cycle length has no effect on the early portion of the pla-
teau in endocardial fibers, and it has a smaller effect on the 
action potential duration than it does in epicardial fibers 
(see Fig. 2.13). 

Genesis of the Plateau
During the plateau (phase 2) of the action potential, Ca++ 
enters the cell through calcium channels that activate and 
inactivate much more slowly than do the fast Na+ channels. 

During phase 2 (see Fig. 2.12), this influx of Ca++ is bal-
anced by the efflux of an equal amount of K+. The K+ exits 
through various specific K+ channels, as described in the 
next section. 

Ca++ Conductance During the Plateau
The Ca++ channels are voltage-regulated channels that are 
activated as V

m
 becomes progressively less negative during 

the upstroke of the action potential. Two types of Ca++ 
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Fig. 2.11  The current flow (in picoamperes) through two individual Na+ channels in a cultured cardiac cell, 
recorded by the patch-clamping technique. The membrane potential had been held at −85 mV but was sud-
denly changed to −45 mV at the arrow and held at this potential for the remainder of the record. (Redrawn 
from Cachelin, A. B., DePeyer, J. E., & Kokubun, S., et al. (1983). Sodium channels in cultured cardiac cells. 
Journal of Physiology, 340, 389.)
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channels (L-type and T-type) have been identified in car-
diac tissues. Some of their important characteristics are 
illustrated in Fig. 2.14, which displays the Ca++ currents 

generated by voltage-clamping an isolated atrial myocyte. 
Note that when V

m
 is suddenly increased to + 30 mV from 

a holding potential of −30 mV (lower panel), an inward 
Ca++ current (denoted by a downward deflection) is acti-
vated. After the inward current reaches maximum (in the 
downward direction), it returns toward zero very gradually 
(i.e., the channels inactivate very slowly). Thus current that 
passes through these channels is long-lasting, and they have 
been designated L-type channels. They are the predominant 
type of Ca++ channels in the heart, and they are activated 
during the action potential upstroke when V

m
 reaches about 

−30 mV. The L-type channels are blocked by Ca++ channel  
antagonists, such as verapamil, nifedipine, and diltiazem.

The T-type (transient) Ca++ channels are much less 
abundant in the heart. They are activated at more negative 
potentials (about −70 mV) than are the L-type channels. 
Note in Fig. 2.14 (upper panel) that when V

m
 is suddenly 

increased to −20 mV from a holding potential of −80 mV, a 
Ca++ current is activated and then is inactivated very quickly.

Opening of the Ca++ channels is reflected by an increase 
in Ca++ current (I

Ca,L
) that begins during the later phase 

of the upstroke of the action potential (Fig. 2.15). When 
the Ca++ channels open, Ca++ enters the cell throughout 
the plateau, because the intracellular Ca++ concentration 
is much less than the extracellular Ca++ concentration 
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Fig. 2.13  Action potentials recorded from canine epicardial and 
endocardial strips driven at basic cycle lengths (BCLs) of 300 
and 2000 ms. (From Litovsky, S. H., & Antzelevitch, C. (1989). 
Rate dependence of action potential duration and refractori-
ness in canine ventricular endocardium differs from that of epi-
cardium: Role of the transient outward current. Journal of the 
American College of Cardiology, 14, 1053-1066.)
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(see Table 2.1). The Ca++ that enters the myocardial cell 
during the plateau is involved in excitation–contraction 
coupling, as described in Chapter 4.

Neurohumoral factors may influence g
Ca

. An increase 
in g

Ca
 by catecholamines, such as isoproterenol and norepi-

nephrine, is probably the principal mechanism by which 
catecholamines enhance cardiac muscle contractility. 
Catecholamines interact with β-adrenergic receptors located 
on cardiac cell membranes. This interaction stimulates the 
membrane-bound enzyme, adenylyl cyclase, which raises 
the intracellular concentration of cyclic AMP (adenosine 
monophosphate) (see Fig. 4.8). This change enhances the 
voltage-dependent activation of the L-type Ca++ channels 
in the cell membrane (see Fig. 2.14, lower panel) and thus 
augments Ca++ influx into the cells from the interstitial 
fluid. However, catecholamines have little effect on the 
Ca++ current through the T-type channels (see Fig. 2.14, 
upper panel).

The Ca++ channel antagonists decrease g
Ca

 during the 
action potential. By reducing the amount of Ca++ that 
enters the myocardial cells during phase 2, these drugs 
diminish cardiac contractility and are negative inotropic 
agents (see Fig. 2.15). These drugs also diminish the con-
traction of the vascular smooth muscle by suppressing Ca++ 
entry caused by depolarization or by neurotransmitters 
such as norepinephrine, and thereby induce arterial vaso-
dilation. This effect reduces the counterforce (afterload) 
that opposes the propulsion of blood from the ventricles 
into the arterial system, as explained in Chapters 4 and 5.  
Hence vasodilator drugs, such as the Ca++ channel antag-
onists, are often referred to as afterload reducing drugs.  
This ability to diminish the counterforce enables the heart 
to provide a more adequate cardiac output, despite the 
direct depressant effect that these drugs exert on myocar-
dial fibers. 

K+ Conductance During the Plateau
During the plateau of the action potential, the concentra-
tion gradient for K+ between the inside and outside of the 
cell is virtually the same as it is during phase 4, but the V

m
 

is positive. Therefore the chemical and electrostatic forces 
greatly favor the efflux of K+ from the cell during the pla-
teau (see Fig. 2.12). If g

K1
 were the same during the plateau 

as it is during phase 4, the efflux of K+ during phase 2 would 
greatly exceed the influx of Ca++, and a plateau could not be 
sustained. However, as V

m
 approaches and attains positive 

values near the end of phase 0, g
K1

 suddenly decreases, as 
does I

K1
 (see Fig. 2.12).

The changes in g
K1

 during the different phases of the 
action potential may be appreciated through an examina-
tion of the current-voltage relationship for the I

K1
 channels 

(the channels that mainly determine g
K
 during phase 4). 

An example of this relationship in an isolated ventricular 

myocyte is shown in Fig. 2.5. Note that the current-voltage 
curve intersects the voltage axis at a V

m
 of about −80 mV. 

The absence of ionic current flow at the intersection indi-
cates that the electrostatic forces must have been equal 
to the chemical (diffusional) forces (see Fig. 2.4) at this 
potential. Thus, in this isolated ventricular cell, the Nernst 
equilibrium potential (E

K
) for K+ was −80 mV; in a myo-

cyte in the intact ventricle, E
K
 is normally about −95 mV.

When the membrane potential was clamped at levels 
negative to −80 mV in this isolated cell (see Fig. 2.5), the 
electrostatic forces exceeded the chemical forces and an 
inward K+ current was induced (as denoted by the negative 
values of K+ current over this range of voltages). Note also 
that for V

m
 more negative than −80 mV, the curve has a 

steep slope. Thus, when V
m

 equals or is negative to E
K
, a 

small change in V
m

 induces a substantial change in K+ cur-
rent; that is, g

K1
 is large. During phase 4, the V

m
 of a myo-

cardial cell is slightly less negative than E
K
 (see Fig. 2.6).

When the transmembrane potential of this isolated 
myocyte was clamped at levels less negative than −70 mV 
(see Fig. 2.5), the chemical forces exceeded the electro-
static forces. Therefore the net K+ currents were outward 
(as denoted by the positive values along the corresponding 
section of the Y axis).

During phase 4 of the cardiac cycle, the driving force 
for K+ (the difference between V

m
 and E

K
) favored the 

efflux of K+, mainly through the i
K1

 channels. Note that for 
V

m
 values positive to −80 mV, the curve is relatively flat; 

this is especially pronounced for values of V
m

 positive to  
−40 mV. A given change in voltage causes only a small 
change in ionic current (i.e., g

K1
 is small). Thus g

K1
 is 

small for outwardly directed K+ currents but substantial 
for inwardly directed K+ currents; that is, the i

K1
 current 

is inwardly rectified. The rectification is most marked over 
the plateau (phase 2) range of transmembrane potentials  
(see Figs. 2.5 and 2.12). This characteristic prevents exces-
sive loss of K+ during the prolonged plateau, during which the 
electrostatic and chemical forces both favor the efflux of K+.

The delayed rectifier K+ channels, which conduct  
the i

K
 current, are also activated at voltages that prevail 

toward the end of phase 0. However, activation proceeds 
very slowly, over several hundreds of milliseconds. Hence 
activation of these channels tends to increase I

Kr
 (see next 

section) slowly and slightly during phase 2. These chan-
nels play only a minor role during phase 2, but they do 
contribute to repolarization (phase 3), as described in the 
next section. The action potential plateau persists as long 
as the efflux of charge carried by certain cations (mainly 
K+) is balanced by the influx of charge carried by other cat-
ions (mainly Ca++). The effects of altering this balance are 
demonstrated by administration of diltiazem, a calcium 
channel antagonist. Fig. 2.15 shows that with increasing 
concentrations of diltiazem, the plateau voltage becomes 
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less positive and the duration of the plateau diminishes. 
Similarly, administration of certain K+ channel antagonists 
prolongs the action potential substantially. 

Genesis of Final Repolarization
The process of final repolarization (phase 3) starts at the 
end of phase 2, when the efflux of K+ from the cardiac cell 
begins to exceed the influx of Ca++. At least four outward 
K+ currents (I

to
, I

Kr
, I

Ks
, and I

K1
) contribute to the rapid 

repolarization (phase 3) of the cardiac cell (see Fig. 2.12).
The transient outward current (I

to
) not only accounts 

for the brief, partial repolarization (phase 1), as previ-
ously described, but also helps determine the duration of 
the plateau; hence it also helps initiate repolarization. For 
example, the transient outward current is much more pro-
nounced in atrial than in ventricular myocytes. In atrial 
cells therefore the outward K+ current exceeds the inward 
Ca++ current early in the plateau, whereas the outward 
and inward currents remain equal for a much longer time 
in ventricular myocytes. Hence the plateau of the action 
potential is much less pronounced in atrial than in ventric-
ular myocytes (Fig. 2.16).

The delayed rectifier K+ currents (I
Kr

 and I
Ks

) are acti-
vated near the end of phase 0, but activation is very slow. 
Therefore these outward I

K
 currents tend to increase grad-

ually throughout the plateau. Concurrently, the Ca++ chan-
nels are inactivated after the beginning of the plateau, and 
therefore the inward Ca++ current decreases. As the efflux 
of K+ begins to exceed the influx of Ca++, V

m
 becomes pro-

gressively less positive, and repolarization occurs. Two 
types of delayed rectifier K+ currents, I

K
, are present in car-

diac myocytes. The distinction is based mainly on the speed 
of activation. The currents that activate more rapidly are 
designated I

Kr
, whereas the currents that are activated more 

slowly are designated I
Ks

. The action potentials recorded 
from myocytes in the endocardial, central, and epicardial 
regions of the left ventricle differ substantially in duration. 
Fig. 2.13 illustrates some of the differences that prevail in 
the epicardial and endocardial layers of the ventricle. Such 
differences are induced, at least in part, by differences in 
the distributions of these two types of delayed rectifying 
I

K
 channels.

The inwardly rectifying K+ current (i
K1

) contributes 
substantially to the later repolarization phase. As the 
net efflux of cations causes V

m
 to become more nega-

tive during phase 3, the conductance of the channels 
that carry the i

K1
 current progressively increases. This 

increase is reflected by the hump that is evident in the 
flat portion of the current-voltage curve at V

m
 values 

between −20 and −80 mV in Fig. 2.5. Thus, as V
m

 passes 
through this range of values less negative than E

K
, the 

outward K+ current increases and thereby accelerates 
repolarization. 

Restoration of Ionic Concentrations
The excess Na+ that entered the cell rapidly during 
phase 0 and more slowly throughout the action poten-
tial is removed from the cell by the action of the enzyme 
Na+,K+-ATPase. This enzyme ejects Na+ in exchange 
for the K+ that had exited mainly during phases  
2 and 3.
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P. F. (1960). Electrophysiology of the heart. New York: Mc-
Graw-Hill.)
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Similarly, most of the excess Ca++ that had entered the 
cell during phase 2 is eliminated by a Na+/Ca++ antiporter, 
which exchanges 3 Na+ for 1 Ca++. However, a small frac-
tion of the Ca++ is eliminated by an adenosine triphosphate 
(ATP)–driven Ca++ pump (see Fig. 4.8). 

IONIC BASIS OF THE SLOW RESPONSE
Fast-response action potentials (see Fig. 2.1A) may be 
considered to consist of four principal components: an 
upstroke (phase 0), an early repolarization (phase 1), a pla-
teau (phase 2), and a period of final repolarization (phase 3).  
In the slow response (see Fig. 2.1,B), phase 0 is much 
less steep, phase 1 is absent, phase 2 is brief and not flat, 
and phase 3 is not separated very distinctly from phase 2.  
In the fast response, the upstroke is produced by the influx 
of Na+ through the fast channels (see Fig. 2.12).

When the fast Na+ channels are blocked, slow responses 
may be generated in the same fibers under appropriate 
conditions. The Purkinje fiber action potentials shown in 
Fig. 2.3 clearly exhibit the two response types. In the con-
trol tracing (panel A), a prominent notch (phase 1) sepa-
rates the upstroke from the plateau. Action potential A in 
Fig. 2.3 is a typical fast-response action potential. In action 

potentials in panels B to E, progressively larger quanti-
ties of tetrodotoxin were added to the bathing solution to 
gradually block the fast Na+ channels. The sharp upstroke 
becomes progressively less prominent in action potentials 
in panels B to D, and it disappears entirely in panel E. Thus 
tetrodotoxin had a pronounced effect on the steep upstroke 
and only a negligible influence on the plateau. With elimi-
nation of the steep upstroke (panel E), the action potential 
resembles a typical slow response.

Certain cells in the heart, notably those in the SA and 
AV nodes, are normally slow-response fibers. In such 
fibers, depolarization is achieved by the inward current of 
Ca++ through the Ca++ channels. These ionic events closely 
resemble those that occur during the plateau of fast-
response action potentials. 

CONDUCTION IN CARDIAC FIBERS DEPENDS 
ON LOCAL CIRCUIT CURRENTS
The propagation of an action potential in a cardiac muscle 
fiber by local circuit currents is similar to the process that 
occurs in nerve and skeletal muscle fibers. In Fig. 2.17, con-
sider that the left half of the cardiac fiber has already been 
depolarized, whereas the right half is still in the resting 
state. The fluids normally in contact with the external and 
internal surfaces of the membrane are electrolyte solutions 
and are good electrical conductors. Hence current (in the 
abstract sense) flows from regions of higher potential to 
those of lower potential, denoted by the plus and minus 
signs, respectively. In the external fluid, current flows from 
right to left between the active and resting zones, and it 
flows in the reverse direction intracellularly. In electrolyte 
solutions, current is caused by a movement of cations in 
one direction and anions in the opposite direction. At the 
cell exterior, for example, cations flow from right to left, 
and anions from left to right (see Fig. 2.17). In the cell inte-
rior, the opposite migrations occur. These local currents 
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Fig. 2.17  The role of local currents in the propagation of a wave 
of excitation down a cardiac fiber.

CLINICAL BOX
The cardiac action potential is generated by the interplay 
among ionic channels whose currents are produced at 
appropriate times and voltages (see Fig. 2.12). Long QT 
syndrome (LQTS) is a condition that can lead to cardiac 
arrhythmias. LQTS can be detected as a prolonged QT 
interval on an electrocardiogram. Molecular genetic 
studies show that mutations in genes encoding cardiac 
ion channels are linked to congenital LQTS. Mutations 
in KCNQ1, KCNH2, and SCN5A account for most of the 
inherited forms of LQTS. Mutations in these genes alter 
the function of the corresponding cardiac ion channel 
proteins (Kv4.3, hERG, and Nav1.5). Thus loss-of-func-
tion mutation of the KCNQ1 gene alters the KVLQT1 
protein in the Ks channel, resulting in the LQT1 syn-
drome. A gain-of-function mutation of the SCN5A gene 
that produces the Nav 1.5 protein for the fast Na+ chan-
nel underlies the LQT3 syndrome. Animal and stem cell 
models of LQTS based on hERG channel mutations 
show reduced ionic currents, prolonged action poten-
tials, and early afterdepolarizations. Inherited LQTS is 
relatively rare, but there is an acquired form of LQTS 
that is quite common. Acquired LQTS is due to the 
blockade of hERG potassium channels by drugs.
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tend to depolarize the region of the resting fibers adjacent 
to the border. Repetition of this process causes propaga-
tion of the excitation wave along the length of the cardiac 
fiber.

For propagation of the impulse from one cell to 
another, consider the left half of Fig. 2.17 a depolarized 
cell and the right half a cell in the resting state. When the 
wave of depolarization reaches the end of the cell, the 
impulse is conducted to adjacent cells through gap junc-
tions or nexuses (see Figs. 4.2 and 4.3). Gap junctions are 
preferentially located at the ends of the cell and are rather 
sparse along lateral cell borders. Therefore impulses pass 
more readily longitudinally (isotropic) than laterally 
from cell to cell (anisotropic). Gap junction channels 
are composed of proteins called connexins that form 
electrical connections between cells. Connexins vary in 
their composition and in their tissue distribution within 
the heart. Each cell synthesizes a hemichannel consisting 
of six connexins arranged like barrel staves. The hemi-
channel is transported to the gap junction locus on the 
cell membrane, where it docks with a hemichannel from 
an adjacent cell to form an ion channel. These channels 
are rather nonselective in their permeability to ions and 
have a low electrical resistance that allows ionic current 
to pass from one cell to another. The electrical resistance 
of gap junctions is similar to that of cytoplasm. The flow 
of charge from cell to cell follows the principles of local 
circuit currents and therefore allows intercellular prop-
agation of the impulse.

Conduction of the Fast Response
In the fast response, the fast Na+ channels are activated 
when the transmembrane potential is suddenly brought 
from a resting value of about −90 mV to the threshold 
value of about −70 mV. The inward Na+ current then 
depolarizes the cell very rapidly at that site. This por-
tion of the fiber becomes part of the depolarized zone, 
and the border is displaced accordingly (to the right 
in Fig. 2.17). The same process then begins at the new 
border.

At any given point on the fiber, the greater the 
amplitude and the greater the rate of change of potential  
(dV

m
/dt) of the action potential during phase 0, the more 

rapid is the conduction down the fiber. The amplitude 
of the action potential equals the difference in poten-
tial between the fully depolarized and the fully polarized 
regions of the cell interior (see Fig. 2.17). The magnitude 
of the local currents is proportional to this potential 
difference. Because these local currents shift the poten-
tial of the resting zone toward the threshold value, they 
are the local stimuli that depolarize the adjacent resting 

portion of the fiber to its threshold potential. The greater 
the potential difference between the depolarized and polar-
ized regions (i.e., the greater the amplitude of the action 
potential), the more efficacious are the local stimuli, and 
the more rapidly the wave of depolarization is propagated 
down the fiber.

The rate of change of potential (dV
m
/dt) during phase 0 

is also an important determinant of the conduction veloc-
ity. The reason can be appreciated by referring again to 
Fig. 2.17. If the active portion of the fiber depolarized very 
gradually, the local currents across the border between the 
depolarized and polarized regions would be very small. 
Thus the resting region adjacent to the active zone would 
be depolarized very slowly, and consequently each new 
section of the fiber would require more time to reach 
threshold.

The level of the resting membrane potential is also an 
important determinant of conduction velocity. This fac-
tor operates through its influence on the amplitude 
and maximal slope of the action potential. The resting 
potential may vary for several reasons: (1) it can be 
altered experimentally by varying [K+]

o
 (see Fig. 2.6); 

(2) in cardiac fibers that are intrinsically automatic, V
m

 
becomes progressively less negative during phase 4 (see 
Fig. 2.16B); and (3) during a premature excitation, repo-
larization may not have been completed when the next 
excitation arrives (see Fig. 2.10). In general, less nega-
tive levels of V

m
 are correlated with lower velocities of 

impulse propagation, regardless of the reason for the 
change in V

m
.

The results of an experiment in which the resting V
m

 
of a bundle of Purkinje fibers was varied by altering the 
value of [K+]

o
 are shown in Fig. 2.18. When [K+]

o
 was  

3 mM (panels A and F), the resting V
m

 was −82 mV and 
the slope of phase 0 was steep. At the end of phase 0, the 
overshoot attained a value of 30 mV. Hence the ampli-
tude of the action potential was 112 mV. When [K+]

o
 was 

increased gradually to 16 mM (panels B to E), the resting 
V

m
 became progressively less negative. Concomitantly, 

the amplitudes and durations of the action potentials and 
the steepness of the upstrokes all diminished. As a conse-
quence, the conduction velocity diminished progressively, 
as indicated by the distances from the stimulus artifacts to 
the upstrokes. At the [K+]

o
 levels of 14 and 16 mM (pan-

els D and E), the resting V
m

 had attained levels sufficient 
to inactivate all the fast Na+ channels. The action poten-
tials in panels D and E are characteristic slow responses, 
mediated by the inward Ca++ current. When the [K+]

o
 

concentration of 3 mM was reestablished (panel F), the 
action potential was again characteristic of the normal fast 
response (as in panel A). 
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CONDUCTION OF THE SLOW RESPONSE
Local circuits (see Fig. 2.17) are also responsible for prop-
agation of the slow response. However, the characteris-
tics of the conduction process differ quantitatively from 
those of the fast response. The threshold potential is about  
−40 mV for the slow response, and conduction is much 
slower than for the fast response. The conduction velocities 
of the slow responses in the SA and AV nodes are about 
0.02 to 0.1 m/s. The fast-response conduction velocities are 
about 0.3 to 1 m/s for myocardial cells and 1 to 4 m/s for 

the specialized conducting fibers in the atria and ventri-
cles. Conduction in slow-response fibers is more likely to 
be blocked than conduction in fast-response fibers. Also, 
impulses in slow-response fibers cannot be conducted at 
such rapid repetition rates. 

CARDIAC EXCITABILITY DEPENDS ON 
THE ACTIVATION AND INACTIVATION OF 
SPECIFIC CURRENTS
Detailed knowledge of cardiac excitability is essential 
because of the rapid development of artificial pacemakers 
and other electrical devices for correcting serious distur-
bances of rhythm. The excitability characteristics of cardiac 
cells differ considerably, depending on whether the action 
potentials are fast or slow responses.

BA C

D E F

K+ = 3 mM K+ = 7 K+ = 10

K+ = 14 K+ = 16 K+ = 3

0 mV
50 ms

20 mV

0 mV

St

Fig. 2.18  The effect of changes in external potassium (K+) concentration on the transmembrane action po-
tentials recorded from a Purkinje fiber. The fiber bundle was stimulated at some distance from the impaled 
cell, and the stimulus artifact (St) appears as a biphasic spike to the left of the upstroke of the action potential. 
The time from this artifact to the beginning of phase 0 is inversely proportional to the conduction velocity. 
The horizontal lines near the peaks of the action potentials denote 0 mV. (From Myerburg, R. J., & Lazzara, R. 
Electrophysiologic basis of cardiac arrhythmias and conduction disturbances (1973). In C. Fisch, (Ed.), Com-
plex electrocardiography. Philadelphia: FA Davis.)

CLINICAL BOX
Most of the experimentally induced changes in trans-
membrane potential shown in Fig. 2.18 also take place 
in patients with coronary artery disease. When blood 
flow to a region of the myocardium is diminished, the 
supply of oxygen and metabolic substrates delivered to 
the ischemic tissues is insufficient. The Na+,K+-ATPase 
in the membrane of the cardiac myocytes requires con-
siderable metabolic energy to maintain the normal trans-
membrane exchanges of Na+ and K+. When blood flow is 
inadequate, the activity of the Na+,K+-ATPase is impaired, 
and the ischemic myocytes gain excess Na+ and lose K+ 
to the surrounding interstitial space. Consequently, the 
K+ concentration in the extracellular fluid surrounding the 
ischemic myocytes is elevated, and therefore the myo-
cytes are affected by the elevated K+ concentration in 
much the same way as was the myocyte depicted in 
Fig. 2.18. Such changes may lead to serious aberrations 
in cardiac rhythm and conduction.

Cardiac ion channels are connected to cellular proteins 
to form macromolecular complexes. These complexes 
are involved in modulating the transport, membrane 
localization, operation, posttranslational modification, 
and turnover of particular ion channels. The carboxy- 
terminals of ion channels link them with several intra-
cellular proteins such as PDZ (postsynaptic density, 
disc large, and zonula occludens-1) domain proteins, 
whose binding sites interact with synapse-asso-
ciated protein (SAP97), syntrophin, and A-kinase 
anchoring protein (AKAP5), among others. Different 

MOLECULAR BOX 
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Fast Response
Once the fast response has been initiated, the depolarized 
cell is no longer excitable until about the middle of the 
period of final repolarization (see Figs. 2.1A and 2.10). 
The interval from the beginning of the action potential 
until the fiber is able to conduct another action poten-
tial is called the effective refractory period. In the fast  
response, this period extends from the beginning of phase 
0 to a point in phase 3 when repolarization has reached 
about −50 mV (time c to time d in Fig. 2.1A). At about 
this value of V

m
, some fast channels have recovered suf-

ficiently from inactivation to permit a feeble response to 
stimulation.

Full excitability is not regained until the cardiac fiber 
has been fully repolarized (time e in Fig. 2.1A). During 
period d to e in the figure, an action potential may be 
evoked, but only when the stimulus is stronger than one 
that could elicit a response during phase 4. Period d to e is 
called the relative refractory period.

When a fast response is evoked during the relative 
refractory period of a previous excitation, its character-
istics vary with the membrane potential that exists at the 
time of stimulation. The nature of this voltage dependency 
is illustrated in Fig. 2.10. As the fiber is stimulated later and 
later in the relative refractory period, the amplitude of the 
response and the rate of rise of the upstroke increase pro-
gressively. As a consequence of the greater amplitude and 
upstroke slope of the evoked response, the propagation 

velocity increases as the cell is stimulated later in the rel-
ative refractory period. Once the fiber is fully repolarized, 
the response is constant no matter what time in phase 4 
the stimulus is applied. By the end of phase 3, the fast Na+ 
channels recover fully from inactivation after several mil-
liseconds in fully repolarized cells. This reflects the fact 
that recovery from inactivation depends on time as well as 
voltage. 

Slow Response
The relative refractory period during the slow response 
extends well beyond phase 3 (see Fig. 2.1B). Even after 
the cell has completely repolarized, it may be difficult 
to evoke a propagated response for some time. This 
characteristic, called postrepolarization refractoriness, 
arises from the long time constant for recovery from 
inactivation.

Action potentials evoked early in the relative refrac-
tory period are small, and the upstrokes are not very 
steep (Fig. 2.19). The amplitudes and upstroke slopes 
gradually increase as action potentials are elicited later 
and later in the relative refractory period. The recov-
ery of full excitability is much slower than for the fast 
response. Impulses that arrive early in the relative 
refractory period are conducted much more slowly 
than those that arrive late in that period. The lengthy 
refractory periods also lead to conduction blocks. Even 
when slow responses recur at a low repetition rate, the 
fiber may be able to conduct only a fraction of those 
impulses. 

macromolecular complexes are found in distinct cellu-
lar locations, and this is thought to underlie ion chan-
nel distribution. The voltage-sensitive sodium channel 
(Nav1.5) is linked with syntrophin/dystrophin at lateral 
cell membranes and with ankyrin B, plakophilin-2, 
and calmodulin-dependent protein kinase II at the 
intercalated disk. Also, different ion channels can be 
found in the same complex. Thus Nav1.5 channels 
and inward-rectifying K (Kir2.1) channels can be con-
nected in a complex, or channelosome, with SAP97. 
This link not only affects the localization but also 
allows changes in the abundance of Kir2.1 channels to 
produce reciprocal changes in Nav1.5 abundance; the 
converse is also observed. Thus the complex contains 
Kir2.1, which sets the resting membrane potential, and 
Nav1.5, which accounts for rapid excitation. Colocaliza-
tion of these two channels therefore exerts a powerful 
effect on excitability and its regulation under normal 
and pathological conditions (arrhythmias).

MOLECULAR BOX—cont’d +20
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Fig. 2.19  The effects of excitation at various times after the 
initiation of an action potential in a slow-response fiber. In this 
fiber, excitation very late in phase 3 (or early in phase 4) induc-
es a small, nonpropagated (local) response (a). Later in phase 
4, a propagated response (b) may be elicited; its amplitude is 
small and the upstroke is not very steep. This response, which 
displays postrepolarization refractoriness, is conducted very 
slowly. Still later in phase 4, full excitability is regained, and the 
response (c) displays its normal characteristics. (Modified from 
Singer, D. H., Baumgarten, C. M., & Ten Eick, R. E. (1981). Cel-
lular electrophysiology of ventricular and other dysrhythmias: 
studies on diseased and ischemic heart. Progress in Cardiovas-
cular Diseases, 24, 97-156.)
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Effects of Cycle Length
Changes in cycle length alter the action potential duration 
of cardiac cells and thus change their refractory periods. 
Consequently, the changes in cycle length are important 
factors in the initiation or termination of certain dysrhyth-
mias. Changes in action potential durations produced by 
stepwise reductions in cycle length from 2000 to 200 ms 
in a Purkinje fiber are shown in Fig. 2.20. Note that as the 
cycle length is diminished, the action potential duration 
decreases.

This direct correlation between action potential dura-
tion and cycle length is ascribable mainly to changes in 
g

K
 that involve the delayed rectifier K+ channels. The i

Kr
 

current activates slowly, remains activated for hundreds 
of milliseconds before inactivation, and is inactivated 
very slowly. Consequently, as the basic cycle length is 
diminished, each action potential tends to occur earlier 
in the inactivation period of the i

Kr
 current initiated by 

the preceding action potential. Therefore the shorter the 
basic cycle length, the greater the outward K+ current will 
be during phase 2. Hence the action potential duration 
diminishes. 

   	SUMMARY
	•	� The transmembrane action potentials that can be 

recorded from cardiac myocytes comprise the following 
five phases (0–4):

	 •	� Phase 0, upstroke. A suprathreshold stimulus rapidly 
depolarizes the membrane by activating the fast Na+ 
channels.

	 •	� Phase 1, early partial repolarization. Achieved by the 
efflux of K+ through channels that conduct the tran-
sient outward current, I

to
.

	 •	� Phase 2, plateau. Achieved by a balance between the 
influx of Ca++ through Ca++ channels and the efflux 
of K+ through several types of K+ channels.

	 •	� Phase 3, final repolarization. Initiated when the 
efflux of K+ exceeds the influx of Ca++. The resulting 
partial repolarization rapidly increases the K+ con-
ductance and rapidly restores full repolarization.

	 •	� Phase 4, resting potential. The transmembrane poten-
tial of the fully repolarized cell is determined mainly 
by the conductance of the cell membrane to K+.

	•	� Two principal types of action potentials may be 
recorded from cardiac cells:

	 •	� Fast-response action potentials may be recorded 
from atrial and ventricular myocardial fibers and 
from specialized conducting (Purkinje) fibers. The 
action potential is characterized by a large-am-
plitude, steep upstroke, which is produced by the 
activation of the fast Na+ channels. The effective 
refractory period begins at the upstroke of the action 
potential and persists until about midway through 
phase 3.

	 •	� Slow-response action potentials may be recorded 
from normal sinoatrial (SA) and atrioventricular (AV) 
nodal cells and from abnormal myocardial cells that 
have been partially depolarized. The action potential 
is characterized by a less negative resting potential, 
a smaller amplitude, and a less steep upstroke than 
is the fast-response action potential. The upstroke is 
produced by the activation of Ca++ channel. 

CL = 2000 ms

APD = 200 ms

CL = 630 ms

APD = 180 ms

CL = 400 ms

APD = 170 ms

CL = 250 ms

APD = 140 ms

CL = 200 ms

APD = 130 ms

Fig. 2.20  The effect of changes in cycle length (CL) on the action 
potential duration (APD) of canine Purkinje fibers. (Modified from 
Singer, D., & Ten Eick, R. E. (1971). Aberrancy: electrophysiologic  
aspects. American Journal of Cardiology, 28, 381.)
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Depolarization
Effective refractory period
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History
A 63-year-old man suddenly felt a crushing pain beneath 
his sternum. He became weak, he was sweating profusely, 
and he noticed his heart was beating rapidly. He called his 
physician, who made the diagnosis of myocardial infarc-
tion. The tests made at the hospital confirmed his doctor’s 
suspicion that the patient had suffered a “heart attack”; 
that is, a major coronary artery to the left ventricle had sud-
denly become occluded. An electrocardiogram indicated 
that the SA node was the source of the rapid heart rate. 
Two hours after admission to the hospital, the patient sud-
denly became much weaker. His arterial pulse rate was 
only about 40 beats/min. An electrocardiogram at this time 
revealed that the atrial rate was about 90 beats/min and 
that conduction through the AV junction was completely 
blocked, undoubtedly because the infarct affected the AV 
conduction system. Electrodes of an artificial pacemaker 
were inserted into the patient’s right ventricle, and the ven-
tricle was paced at a frequency of 75 beats/min. The patient 
felt stronger and more comfortable almost immediately.
	1.	� Soon after coronary artery occlusion, the intersti-

tial fluid K+ concentration rose substantially in the 

flow-deprived region. In this region, the high extracel-
lular K+ concentration:

	 a.	�increased the propagation velocity of the myocardial 
action potentials.

	 b.	�decreased the postrepolarization refractoriness of 
the myocardial cells.

	 c.	�changed the resting (phase 4) transmembrane 
potential to a less negative value.

	 d.	�diminished the automaticity of the myocardial cells.
	 e.	�decreased the likelihood of reentry dysrhythmias.
	2.	� The attending physician was alerted to the possibility 

of an arrhythmia because the high extracellular K+ con-
centration could:

	 a.	�directly increase the entry of Na+ through fast Na+ 
channels.

	 b.	�hyperpolarize the resting membrane.
	 c.	�increase the rate of slow diastolic depolarization in 

SA node cells.
	 d.	�slow conduction velocity by reducing Na+ channel 

availability.
	 e.	�decrease the release of norepinephrine from car-

diac sympathetic nerves.

CASE 2.1 

Continued
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CASE 2.1—cont’d

	3.	� The most likely mechanism responsible for the 
patient’s arterial pulse rate of about 40 beats/min 
after impulse conduction through the AV junction was 
blocked is:

	 a.	�excitation of the ventricles via an AV bypass tract.
	 b.	�conversion of ventricular myocardial fibers to auto-

matic cells.
	 c.	�firing of ventricular ectopic cells that have the same 

electrophysiological characteristics as SA node 
cells.

	 d.	�firing of automatic cells (Purkinje fibers) in the spe-
cialized conduction system of the ventricles.

	 e.	�excitation of ventricular cells by the rhythmic activ-
ity in the autonomic neurons that innervate the 
heart.

	4.	� While the heart was being paced, the cardiologist dis-
continued ventricular pacing periodically to test the 
patient’s cardiac status. The cardiologist found that the 
ventricles did not begin beating spontaneously until 
about 5 to 10 s after cessation of pacing, because the 
preceding period of pacing led to:

	 a.	�overdrive suppression of the automatic cells in the 
ventricles.

	 b.	�release of norepinephrine from the cardiac sympa-
thetic nerves.

	 c.	�release of neuropeptide Y from the cardiac sympa-
thetic nerves.

	 d.	�fatigue of the ventricular myocytes.
	 e.	�release of acetylcholine from the cardiac parasym-

pathetic nerves.



OBJECTIVES 
1. Explain the basis of automaticity. 
2. Describe the conduction of excitation through the 

heart. 

THE HEART GENERATES ITS OWN 
PACEMAKI NG ACTIVITY 
The nervous system controls various aspects of cardiac func­
tion, including the frequency at which the heart beats and 
the vigor of each contraction. However, cardiac function 
certainly does not require intact nervous pathways. Indeed, a 
patient with a completely denervated heart ( a cardiac trans­
plant recipient) can adapt well to stressful situations. 

Automaticity ( the ability of the heart to initiate its own 
beat) and rhythmicity (the regularity of pacemaking activ­
ity) are properties intrinsic to cardiac tissue. The heart con­
tinues to beat even when it is completely removed from the 
body; the vertebrate heartbeat is myogenic. f.the coronary 
vasculature is artificially perfused, rhythmic cardiae con­
traction persists for many hours. Apparently, at least some 
cells in the walls of all four cardiac chambers are capable of 
initiating beats; such cells reside mainly in tlie nodal tissues 
or specialized conducting fibers of the heart. 

All cardiac myocytes in the embryonic heart have pace­
maker properties. Some myocyte synthesize large amounts 
of contractile proteins to become "working" myocardium. 
Others retain pacemaking ability and generate impulses 
spontaneously; the mammalian heart region that ordinarily 
generates impulses at the greatest frequency is the sinoatrial 
(SA) node; it is the natural pacemaker of the heart. 

Detailed mapping of the electrical potentials on the sur­
face of the right atrium has revealed that two or three sites 
of automaticity, located 1 or 2 cm from the SA node itself, 
serve along with the SA node as an atrial pacemaker com­
plex. At times, all of these loci initiate impulses simultane­
ously. At other times, the site of earliest excitation shifts 
from locus to locus, depending on conditions such as the 
level of autonomic neural activity. 

Automaticity: Natural 
Excitation of the Heart 

3. Explain the basis of reentry. 
4. Describe the components of the electrocardiogram. 
5. Explain various cardia/ h):thm disturbances. 

Ectopic pacemake rs m1y serve as safety mechanisms 
when the normal pacemaking centers cease functioning. 
However, if 1'ri ectopic center fires while the normal pace­
making center still functions, the ectopic activity may induce 
either sporadic rhythm disturbances, such as premature 
depolarizations, or continuous rhythm disturbances, such as 
paroxysmal tachycardias. These dysrhythmias are discussed 
later in this chapter. 

When the SA node and the other components of the 
atrial pacemaker complex are excised or destroyed, pace­
maker cells in the atrioventricular (AV) node usually 
become the pacemaker for the entire heart. 

Purkinje fibers that constitute the specialized conduc­
tion system of the ventricles also possess automaticity. 
Characteristically, they fire at a very slow rate. When the 
AV junction is unable to conduct the impulse from the atria 
to the ventricles, idioventricular pacemakers in the Purkinje 
fiber network initiate ventricular excitation and contractions. 
Such contractions occur at a frequency of only 30 to 40 beats 
per minute (beats/min). These low frequencies are usually 
not sufficient to allow the heart to pump an adequate cardiac 
output. 

CLINICAL BOX 

Regions of the heart other than the SA node may initi­
ate beats under special circumstances; such sites are 
called ectopic foci, or ectopic pacemakers. Ectopic foci 
may become pacemakers when (1) their own rhyth­
micity becomes enhanced, (2) the rhythmicity of the 
higher-order pacemakers becomes depressed, or (3) all 
conduction pathways are blocked between the ectopic 
focus and those regions with greater rhythmicity. 

29 
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Sinoatrial Node
The SA node is the phylogenetic remnant of the sinus 
venosus of lower vertebrate hearts. In humans it is about 
8 mm long and 2 mm thick. It lies in the groove where the 
superior vena cava joins the right atrium (Fig. 3.1). The 
sinus node artery runs lengthwise through the center of 
the node.

The SA node contains two principal cell types: (1) small, 
round cells, that have few organelles and myofibrils; and 
(2) slender, spindle-shaped cells that are intermediate in 
appearance between the round cells and the ordinary atrial 
myocardial cells. The round cells are probably the pace-
maker cells, whereas the transitional cells serve a subsidiary 
pacemaker role and conduct the impulses within the node 
and to the nodal margins.

A typical transmembrane action potential recorded from 
a cell in the SA node is depicted in Fig. 2.16B. Compared 
with the transmembrane potential recorded from a ventric-
ular myocardial cell (Fig. 2.16A), the maximum diastolic 
potential of the SA node cell is usually less, the upstroke 
of the action potential (phase 0) is less steep, a plateau is 
not sustained, and repolarization (phase 3) is more gradual. 
These are all characteristic of the slow response described 
in Chapter 2.

The transmembrane potential (V
m

) during phase 4 
is much less negative in SA (and AV) nodal automatic 
cells than in atrial or ventricular myocytes, because nodal 
cells lack the i

KI
 (inward-rectifying) type of K+ channel. 

Therefore the ratio of conductances of K+ (g
K
) and Na+ 

(g
Na

), or g
K
/g

Na
, during phase 4 is much less in the nodal 

cells than in the myocytes. During phase 4 therefore V
m

 
deviates much more from the K+ equilibrium potential 
(E

K
) in nodal cells than it does in myocytes.
Although primary SA node pacemaker cells have fast 

Na+ channels, their function is suppressed because they 
are inactivated at the maximum diastolic potential of these 
cells. Thus tetrodotoxin has no influence on the action 
potential (Fig. 3.2A) at the primary SA nodal pacemaker 
site. This fact indicates that the action potential upstroke is 
not produced by an inward current of Na+ through the fast 
channels. However, blockade of Ca++ channels by nifedip-
ine suppresses action potential generation in primary SA 
node cells (see Fig. 3.2B). Subsidiary or latent pacemaker 
cells within the SA node have a more negative maximum 
diastolic potential that allows some Na+ channels to recover 
from inactivation. Tetrodotoxin or local anesthetic drugs 

SN
SVC

CT
Antrum

SNA
RA free wall

Fig. 3.1  The location of the SA node (SN) near the junction be-
tween the superior vena cava (SVC) and right atrium (RA). CT, 
crista terminalis; SNA, Sinoatrial artery. (Redrawn from James, 
T. N. (1977). The sinus node. The American Journal of Cardiol-
ogy, 40, 965–986.)
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Fig. 3.2  At the leading pacemaker site in the sinoatrial node, tetrodotoxin (TTX; 20 μM) does not change SA 
node action potential or frequency (A), whereas nifedipine (2 μM) suppresses spontaneous action potentials 
completely (B). (Redrawn from Boyett, M. R., Honjo, H., & Kodama, I. (2000). The sinoatrial node, a heteroge-
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Press.)
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can block such channels and impede conduction from pri-
mary pacemaker cells to the atrium.

The principal feature that distinguishes a pacemaker 
fiber from other cardiac fibers resides in phase 4. In non-
automatic cells the potential remains constant during this 
phase, whereas in a pacemaker fiber there is a slow depolar-
ization, called the pacemaker potential, throughout phase 4. 
Depolarization proceeds at a steady rate until a threshold is 
attained, and then an action potential is triggered.

The discharge frequency of pacemaker cells may be var-
ied by a change in either the rate of depolarization during 
phase 4 or the maximal diastolic potential (Fig. 3.3). A 
change of the threshold potential, the voltage at which the 
action potential is initiated, is another variable that affects 
pacemaker cell frequency.

Changes in autonomic neural activity often also induce 
a pacemaker shift, in which the site of initiation of the car-
diac impulse may shift to a different locus within the SA 
node or to a different component of the atrial pacemaker 
complex. 

Ionic Basis of Automaticity
Several ionic currents contribute to the slow depolarization 
that occurs during phase 4 in automatic cells in the heart. 
In SA node pacemaker cells the diastolic depolarization is 
affected by the interaction of at least three ionic currents: 
(1) an inward current, I

f,
 induced by hyperpolarization; (2) 

a calcium current, I
Ca

; and (3) an outward K+ current, I
K
 

(Fig. 3.4).
The hyperpolarization-induced inward current, I

f
, is 

carried mainly by Na+ through specific channels that differ 
from the fast Na+ channels. The I

f
 current becomes activated 

during repolarization of the membrane, as the membrane 
potential becomes more negative than about −60 mV. The 
more negative the membrane potential becomes at the end 
of repolarization, the greater the activation of the I

f
 current.

The second current responsible for diastolic depo-
larization is the L-type calcium current, I

Ca
. This current 

becomes activated toward the end of phase 4, as the trans-
membrane potential reaches a value of about −55 mV (see 
Fig. 3.4). Once the Ca++ channels become activated, the 
influx of Ca++ into the cell increases. The influx of Ca++ 
accelerates the rate of diastolic depolarization, which then 
leads to the upstroke of the action potential. A decrease in 
the external Ca++ concentration or the addition of a cal-
cium channel antagonist (see Fig. 3.2B) reduces the ampli-
tude of the action potential and the slope of the pacemaker 
potential in SA node cells.

The progressive diastolic depolarization mediated by 
the two inward currents, I

f
 and I

Ca
, is opposed by a third 

current, an outward K+ current, I
K
. This K+ efflux tends to 

repolarize the cell after the upstroke of the action potential. 
The outward K+ current continues well beyond the time 
of maximal repolarization, but it diminishes throughout 
phase 4 (see Fig. 3.4). Hence the opposition of I

K
 to the 

depolarizing effects of the two inward currents I
Ca

 and I
f
, 

gradually decreases.
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Fig. 3.3  Mechanisms involved in changes of frequency of pacemaker firing. (A) A reduction in the slope of 
the pacemaker potential from 1 to 2 diminishes the frequency. (B) An increase in the maximum negativity at 
the end of repolarization (from 3 to 4) also diminishes the frequency.

Ordinarily, the frequency of pacemaker firing is con-
trolled by the activity of both divisions of the autonomic 
nervous system. Increased sympathetic nervous activ-
ity, through the release of norepinephrine, raises the 
heart rate principally by increasing the slope of the pace-
maker potential (slope 1 in Fig. 3.3A). This mechanism of 
increasing heart rate operates during physical exertion, 
anxiety, and certain illnesses, such as febrile infectious 
diseases. Increased vagal activity, through the release of 
acetylcholine, diminishes the heart rate by hyperpolariz-
ing the pacemaker cell membrane (slope 4 in Fig. 3.3B) 
and by reducing the slope of the pacemaker potential 
(slope 2 in Fig. 3.3A).

CLINICAL BOX 
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The understanding of membranes and currents 
in pacemaking has greatly evolved. Other ionic cur-
rents (T-type Ca channels, Na+/Ca++ antiporter, sus-
tained inward Na+current) are present in SA node cells 
along with transient receptor potential (TRP) channels. 
The generation of membrane current by the Na+/Ca++ 
exchanger suggested a possible function of the rather 
sparse sarcoplasmic reticulum of SA node cells in auto-
maticity. A timing mechanism comprised of ionic chan-
nels in the plasma membrane (“membrane clock”) and 
the sarcoplasmic reticulum (SR) membrane (“Ca++ 
clock”) has been proposed. That is, local Ca++ sponta-
neously released (termed Ca++ “sparks”) from the SR 
during the diastolic depolarization leaves the cell via the 
Na+/Ca++ antiporter, generating an inward current. As 
the membrane depolarizes, L-type Ca++ channels (Ca

v
1.3 

clone) open to participate in the slow diastolic depo-
larization and to produce the action potential upstroke 
when the membrane reaches the threshold potential in 
the SA node cell. Calcium released from the SR may par-
ticipate in diastolic depolarization not only via the Na+/
Ca++ antiporter but also through depletion of SR Ca++. 
Store-operated Ca++channels (SOCCs) are activated by 
Ca++ depletion from the SR; entry of Ca++ through TRP 
channels can also assist diastolic depolarization and the 
regulation of SA node frequency. Several TRP channel 
isoforms have been detected in the SA node as well as in 
other cardiac tissues. Thus knockout of TRPM7 (Ca++ 
permeant channel having kinase activity) was accompa-
nied by reduced automaticity in mouse SA node cells. The 
effect was attributed to reduced rise of intracellular Ca++ 
during diastolic depolarization and reduced expression of 
the gene (HCN4) that encodes the I

f
 channel. Attempts to 

suppress the expression or activity of various ion chan-
nels and the components of the Ca+ clock usually result in 
the reduction but not abolition of pacemaker frequency. 
For example, knockout of the Na+/Ca++ exchange current 
had no effect on basal frequency but reduced the positive 
chronotropic effect of a sympathetic stimulant.

The number of cells within the SA node and the extent 
of their interaction via gap junctions influence the effect of 
membrane current alterations on impulse initiation within 
the SA node. Overall, the structural complexity of the 
node, together with the many ionic currents that contrib-
ute to pacemaking, allow the SA node to sustain this vital 
function under a variety of physiological and pathological 
conditions.

The ionic basis for automaticity in the AV node pace-
maker cells appears similar to that in the SA node cells. 
In cardiac Purkinje fibers, automaticity can be detected at 
two voltage ranges, from −60 to −100 mV and from −50 
to 0 mV. The slow diastolic depolarization in the voltage 
range from −60 to −100 mV is attributed to a voltage- and 
time-dependent K+ current. The action potential arises 
from the fast Na+ current. Whether the hyperpolariza-
tion-induced inward current, I

f
, functions physiologically 

in this voltage range remains to be clarified. Automaticity 
at −50 to 0 mV depends on I

K
 and I

Ca
, but the precise mech-

anism is not known.
Autonomic neurotransmitters affect automaticity by 

altering the ionic currents across the cell membranes. 
The β-adrenergic transmitters increase all three currents 
involved in SA nodal automaticity. The adrenergically 
mediated increase in the slope of diastolic depolariza-
tion indicates that the augmentations of I

f
 and I

Ca
 must 

exceed the enhancement of I
K
. Adrenergic transmitters also 

increase automaticity in Purkinje fibers; this is evident at 
both voltage ranges.
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Fig. 3.4  Transmembrane potential changes (top half) that occur 
in sinoatrial node cells and their relation to three ionic currents 
(bottom half): (1) the current (ICa); (2) a hyperpolarization-induced 
inward current (If); and (3) an outward K+ current (IK). The thin noisy 
trace shows net membrane current and the approximate time 
course of repolarizing outward K+ current, IK, hyperpolarization- 
induced inward current, If, and the L-type Ca++ current, ICa. The 
thick bold line in the current trace indicates the magnitude and 
direction of estimated If. (Redrawn from van Ginneken, A. C., & 
Giles, W. (1991). Voltage clamp measurements of the hyperpo-
larization-activated inward current I(f) in single cells from rabbit 
sino-atrial node. Journal of Physiology, 434, 57–83.)
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The hyperpolarization (Fig. 3.5) induced by acetylcho-
line released at the vagus endings in the heart is achieved 
by an increased conductance mediated by activation of 
specific K+ channels that are controlled by the cholinergic 
receptors (I

K,ACh
). Acetylcholine also depresses the I

f
 and I

Ca
 

currents. 

Overdrive Suppression
A period of excitation at a high frequency depresses auto-
maticity of pacemaker cells. This phenomenon is known 
as overdrive suppression. The firing of the SA node tends 
to suppress the automaticity in the other loci because the 
SA node has a greater intrinsic rhythmicity than the other 
latent pacemaking sites in the heart.

The mechanism responsible for overdrive suppres-
sion appears to be based on the activity of the membrane 
pump (Na+,K+-ATPase) that actively extrudes three Na+ 
from the cell, in exchange for two K+. During each depo-
larization, a certain quantity of Na+ enters the cell; there-
fore the more frequently it is depolarized, the greater the 
amount of Na+ that enters the cell per minute. At high 
excitation frequencies the Na+ pump becomes more 
active in extruding this larger quantity of Na+ from the 
cell interior. This enhanced pump activity hyperpolarizes 
the cell through the net loss of cations from the cell inte-
rior. Because of the hyperpolarization, the slow diastolic 
depolarization requires more time to reach the threshold, 
as shown in Fig. 3.3B. Furthermore, when the overdrive 
suddenly ceases, the Na+ pump does not decelerate instan-
taneously but continues to operate at an accelerated rate 
for some time. This excessive extrusion of Na+ opposes 

the gradual depolarization of the pacemaker cell during 
phase 4 and thereby suppresses its intrinsic automaticity 
temporarily. 

Atrial Conduction
From the SA node, the cardiac impulse spreads radially 
throughout the right atrium (Fig. 3.6) along ordinary atrial 
myocardial fibers, at a conduction velocity of approxi-
mately 1 m/s. A special pathway, the anterior interatrial 
myocardial band (or Bachmann’s bundle), conducts the 
impulse from the SA node directly to the left atrium. Three 
tracts, the anterior, middle, and posterior internodal path-
ways, have been described. These tracts consist of a mixture 
of ordinary myocardial cells and specialized conducting 
fibers. Some investigators assert that these pathways con-
stitute the principal routes for conduction of the cardiac 
impulse from the SA node to the AV node.

The configuration of the atrial action potential is 
depicted in Fig. 2.16C. Compared with the potential 
recorded from a typical ventricular fiber (see Fig. 2.16A), 
the plateau (phase 2) is not as well developed, repolariza-
tion (phase 3) occurs as a slower rate, and the action poten-
tial duration is briefer. 

Atrioventricular Conduction
The cardiac action potential proceeds along the internodal 
pathways in the atrium and ultimately reaches the AV node 
(see Fig. 3.6). This node is approximately 22 mm long, 10 
mm wide, and 3 mm thick in adult humans. The node is 
situated posteriorly on the right side of the interatrial sep-
tum and is circumscribed by the ostium of the coronary 
sinus, the tendon of Todaro, and the tricuspid valve. The 
AV node contains the same two cell types as the SA node, 
but the round cells are more sparse and the spindle-shaped 
cells preponderate. Conduction of the impulse from the 
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Fig. 3.5  Effect of a brief vagal stimulus (arrow) on the trans-
membrane potential recorded from a sinoatrial node pacemak-
er cell in an isolated cat atrium preparation. The cardiac cycle 
lengths, in milliseconds, are denoted by the numbers at the 
top of the figure. (Modified from Jalife, J., & Moe, G. K. (1979). 
Phasic effects of vagal stimulation on pacemaker activity of the 
isolated sinus node of the young cat. Circulation Research, 45, 
595–608.)

CLINICAL BOX
If an atrial ectopic focus suddenly begins to fire at a 
high rate (e.g., 150 impulses per minute) in an individual 
with a normal heart rate of 70 beats per minute, the 
ectopic center would become the pacemaker for the 
entire heart. When that rapid ectopic focus suddenly 
stops firing, the SA node might remain quiescent briefly 
because of overdrive suppression. The interval from 
the end of the period of overdrive until the SA node 
resumes firing is called the sinus node recovery time. 
In patients with the so-called sick sinus syndrome, the 
sinus node recovery time may be markedly prolonged. 
The resultant period of asystole (cardiac standstill) can 
cause loss of consciousness.
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atrium to the AV node has been described as consisting of 
fast and slow pathways. There is some anatomical evidence 
for this well-known observation. The existence of fast and 
slow conduction paths allows a substrate for reentrant cir-
cuits within the AV node. Cells in the inferior portion of 
the AV node serve as a subsidiary pacemaker.

The AV node is divided into three functional regions: 
(1) the AN region, the transitional zone between the atrium 
and the remainder of the node; (2) the N region, the mid-
portion of the AV node; and (3) the NH region, the zone in 
which nodal fibers gradually merge with the bundle of His, 
which is the upper portion of the specialized ventricular 
conducting system. Normally, the AV node and bundle of 
His constitute the only pathways for conduction from atria 
to ventricles.

Several features of AV conduction are of physiological and 
clinical significance. The principal delay in the passage of the 
impulse from the atria to the ventricles occurs in the AN and 
N regions of the AV node. The conduction velocity is actually 
less in the N region than in the AN region. However, the path 
length is substantially greater in the AN region than in the N 
region. The conduction times through the AN and N regions 
largely account for the delay between the onsets of the P wave 
(the electrical manifestation of the spread of atrial excitation) 
and the QRS complex (spread of ventricular excitation) in the 
electrocardiogram (Fig. 3.7). Functionally, this delay between 
atrial excitation and ventricular excitation permits optimal ven-
tricular filling during atrial contraction.

In the N region, slow response action potentials prevail. 
The resting potential is about −60 mV, the upstroke veloc-
ity is very low (about 5 V/s), and the conduction velocity is 
about 0.05 m/s. Tetrodotoxin, which blocks the fast Na+ 
channels, does not affect the action potentials in this region. 
Conversely, the Ca++ channel antagonists decrease the ampli-
tude and duration of the action potentials (Fig. 3.8) and slow 
AV conduction. The shapes of the action potentials in the AN 
region are intermediate between those in the N region and 
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Fig. 3.6  Schematic representation of the conduction system of the heart.
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Fig. 3.7  Configuration of a typical scalar electrocardiogram, il-
lustrating the important deflections and intervals.
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the atria. Similarly, the action potentials in the NH region are 
transitional between those in the N region and the bundle of 
His. The relative refractory period of the cells in the N region 
extends well beyond the period of complete repolarization; 
that is, these cells display post-repolarization refractoriness 
(see Fig. 2.19).

As the repetition rate of atrial depolarizations is increased, 
conduction through the AV junctions slows. An abnormal 
prolongation of AV conduction time is called first-degree 
AV block (Fig. 3.9A). Most of the prolongation of AV con-
duction caused by an increase in repetition rate takes place 
in the N region.

Impulses tend to be blocked in the AV node at stimulus 
frequencies that are easily conducted in other regions of 
the heart. If the atria are depolarized at a high frequency, 
only a fraction (e.g., one-half) of the atrial impulses might 
be conducted through the AV junction to the ventricles. 
The conduction pattern in which only a fraction of the 
atrial impulses are conducted to the ventricles is called sec-
ond-degree AV block (see Fig. 3.9B). This type of block may 
protect the ventricles from excessive contraction frequen-
cies, wherein the filling time between successive ventric-
ular contractions might be inadequate, and therefore the 
ventricles would be unable to deliver an adequate cardiac 
output.

Retrograde conduction can occur through the AV node. 
However, the propagation time is significantly longer, and 
the impulse tends to be blocked at lower repetition rates 
during retrograde conduction than during antegrade con-
duction. Finally, the AV node is a common site for reentry, 
a phenomenon explained later in this chapter.

The autonomic nervous system regulates AV conduc-
tion. Weak vagal activity may simply prolong the AV con-
duction time. Stronger vagal activity may cause some or all 
of the impulses arriving from the atria to be blocked in the 
node. The conduction pattern in which none of the atrial 

impulses reach the ventricles over a substantial number 
of atrial depolarizations is called third-degree, or complete 
AV block (see Fig. 3.9C). The delayed conduction or block 
induced by vagal stimulation occurs largely in the N region 
of the node.

Acetylcholine released by vagus nerve fibers hyperpo-
larizes the conducting fibers in the N region (Fig. 3.10). 
The greater the hyperpolarization at the time of arrival 
of the atrial impulse, the more impaired the AV conduc-
tion will be. In the experiment shown in Fig. 3.10, vagus 
nerve fibers were stimulated intensely (at St) shortly before 
the second atrial depolarization (A

2
). This atrial impulse 

arrived at the AV node cell when its cell membrane was 
maximally hyperpolarized. The absence of a correspond-
ing depolarization of the bundle of His (H) shows that the 
second atrial impulse was not conducted through the AV 
node. Only a small, nonpropagated response to the second 
atrial impulse is evident in the recording from the conduct-
ing fiber.

Cardiac sympathetic nerves, on the other hand, facil-
itate AV conduction. They decrease AV conduction time 
and enhance the rhythmicity of the latent pacemakers in 
the AV junction. The norepinephrine released at the sym-
pathetic nerve terminals increases the amplitude and slope 
of the upstroke of the AV nodal action potentials, princi-
pally in the AN and N regions of the node. 
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Fig. 3.8  Transmembrane potentials recorded from a rabbit 
atrioventricular node cell under control conditions (C) and in 
the presence of the calcium channel–blocking drug diltiazem 
in concentrations of 0.1, 0.3, and 1.0 μmol/L. (Redrawn from 
Hirth, C., Borchard, U., & Hafner D. (1983). Effects of the cal-
cium antagonist diltiazem on action potentials, slow response 
and force of contraction in different cardiac tissues. Journal of 
Molecular and Cellular Cardiology, 15, 799–809.)

CLINICAL BOX
First- and second-degree AV blocks are most frequently 
caused by inflammatory processes (acute rheumatic 
fever), drugs (calcium channel antagonists), or rapid 
atrial rates (supraventricular tachycardias). Third-degree 
AV block is most often caused by a degenerative pro-
cess of unknown cause or by severe myocardial isch-
emia (inadequate coronary blood supply).

CLINICAL BOX
Third-degree AV block is often referred to as complete 
heart block because the impulse is unable to traverse 
the AV conduction pathway from atria to ventricles. 
His bundle electrograms reveal that the most common 
sites of complete block are distal to the bundle of His. 
Because of the slow ventricular rhythm (32 beats per 
minute in the example in Fig. 3.9C), circulation of blood 
is often inadequate, especially during muscular activity. 
Third-degree block is often associated with syncope 
(so-called Stokes-Adams attacks) caused principally 
by insufficient cerebral blood flow. Third-degree block 
is one of the most common conditions requiring treat-
ment by artificial pacemakers.
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Ventricular Conduction
The bundle of His passes subendocardially down the right 
side of the interventricular septum for about 1 cm and 
then divides into the right and left bundle branches (Figs. 
3.6 and 3.11). The right bundle branch is a direct contin-
uation of the bundle of His and proceeds down the right 
side of the interventricular septum. The left bundle branch, 
which is considerably thicker than the right one, arises 
almost perpendicularly from the bundle of His and perfo-
rates the interventricular septum. On the subendocardial 
surface of the left side of the interventricular septum, the 
main left bundle branch splits into a thin anterior division  
and a thick posterior division.

The right bundle branch and the two divisions of the 
left bundle branch ultimately subdivide into a complex 
network of conducting fibers called Purkinje fibers, which 
ramify over the subendocardial surfaces of both ventricles. 
In certain mammalian species, such as cattle, the Purkinje 
fiber network is arranged in discrete, encapsulated bundles 
(see Fig. 3.11).
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Fig. 3.9  Atrioventricular (AV) blocks. (A) First-degree heart block; P-R interval is 0.28 s. (B) Second-degree heart 
block (2:1). (C) Third-degree heart block; note the dissociation between the P waves and the QRS complexes.
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Fig. 3.10  Effects of a brief vagal stimulus (St) on the trans-
membrane potential recorded from an atrioventricular (AV) nod-
al fiber from a rabbit. Note that shortly after vagal stimulation, 
the membrane of the fiber was hyperpolarized. The atrial exci-
tation (A2) that arrived at the AV node when the cell was hyper-
polarized failed to be conducted, as denoted by the absence of 
a depolarization in the His electrogram (H). The atrial excitations 
that preceded (A1) and followed (A3), excitation A2, were con-
ducted to the His bundle region. (Redrawn from Mazgalev, T., 
Dreifus, L. S., & Michelson, E. L., & Pelleg, A. (1986). Vagally 
induced hyperpolarization in atrioventricular node. American 
Journal of Physiology, 251, H631–H143.)
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Purkinje fibers are the broadest cells in the heart, at 70 
to 80 μm in diameter, compared with 10 to 15 μm for ven-
tricular myocytes. The large diameter accounts in part for 
the greater conduction velocity in Purkinje than in myo-
cardial fibers. Conduction of the action potential over the 
Purkinje fiber system is faster than in any other tissue within 

the heart; estimates of conduction velocity vary from 1 to 4 
m/s. This permits a rapid activation of the entire endocar-
dial surface of the ventricles. Purkinje cells have abundant, 
linearly arranged sarcomeres, just like myocardial cells. 
However, the T-tubular system is absent in the Purkinje 
cells of many species but is well developed in the myocardial 
cells (see Chapter 4).

The action potentials recorded from Purkinje fibers 
resemble those of ordinary ventricular myocardial fibers 
(see Fig. 2.16A). In general, phase 1 is more prominent in 
Purkinje fiber action potentials (see Fig. 2.3) than in action 
potentials recorded from ventricular fibers (especially endo-
cardial fibers), and the duration of the plateau (phase 2) is 
longer.

Many premature activations of the atria that are con-
ducted through the AV junction are blocked by the long 
refractory period of the Purkinje fibers. Therefore they fail 
to evoke a premature contraction of the ventricles. This 
function of protecting the ventricles against the effects of  

CLINICAL BOX
Impulse conduction in the right bundle branch, the main 
left bundle branch, or either division of the left bundle 
branch may be impaired as a consequence of a degen-
erative process or of coronary artery disease. Conduc-
tion blocks in one or more of these pathways give rise 
to characteristic electrocardiographic patterns. Block of 
either of the main bundle branches is known as right or 
left bundle branch block. Block of either division of the 
left bundle branch is called left anterior hemiblock or 
left posterior hemiblock.

Right bundle branch

AV node
Bundle of His

Left bundle branch

Left Right

Fig. 3.11  Atrioventricular (AV) and ventricular conduction system of the calf heart. (Redrawn from DeWitt, L. 
M. (1909). Observations on the sino-ventricular connecting system of the mammalian heart. The Anatomical 
Record, 3, 475–497.)
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premature atrial depolarizations is especially pronounced  
at slow heart rates, because the action potential duration, 
and hence the effective refractory period of the Purkinje 
fibers, varies inversely with the heart rate (see Fig. 2.20). 
At slow heart rates, the effective refractory period of 
the Purkinje fibers is especially prolonged; as the heart 
rate increases, the refractory period diminishes. Similar 
rate-dependent changes in the refractory period also occur 
in most of the other cells in the heart. However, in the 
AV node, the effective refractory period does not change 
appreciably over the normal range of heart rates, and it 
actually increases at very rapid heart rates. Therefore at 
high heart rates, it is the AV node that protects the ventricles 
when atrial impulses arrive at excessive repetition rates.

The first portions of the ventricles to be excited are the 
interventricular septum (except its basal portion) and the 
papillary muscles. The wave of activation spreads into the sep-
tum from both its left and its right endocardial surfaces. Early 
contraction of the septum tends to make it more rigid and 
allows it to serve as an anchor point for the contraction of the 
remaining ventricular myocardium. Also, early contraction 
of the papillary muscles prevents eversion of the AV valves 
during ventricular systole.

The endocardial surfaces of both ventricles are activated 
rapidly, but the wave of excitation spreads from endocar-
dium to epicardium at a slower velocity (about 0.3–0.4 m/s). 
Because the right ventricular wall is appreciably thinner than 
the left, the epicardial surface of the right ventricle is acti-
vated earlier than the epicardial surface of the left ventricle. 
Also, apical and central epicardial regions of both ventricles 
are activated somewhat earlier than are their respective basal 
regions. The last portions of the ventricles to be excited are 
the posterior basal epicardial regions and a small zone in the 
basal portion of the interventricular septum. 

An Impulse can Travel Around a Reentry Loop
Under certain conditions, a cardiac impulse may reexcite 
some region through which it had passed previously. This 
phenomenon, known as reentry, underlies many clinical 
disturbances of cardiac rhythm. Reentry may be ordered 
or random. In the ordered variety, the impulse traverses 
a fixed anatomical path, whereas in the random type, the 
path continues to change. The principal example of ran-
dom reentry is fibrillation.

The conditions necessary for reentry are illustrated in 
Fig. 3.12. In each of the four panels, a single bundle (S) of 
cardiac fibers splits into a left (L) and a right (R) branch 
with a connecting bundle (C) between the two branches. 
Normally, the impulse coming down bundle S is conducted 
along the L and R branches (panel A). As the impulse 
reaches connecting link C, it enters link C from both 
sides and becomes extinguished at the point of collision.  
The impulse from the left side cannot proceed further 

because the tissue beyond has just been depolarized from 
the other direction, and therefore it is absolutely refractory. 
The impulse cannot pass through bundle C from the right 
either, for the same reason.

Panel B of Fig. 3.12 shows that the impulse cannot 
make a complete circuit if antegrade block exists in the 
two branches (L and R) of the fiber bundle. Furthermore, 
if bidirectional block exists at any point in the loop (e.g., 
branch R in panel C), the impulse will not be able to reenter.

A necessary condition for reentry is that at some point in 
the loop the impulse can pass in one direction but not in the 
other. This phenomenon is called unidirectional block. As 
shown in panel D, the impulse may travel down branch L 
normally and may be blocked in the antegrade direction in 
branch R. The impulse that was conducted down branch L 
and through the connecting branch C may be able to pene-
trate the depressed region in branch R from the retrograde 
direction, even though the antegrade impulse was blocked 
previously at this same site. The antegrade impulse arrives 
at the depressed region in branch R earlier than the impulse 
that traverses a longer path and enters branch R from the 
opposite direction. The antegrade impulse may be blocked 
simply because it arrives at the depressed region during 
its effective refractory period. If the retrograde impulse is 
delayed sufficiently, the refractory period may have ended, 
and the impulse is conducted back into bundle S.

Unidirectional block is a necessary condition for reen-
try, but not a sufficient one. The effective refractory period 
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Fig. 3.12  The role of unidirectional block in reentry. (A) An exci-
tation wave traveling down a single bundle (S) of fibers contin-
ues down the left (L) and right (R) branches. The depolarization 
wave enters the connecting branch (C) from both ends and is 
extinguished at the zone of collision. (B) The wave is blocked 
(blue squares) in the L and R branches. (C) Bidirectional block 
exists in branch R. (D) Unidirectional block exists in branch R. 
The antegrade impulse is blocked (blue square), but the retro-
grade impulse is conducted through (jagged line) and reenters 
bundle S.
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of the reentered region must also be less than the propagation 
time around the loop. In panel D, if the retrograde impulse 
is conducted through the depressed zone in branch R and 
if the tissue just beyond is still refractory from the ante-
grade depolarization, branch S is not reexcited. Therefore 
the conditions that promote reentry are those that prolong 
conduction time or shorten the effective refractory period.

The functional components of reentry loops responsi-
ble for specific dysrhythmias in intact hearts are diverse. 
Some loops are very large and involve entire specialized 
conduction bundles; other loops are microscopic. The 
loop may include myocardial fibers, specialized conduct-
ing fibers, nodal cells, and junctional tissues, in almost any 
conceivable arrangement. Also, the cardiac cells in the loop 
may be normal or deranged. 

AFTERDEPOLARIZATIONS LEAD TO 
TRIGGERED ACTIVITY
Triggered activity is so named because it is always coupled 
to a preceding action potential. Consequently, dysrhyth-
mias induced by triggered activity are difficult to distin-
guish from those induced by reentry, which is also always 
coupled to a previous action potential. Triggered activity is 
caused by afterdepolarizations. Two types of afterdepolar-
izations are recognized: early afterdepolarizations (EADs) 

and delayed afterdepolarizations (DADs). EADs occur at the 
end of the plateau (phase 2) of an action potential or about 
midway through repolarization (phase 3), whereas DADs 
occur near the very end of repolarization or just after full 
repolarization (phase 4).

Early Afterdepolarizations
EADs are more likely to occur when the prevailing heart rate 
is slow; rapid pacing suppresses EADs. In the experiment 
shown in Fig. 3.13, EADs were induced by cesium in an 
isolated Purkinje fiber preparation. No afterdepolariza-
tions were evident when the preparation was driven at a 
cycle length of 2 seconds (s). When the cycle length was 
increased to 4 s, EADs appeared; their incidence increased 
as cycle length increased to 6 and 10 s. Some EADs were 
subthreshold, but eventually others reached threshold to 
trigger an action potential.

EADs may be produced experimentally by interventions 
that prolong the action potential. Because EADs may be 
initiated at either of two distinct levels of transmembrane 
potential, namely at the end of the plateau and about mid-
way through repolarization, two different mechanisms 
may be involved in generating them.

Considerable information has been obtained about the 
mechanism responsible for those EADs that appear at the 
end of the plateau. The more prolonged the action poten-
tial, the more likely are EADs to occur. For those action 
potentials that trigger EADs, the plateau appears to be 

CLINICAL BOX
Accessory AV pathways are present in some people. 
Such pathways often serve as a part of a reentry loop 
(see Fig. 3.12), which could lead to serious cardiac 
rhythm disturbances in these patients. Wolff-Parkinson- 
White syndrome, a congenital disturbance, is the most 
common clinical disorder in which a bypass tract of myo-
cardial fibers serves as an accessory pathway between 
atria and ventricles. Ordinarily, the syndrome causes no 
functional abnormality. It is easily detected in the elec-
trocardiographic reading, because a portion of the ven-
tricular myocardium is preexcited via the bypass tract. 
Slightly later, the normal excitation of the remainder of 
the ventricular myocardium via the AV node and His-Pur-
kinje system imparts a bizarre configuration to the 
ventricular (QRS) complex of the electrocardiogram. 
Occasionally, however, a reentry loop develops in which 
the atrial impulse travels to the ventricle via one of the 
two AV pathways (AV node or bypass tract), and then the 
impulse travels back to the atria through the other of the 
two pathways. Continuous circling around the loop leads 
to a very rapid rhythm (supraventricular tachycardia),  
which may be incapacitating because the rapid rate may 
not allow sufficient time for ventricular filling.

20
mV

2 s

0–

0–

0–

A   CL = 2 s    B   CL = 4 s

C   CL = 6 s

D   CL = 10 s

Fig. 3.13  Effect of pacing at different cycle lengths (CLs) on ce-
sium-induced early afterdepolarizations (EADs) in a canine Pur-
kinje fiber. (A) EADs not evident. (B) EADs first appear (arrows). 
The third EAD reaches threshold and triggers an action poten-
tial (third arrow). (C) EADs that appear after each driven depo-
larization trigger an action potential. (D) Triggered action poten-
tials occur in salvos. (Modified from Damiano, B. P., & Rosen, 
M. (1984). Effects of pacing on triggered activity induced by 
early afterdepolarizations. Circulation, 69, 1013–1025.)
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prolonged enough so that those Ca++ channels that were 
activated at the beginning of the plateau and then inacti-
vated would have sufficient time to be reactivated again 
before the plateau had expired. This secondary activation, 
which seems to depend on the activity of calcium/calm-
odulin-dependent protein kinase type II (CaMKII), can 
trigger an afterdepolarization. Less information is available 
about the cellular mechanisms responsible for those EADs 
that appear midway through repolarization. 

Delayed Afterdepolarizations
In contrast to EADs, DADs tend to appear when the heart 
rate is high. The salient characteristics of DADs are shown 
in Fig. 3.14. Transmembrane potentials were recorded 
from Purkinje fibers that were exposed to a high concen-
tration of acetylstrophanthidin, a digitalis-like substance. In 
the absence of pacing stimuli, these fibers were quiescent. 
In each panel, a sequence of six driven action potentials 
was induced at various basic cycle lengths.

When the cycle length was 800 milliseconds (ms) (panel 
A), the last driven action potential was followed by a brief sub-
threshold DAD that did not reach threshold and, after the DAD 
had subsided, the transmembrane potential remained con-
stant. When the basic cycle length was diminished to 700 ms 
(panel B), the DAD that followed the last paced beat reached 
threshold, and a triggered depolarization (or extrasystole) 
ensued. This extrasystole was itself followed by a subthreshold 
afterpotential. Diminution of the basic cycle length to 600 ms 
(panel C) evoked two extrasystoles after the last driven action 
potential. A sequence of three extrasystoles followed the six 
driven depolarizations that were separated by intervals of 500 
ms (panel D). Slightly shorter basic cycle lengths or slightly 
greater concentrations of acetylstrophanthidin evoked a con-
tinuous sequence of nondriven beats, resembling a paroxys-
mal tachycardia (described later in this chapter).

DADs are associated with elevated intracellular Ca++ con-
centrations. The amplitudes of the DADs are increased by 
interventions that raise intracellular Ca++ concentrations, 
such as elevated extracellular Ca++ concentrations and 
toxic levels of digitalis glycosides. Elevations of intracellu-
lar Ca++ provoke the oscillatory release of Ca++ from the 
SR. Hence in myocardial cells the DADs are accompanied 
by small changes in developed force. The high intracellular 
Ca++ concentrations also activate certain membrane chan-
nels that permit the passage of Na+ and K+. The net flux of 
these cations constitutes a transient inward current, I

ti
, that 

is at least partly responsible for the afterdepolarization of 
the cell membrane. 

ELECTROCARDIOGRAPHY DISPLAYS THE 
SPREAD OF CARDIAC EXCITATION
The electrocardiograph enables the physician to infer the 
rate, rhythm, and course of the cardiac impulse simply by 
recording the variations in electrical potential at various 
loci on the body surface. By analyzing the details of these 
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Fig. 3.14  Transmembrane action potentials recorded from iso-
lated canine Purkinje fibers. Acetylstrophanthidin was added to 
the bath, and sequences of six driven beats (denoted by the 
dots) were produced at basic cycle lengths (BCL) of 800, 700, 
600, and 500 ms. Note that delayed afterpotentials occurred 
after the driven beats and that these afterpotentials reached 
threshold after the last driven beat in panels B to D but not in 
panel A. (From Ferrier, G. R., Saunders, J. H., & Mendez, C. 
(1973). A cellular mechanism for the generation of ventricular 
arrhythmias by acetylstrophanthidin. Circulation Research, 32, 
600–609.)

CLINICAL BOX
The pathological significance of EADs was recognized 
in connection with the congenital and drug-induced long 
QT syndrome (LQTS). As the action potential lengthens, 
EADs occur and caused triggered automaticity. In the 
electrocardiogram, this problem is manifested as poly-
morphic ventricular tachycardia, also called torsades de 
pointes. Episodes of torsades de pointes can be self- 
limited but may proceed to ventricular fibrillation and 
sudden death. Clinically, hypokalemia and bradycardia 
(see Fig. 3.13) are hallmarks of its presentation. Restor-
ing extracellular K+ to normal levels and increasing heart 
rate are two approaches used to overcome the propen-
sity for development of torsades de pointes.
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potential fluctuations the physician gains valuable insight 
concerning (1) the anatomical orientation of the heart; (2) 
the relative sizes of its chambers; (3) a variety of distur-
bances of rhythm and conduction; (4) the extent, location, 
and progress of ischemic damage to the myocardium; (5) 
the effects of altered electrolyte concentrations; and (6) the 
influence of certain drugs (notably digitalis derivatives and 
antidysrhythmic agents). The science of electrocardiogra-
phy is extensive and complex; only its elementary basis is 
considered here.

Scalar Electrocardiography
The systems of leads used to record routine electrocar-
diograms are oriented in certain planes of the body. The 
diverse electromotive forces that exist in the heart at any 
moment can be represented by a three-dimensional vec-
tor. A system of recording leads oriented in a given plane 
detects the projection of the three-dimensional vector on 
that plane. Furthermore, the potential difference between 
two recording electrodes represents the projection of the 
vector on the line between the two leads. Components of 
vectors projected on such lines are not vectors but scalar 
quantities (having magnitude but not direction). Hence, 
a recording of the changes with time of the differences of 
potential between two points on the surface of the skin is 
called a scalar electrocardiogram.

Configuration of the Scalar Electrocardiogram
The scalar electrocardiogram detects the changes with time 
of the electrical potential between some point on the skin 
surface and an indifferent electrode or between pairs of 
points on the skin surface. The cardiac impulse progresses 
through the heart in a complex three-dimensional pattern. 
Hence, the configuration of the electrocardiogram varies 
from individual to individual, and in any given individual 
the pattern varies with the anatomical location of the leads.

In general, the pattern consists of P, QRS, and T waves 
(see Fig. 3.7). The P-R interval (or more precisely, the P-Q 
interval) is a measure of the time from the onset of atrial 
activation to the onset of ventricular activation; it normally 
ranges from 0.12 to 0.20 s. A considerable fraction of this 
time involves passage of the impulse through the AV con-
duction system. Pathological prolongations of this interval 
are associated with disturbances of AV conduction pro-
duced by inflammatory, circulatory, pharmacological, or 
nervous mechanisms.

The configuration and amplitude of the QRS com-
plex vary considerably among individuals. The duration 
is usually between 0.06 and 0.10 s. Abnormal prolonga-
tion may indicate a block in the normal conduction path-
ways through the ventricles (such as a block of the left or 
right bundle branch). During the ST interval the entire 

ventricular myocardium is depolarized and there is neg-
ligible potential difference in the ventricle. Therefore the 
ST segment lies on the isoelectric line, under normal con-
ditions. Any appreciable deviation from the isoelectric 
line is noteworthy and may indicate ischemic damage of 
the myocardium. The Q-T interval is sometimes referred 
to as the period of “electrical systole” of the ventricles. Its 
duration is about 0.4 s, but it varies inversely with the heart 
rate, mainly because the myocardial cell action potential 
duration varies inversely with the heart rate (see Fig. 2.20).

In most leads the T wave is deflected in the same direc-
tion from the isoelectric line as the major component of 
the QRS complex, although biphasic or oppositely directed 
T waves are perfectly normal in certain leads. Deviation of 
the T wave and QRS complex in the same direction from 
the isoelectric line indicates that the repolarization pro-
cess proceeds in a direction counter to the depolarization 
process. T waves that are abnormal in either direction or 
amplitude may indicate myocardial damage, electrolyte 
disturbances, or cardiac hypertrophy. 

Standard Limb Leads
Einthoven devised the original electrocardiographic lead 
system. In his lead system the resultant cardiac vector  
(the vector sum of all electrical activity occurring in the 
heart at any given moment) was considered to lie in the 
center of a triangle (assumed to be equilateral) formed 
by the left and right shoulders and the pubic region (Fig. 
3.15). This so-called Einthoven triangle is oriented in 
the frontal plane of the body. Hence only the projec-
tion of the resultant cardiac vector on the frontal plane 
is detected by this system of leads. For convenience, the 
electrodes are connected to the right and left forearms 
rather than to the corresponding shoulders, because the 
arms represent simple extensions of the leads from the 
shoulders. Similarly, the leg is taken as an extension of 
the lead system from the pubis, and the third electrode is 
connected to the left leg (by convention).

Certain conventions dictate the manner in which these 
standard limb leads are connected to the galvanometer. 
Lead I records the potential difference between the left 
arm (LA) and right arm (RA). The galvanometer connec-
tions are such that when the potential at LA (V

LA
) exceeds 

the potential at RA (V
RA

), the galvanometer is deflected 
upward from the isoelectric line. In Figs. 3.15 and 3.16 this 
arrangement of the galvanometer connections for lead I is 
designated by a + at LA and by a − at RA. Lead II records 
the potential difference between RA and LL (left leg) and 
yields an upward deflection when the potential at LL (V

LL
) 

exceeds V
RA

. Finally, lead III registers the potential differ-
ence between LA and LL and yields an upward deflection 
when V

LL
 exceeds V

LA
. These galvanometer connections 
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were arbitrarily chosen so that the QRS complexes will be 
upright in all three standard limb leads in most normal 
individuals.

Let the frontal projection of the resultant cardiac vector 
at some moment be represented by an arrow (tail negative, 
head positive), as in Fig. 3.15. Then, the potential differ-
ence, V

LA
 − V

RA
, recorded in lead I will be represented by 

the component of the vector projected along the horizon-
tal line between LA and RA, as shown in Fig. 3.16. If the 
cardiac vector makes an angle, θ, of 60 degrees with the 
horizontal (as in panel A of Fig. 3.16), the magnitude of 
the potential recorded in lead I will equal the vector mag-
nitude times cosine 60 degrees. The deflection recorded in 
lead I will be upward, because the positive arrowhead lies 
closer to LA than to RA. The deflection in lead II will also 

be upright, because the arrowhead lies closer to LL than to 
RA. The magnitude of the lead II deflection will be greater 
than that in lead I because in this example the direction of 
the vector parallels that of lead II; therefore the magnitude 
of the projection on lead II exceeds that on lead I. Similarly, 
in lead III the deflection will be upright, and in this exam-
ple, where θ = 60 degrees, its magnitude will equal that in 
lead I.

If the vector in panel A of Fig. 3.16 is the result of the 
electrical events occurring during the peak of the QRS 
complex, the orientation of this vector is said to represent 
the mean electrical axis of the heart in the frontal plane. 
The positive direction of this axis is taken in the clockwise 
direction from the horizontal plane (contrary to the usual 
mathematical convention). For normal individuals, the 
average mean electrical axis is approximately +60 degrees 
(as in panel A of Fig. 3.16). Therefore the QRS complexes 
are usually upright in all three leads and largest in lead II.

I

II III

– +
– –

++ LA

LL

RA

Fig. 3.15  Einthoven triangle, illustrating the galvanometer con-
nections for standard limb leads I, II, and III. LA, left arm con-
nection; LL, left leg connection; RA, right arm connection. The 
arrow shows the sum of electrical forces as the cardiac vector 
obtained from the limb leads.
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Fig. 3.16  Magnitude and direction of the QRS complexes in 
limb leads I, II, and III, when the mean electrical axis (θ) is 60 
degrees (A), 120 degrees (B), and 0 degrees (C). LA, left arm 
connection; LL, left leg connection; RA, right arm connection. 
The white areas indicate the projection on the frontal plane of 
QRS waves in each limb lead, and the large white arrow shows 
the resultant electrical axis of the cardiac vector.
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With appreciable shift of the mean electrical axis to the 
right (panel B of Fig. 3.16, in which θ = 120 degrees), the 
displacements of the QRS complexes in the standard leads 
change considerably. In this case the largest upright deflec-
tion is in lead III and the deflection in lead I is inverted, 
because the arrowhead is closer to RA than to LA. With left 
axis shift (panel C of Fig. 3.16, where θ = 0 degrees), the 
largest upright deflection is in lead I, and the QRS complex 
in lead III is inverted.

As is evident from this discussion, the standard limb 
leads I, II, and III are oriented in the frontal plane at 0, 60, 
and 120 degrees, respectively, from the horizontal plane. 
Other limb leads, which are also oriented in the frontal 
plane, are usually recorded in addition to the standard 
leads. These “unipolar limb leads” lie along axes at angles 
of +90, −30, and −150 degrees from the horizontal plane. 
Such augmented lead systems are described in textbooks on 
electrocardiography and are not considered further here.

To obtain information concerning the projections of 
the cardiac vector on the sagittal and transverse planes of 
the body in scalar electrocardiography, the precordial leads 
are usually recorded. Most commonly, each of six selected 
points on the anterior and lateral surfaces of the chest in the 
vicinity of the heart is connected in turn to the galvanome-
ter. The other galvanometer terminal is usually connected to 
a central terminal, which is composed of a junction of three 
leads from LA, RA, and LL, each in series with a 5000-ohm 
resistor. The voltage of this central terminal remains at a the-
oretical zero potential throughout the cardiac cycle. 

DYSRHYTHMIAS OCCUR FREQUENTLY 
AND CONSTITUTE IMPORTANT CLINICAL 
PROBLEMS
Cardiac dysrhythmias reflect disturbances of either 
impulse propagation or impulse initiation. The princi-
pal disturbances of impulse propagation are conduction 
blocks and reentrant rhythms. Disturbances of impulse 
initiation include those that arise from the SA node and 
those that originate from various ectopic foci.

Altered Sinoatrial Rhythms
The frequency of pacemaker discharge varies by the mech-
anisms described earlier in this chapter (see Fig. 3.3). 
Changes in SA nodal discharge frequency are usually pro-
duced by cardiac autonomic nerves. Examples of electro-
cardiograms of sinus tachycardia and sinus bradycardia are 
shown in Fig. 3.17. The P, QRS, and T deflections are all nor-
mal, but the duration of the cardiac cycle (the P-P interval) 
is altered. Characteristically, when sinus bradycardia or 
tachycardia develops, the cardiac frequency changes gradu-
ally and requires several beats to attain its new steady-state 
value. Electrocardiographic evidence of respiratory cardiac 
dysrhythmia is common and is manifested as a rhythmic 
variation in the P-P interval at the respiratory frequency 
(see Fig. 5.13). 

Atrioventricular Transmission Blocks
Various physiological, pharmacological, and pathological 
processes can impede impulse transmission through the 
AV conduction tissue. The site of block can be localized 
more precisely by recording the His bundle electrogram 
(Fig. 3.18). To obtain such tracings, an electrode catheter 
is introduced into a peripheral vein and threaded cen-
trally until the tip containing the electrodes lies in the AV 
junctional region between the right atrium and ventricle. 
When the electrodes are properly positioned, a distinct 
deflection (see Fig. 3.18H) is registered that represents the 
passage of the cardiac impulse down the bundle of His.  

Changes in the mean electrical axis may occur with 
alterations in the anatomical position of the heart or 
with changes in the relative preponderance of the right 
and left ventricles. For example, the axis tends to shift 
toward the left (more horizontal) in short, stocky indi-
viduals and toward the right (more vertical) in tall, thin 
persons. Also, with left or right ventricular hypertrophy 
(increased myocardial mass), the axis shifts toward the 
hypertrophied side.

CLINICAL BOX 

Sinus tachycardia.

Normal sinus rhythm.

Sinus bradycardia.

A

B

C
Fig. 3.17  Sinoatrial rhythms.
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The time intervals required for propagation from the 
atrium to the bundle of His (A-H interval) and from the 
bundle of His to the ventricles (H-V interval) may be mea-
sured accurately. Abnormal prolongation of the former or 
latter interval indicates block above or below the bundle of 
His, respectively. 

Premature Depolarizations
Premature depolarizations occur at times in most normal 
individuals but are more common under certain abnormal 
conditions. They may originate in the atria, AV junction, 
or ventricles. One type of premature depolarization is cou-
pled to a normally conducted depolarization by a constant  
coupling interval. If the normal depolarization is sup-
pressed temporarily (e.g., by vagal stimulation), the pre-
mature depolarization is also suppressed. Such premature 
depolarizations are called coupled extrasystoles, or simply 
extrasystoles, and they probably reflect a reentry phenome-
non (see Fig. 3.12). A second type of premature depolariza-
tion occurs as the result of enhanced automaticity in some 
ectopic focus. This ectopic center may fire regularly and 
may be protected from depolarization by the normal car-
diac impulse. If this premature depolarization occurs at a 
regular interval or at a simple multiple of that interval, the 
disturbance is called parasystole.

A premature atrial depolarization is shown in the elec-
trocardiogram in Fig. 3.19A. The normal interval between 
beats was 0.89 s (heart rate, 68 beats/min). The premature 
atrial depolarization (second P wave in the figure) followed 
the preceding P wave by only 0.56 s. The configuration of 
the premature P wave differs from the configuration of the 

other, normal P waves because the path of atrial excitation, 
originating at some ectopic focus in the atrium, is different 
from the normal spread of excitation that originates in the 
SA node. The QRS complex of the premature depolariza-
tion is usually normal in configuration, because the spread 
of ventricular excitation occurs over the usual pathways.

A premature ventricular depolarization appears in 
Fig. 13.19B. Because the premature excitation originated 
at some ectopic focus in the ventricles, the impulse spread 
was aberrant, and the configurations of the QRS and T 
waves are entirely different from the normal deflections. 
The premature QRS complex followed the preceding nor-
mal QRS complex by only 0.47 s. The interval after the 
premature excitation is 1.28 s, considerably longer than 
the normal interval between beats (0.89 s). The interval 
(1.75 s), from the QRS complex just before the premature 
excitation to the QRS complex just after it, is virtually 
equal to the duration of two normal cardiac cycles (1.78 s).

The prolonged interval that usually follows a premature 
ventricular depolarization is called a compensatory pause. The 
reason for the compensatory pause after a premature ven-
tricular depolarization is that the ectopic ventricular impulse 

0.2 s
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A H V

Fig. 3.18  His bundle electrogram (lower tracing, retouched) 
and lead II of the scalar electrocardiogram (upper tracing). The 
deflection (H) that represents the impulse conduction over the 
bundle of His is clearly visible between the atrial (A) and ven-
tricular (V) deflections. The conduction time from the atria to 
the bundle of His is denoted by the A-H interval; that from the 
bundle of His to the ventricles, by the H-V interval.

P P P

A

B
Fig. 3.19  A premature atrial depolarization (A) and a premature 
ventricular depolarization (B). Atrial depolarization indicated by 
P; the premature atrial depolarization (second beat in the top 
tracing) is followed by normal QRS and T waves. The interval 
after the premature depolarization is not much longer than the 
usual interval between beats. The brief rectangular deflection 
just before the last depolarization is a standardization signal. 
The premature ventricular depolarization (B) is characterized by 
bizarre QRS and T waves and is followed by a compensatory 
pause.
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does not disturb the natural rhythm of the SA node. Either 
the ectopic ventricular impulse is not conducted retrogradely 
through the AV conduction system or, if it is, the time 
required is such that the SA node has already fired at its natu-
ral interval before the ectopic impulse could have reached it. 
Likewise, the SA nodal impulse that was generated between 
the second and third QRS complexes in Fig. 3.19B did not 
affect the ventricle because the AV junction and perhaps also 
the ventricles were still refractory from the premature exci-
tation. In Fig. 3.19B, the P wave that originated in the SA 
node at the time of the premature depolarization occurred 
at the same time as the T wave of the premature cycle and 
therefore cannot easily be identified in the tracing. 

Ectopic Tachycardias
When a tachycardia originates from some ectopic site in 
the heart, the onset and termination are typically abrupt, 
in contrast to the more gradual changes in heart rate in 
sinus tachycardia. Such ectopic tachycardias are usually 
called paroxysmal tachycardias because of their sud-
den appearance and abrupt cessation. Such tachycardias 
may cause light-headedness or even transient loss of con-
sciousness (syncope), because the very rapid contraction 
frequency does not permit adequate time for ventricular 
filling between heartbeats.

Paroxysmal tachycardias that originate in the atria or 
in the AV junctional tissues (Fig. 3.20A) are usually indis-
tinguishable, and therefore both are included in the term  
paroxysmal supraventricular tachycardia. The tachycar-
dia often results from an impulse repetitively circling  

a reentry loop that includes atrial tissue, the AV junction, 
or both. The QRS complexes are often normal because 
ventricular activation proceeds over the normal pathways.

Paroxysmal ventricular tachycardia originates from an 
ectopic focus in the ventricles. The electrocardiogram is 
characterized by repeated, bizarre QRS complexes that 
reflect the aberrant intraventricular impulse conduction 
(see Fig. 3.20B). Paroxysmal ventricular tachycardia is 
much more ominous than supraventricular tachycardia 
because it is frequently a precursor of ventricular fibrilla-
tion, a lethal dysrhythmia described in the next section. 

Fibrillation
Under certain conditions, cardiac muscle undergoes an 
irregular type of contraction that is entirely ineffectual in 
propelling blood. Such a dysrhythmia is termed fibrillation 
and may involve either the atria or the ventricles. Fibrillation 
probably represents a reentry phenomenon in which the 
reentry loop fragments into multiple, irregular circuits.

Episodes of ectopic tachycardia may persist for only a 
few beats or for many hours or days, and the episodes 
often recur. Paroxysmal tachycardias may occur as the 
result of (1) the rapid firing of an ectopic pacemaker; 
(2) triggered activity secondary to afterpotentials that 
reach threshold; or (3) an impulse circling a reentry loop 
repetitively.

CLINICAL BOX 

Supraventricular tachycardia.

Ventricular tachycardia.

A

B Fig. 3.20  Paroxysmal tachycardias.
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The tracing in Fig. 3.21A illustrates the electrocardio-
graphic changes in atrial fibrillation as seen in various types 
of chronic heart disease. The atria do not contract and relax 
sequentially during each cardiac cycle and hence do not 
contribute to ventricular filling. Instead, the atria undergo a 
continuous, uncoordinated, rippling type of activity. In the 
electrocardiogram there are no P waves; they are replaced by 
continuous irregular fluctuations of potential, called f waves.

Although atrial fibrillation and flutter are compatible 
with life and even with full physical activity, the onset of 
ventricular fibrillation leads to loss of consciousness 
within a few seconds. The irregular, continuous, uncoor-
dinated twitchings of the ventricular muscle fibers pump 

no blood. In the electrocardiogram in Fig. 3.21B, irregular 
fluctuations of potential are manifest.

Fibrillation is often initiated when a premature impulse 
arrives during the vulnerable period. In the ventricles, 
this period coincides with the downslope of the T wave. 
During this period, the excitability of the cardiac cells var-
ies. Some fibers are still in their effective refractory periods, 
others have almost fully recovered their excitability, and 
still others are able to conduct impulses but only at very 
slow conduction velocities. As a consequence, the action 
potentials are propagated over the chambers in multiple 
wavelets that travel along circuitous paths and at various 
conduction velocities. As a region of cardiac cells becomes 
excitable again, it will ultimately be reentered by one of the 
wave fronts traveling about the chamber. The process is 
self-sustaining.

Electric shock is sometimes used to treat ventricular 
fibrillation, and sometimes also atrial fibrillation, especially 
when the disturbance does not respond optimally to drugs. 
The timing of the shock is coordinated with the absolute 
refractory period of the ventricles (i.e., during or shortly 
after the QRS deflection of the electrocardiogram), so that 
the shock does not affect ventricular excitation. However, 
the shock will render all the atrial myocytes temporarily 
refractory, and thereby interrupt the prevailing reentry 
circuits. 

Atrial fibrillation.

Ventricular fibrillation.

A

B
Fig. 3.21  Atrial and ventricular fibrillation.

In atrial fibrillation, the AV node is activated at inter-
vals that may vary considerably from cycle to cycle. 
Hence there is no constant interval between QRS 
complexes and therefore between ventricular contrac-
tions. Because the strength of ventricular contraction 
depends on the interval between beats (see Fig. 5.24), 
the volume and rhythm of the pulse are very irregular. 
In many patients the atrial reentry loop and the pattern 
of AV conduction are more regular. The rhythm is then 
referred to as atrial flutter.

CLINICAL BOX 
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   	SUMMARY
	•	� Automaticity is characteristic of certain cells in the 

heart, notably those in the SA and AV nodes and in the 
specialized conducting system. Automaticity is achieved 
by a slow spontaneous depolarization of the membrane 
during phase 4.

	•	� The SA node initiates the impulse that induces cardiac 
contraction. This impulse is propagated from the SA 
node to the atria, and the wave of excitation ultimately 
reaches the AV node.

	•	� The AV node cells are slow-response fibers, and the 
impulse travels very slowly through the AV node. The 
consequent delay between atrial and ventricular depo-
larizations provides adequate time for atrial contraction 
to help fill the ventricles.

	•	� Impulses may be initiated abnormally (1) by slow dia-
stolic depolarization of automatic cells in ectopic sites, 
or (2) by afterdepolarizations that reach threshold.

	•	� Ectopic foci: Automatic cells in the atrium, AV node, 
or His-Purkinje system may initiate propagated cardiac 
impulses either because the ordinarily more rhythmic, 
normal pacemaker cells are suppressed or because the 
rhythmicity of the ectopic foci is abnormally enhanced.

	•	� Afterdepolarizations: Under abnormal conditions, after-
depolarizations may appear early in phase 3 of a nor-
mally initiated beat, or they may be delayed until near 
the end of phase 3 or the beginning of phase 4. Such 
afterdepolarizations may themselves trigger propagated 
impulses.

	•	� Disturbances of impulse conduction consist mainly of 
simple conduction block and reentry:

	•	� Simple conduction block: Failure of propagation in a 
cardiac fiber as the result of a disease process (e.g., isch-
emia, inflammation) or a drug.

	•	� Reentry: A cardiac impulse may traverse a loop of cardiac 
fibers and reenter previously excited tissue when the imp
ulse is conducted slowly around the loop and the impulse  
is blocked unidirectionally in some section of the loop.

	•	� The electrocardiogram is recorded from the surface 
of the body and traces the conduction of the cardiac 
impulse through the heart. The component waves of 
the electrocardiogram are:

	•	� P wave: Spread of excitation over the atria.
	•	� QRS interval: Spread of excitation over the ventricles.
	•	� T wave: Spread of repolarization over the ventricles. 

   	KEYWORDS AND CONCEPTS
Atrial fibrillation
Automaticity
Bundle of His
Einthoven triangle
Dysrhythmias
Electrocardiogram
AV block
Impulse propagation
Overdrive suppression

P wave
Premature atrial depolarization
Premature ventricular depolarization
QRS complex
Slow diastolic depolarization
Triggered activity
Unidirectional block
Ventricular fibrillation
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History
An 18-year-old high school student has seen a cardiologist 
regularly since it was discovered that she had symptoms 
of long QT (LQT) syndrome 3 years ago. At that time she 
experienced several episodes of light-headedness during 
a soccer game. Her family physician performed an anal-
ysis of systems, which found everything normal except 
for some electrocardiographic abnormalities. She was 
referred to the cardiologist whose examination included 
an ECG. The cardiologist reported a patient in normal sinus 
rhythm with a heart rate of 71 beats/min. Other ECG data 
were a PR interval of 0.14 s, QRS duration of 0.10 s, and 
a QT interval of 475 ms. The QT interval, even when cor-
rected for heart rate, is abnormally long. Analysis of DNA 
revealed that the patient had a mutation in a gene linked to 
a cardiac potassium channel. The mutation (loss of func-
tion) results in less outward repolarizing current and there-
fore a longer ventricular action potential. The phenotype 
of her syndrome is designated LQT1. The cardiologist 
had the patient walk around the office for light exercise. 
Immediately after exercising, her heart rate was increased 
and her QT interval had decreased, as expected. The car-
diologist advised her not to participate in competitive ath-
letics and prescribed a β-adrenergic antagonist (atenolol) 
to be taken daily. She has followed this regimen and has 
remained symptom-free since first diagnosed.
	1.	� The PR interval of 0.14 s indicates that:
	 a.	� impulse initiation in the SA node is unusually rapid.
	 b.	� conduction of the impulse through the bundle 

branches is slower than normal.
	 c.	� conduction time of the impulse from atria through 

the AV node and ventricular conducting system to 
ventricles are normal.

	 d.	� atrial action potentials are initiated within normal lim-
its.

	 e.	� the contractile state of the left ventricle is weaker 
than normal.

	2.	� The QT interval measures the average:
	 a.	� interval between successive SA node impulses.
	 b.	� conduction velocity of atrial muscle.
	 c.	� time for impulse conduction through the AV 

node.
	 d.	� velocity of conduction in the ventricular conducting 

system.
	 e.	� duration of the ventricular action potential.
	3.	� When the patient exercised, her heart rate increased, 

and this can be measured in:
	 a.	� reduced R-R interval.
	 b.	� lengthened PR interval.
	 c.	� increased duration of the QRS complex.
	 d.	� decreased amplitude of P waves.
	 e.	� increased R wave amplitude.
	4.	� The long QT syndrome is associated with early 

afterdepolarizations (EADs) and can eventually pro
duce torsades de pointes (a form of ventricular 
fibrillation). During exercise, the patient’s QT inter
val:

	 a.	� increased because of greater closing of repolarizing 
K channels.

	 b.	� decreased because of greater opening of depolariz-
ing Na channels.

	 c.	� increased because of greater inactivation of Na 
channels.

	 d.	� decreased because of greater activation of repolar-
izing K channels.

	 e.	� increased because of greater tendency for reentry.
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The Cardiac Pump

4

O B J E C T I V E S
	1.	� Learn how the microscopic and gross anatomy of the 

heart enables it to pump blood through the systemic 
and pulmonary circulations.

	2.	� Indicate how electrical excitation of the heart is cou-
pled to its contractions.

	3.	� Elucidate the main factors that determine cardiac con-
tractile force.

	4.	� Describe and explain the pressure changes in the heart 
chambers and great vessels during a complete cardiac 
cycle.

	5.	� Relate cardiac ATP metabolism to oxidation of fatty 
acids and carbohydrates.

	6.	� Learn how cardiac O
2
 consumption links cardiac sub-

strate metabolism with ventricular function.
 

The heart exhibits a wide range of activity and functional 
capacity, and it performs a tremendous amount of work 
in pumping blood throughout the body over the lifetime 
of an individual. For blood to be efficiently ejected from 
any of the four chambers of the heart, the volume of the 
chamber must be quickly and forcefully reduced. This is 
accomplished by rapid electrical activation (see Chapter 
3) and subsequent uniform contraction of all the car-
diac muscle cells in the wall of that chamber. The overall 
strength of contraction of that chamber is determined by 
the combined strength of contraction of each muscle cell. 
Beat-by-beat variation of the overall strength of cham-
ber contraction is also required, and this is achieved by 
varying the strength of contraction of each muscle cell. 
This mechanism is distinct from that in skeletal muscle, 
in which variation in contraction strength results from 
changing the number of muscle fibers that are activated 
to contract maximally (tetanically). Thus physiologically 
useful contraction of a cardiac chamber depends on tissues 
and structures that electrically excite all muscle cells. Also 
required are intrinsic and extrinsic mechanisms that mod-
ulate directly the strength of contraction of individual cells. 
The strength of contraction of each cell is determined not 
only by excitation-contraction coupling within it but also by  
its (sarcomere) length, which is determined by the physical 
forces acting on the cell, both before contraction (preload) 
and during contraction (afterload). In this chapter we con-
sider some of the basic intrinsic mechanisms (viz. those in 
myocardial cells and arising in the heart itself) that affect 

cardiac activity; the effects of extracardiac factors are dis-
cussed in subsequent chapters. It will be useful to compare 
throughout this text some of the features of cardiac muscle 
and skeletal muscle that relate to their different functions.

THE MICROSCOPIC AND GROSS 
STRUCTURES OF THE HEART

Cardiac Muscle (Myocardial) Cell Morphology
Several important morphological and functional differ-
ences exist between myocardial cells (Figs. 4.1–4.4) and 
skeletal muscle cells. However, the contractile elements 
within cardiac and skeletal muscle are quite similar. Each 
skeletal and cardiac muscle cell is made up of sarcomeres 
(from Z line to Z line) that contain thick filaments com-
posed of myosin (in the A band) and thin filaments con-
taining actin. The thin filaments extend from the point 
where they are anchored to the Z line (through the I band) 
to interdigitate with the thick filaments. Shortening occurs 
by the sliding filament mechanism, as in the case of skeletal 
muscle. Actin filaments slide along adjacent myosin fila-
ments by cycling of the intervening crossbridges, thereby 
bringing the Z lines closer together and shortening the cell.

A striking difference between cardiac and skeletal 
muscle is that myocardial cells are all electrically and 
mechanically connected within the wall of a particular 
heart chamber. At the junction of the longitudinal ends 
of each pair of cardiac cells, the surface membranes are 
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folded and intercalated with the membrane of its neigh-
bor. These regions are known as intercalated disks (IDs) 
and contain the specialized proteins and structures 
that provide the mechanical and electrical connections 
between the two cells. Desmosomes are comprised of 
certain cell adhesion proteins (cadherins) and provide a 
strong, force transmitting connection between the ends of 

the myocardial cells. As the wave of excitation approaches 
the end of a cardiac cell (see Fig. 2.17), the spread of 
excitation to the next cell depends on the electrical con-
ductance of the boundary between the two cells. As dis-
cussed previously (see Chapter 2), gap junctions (GJs or 
nexuses) with high conductance are present in the IDs 
between adjacent cells (see Fig. 4.2C–D). GJs are sparse 

Sarcoplasmic reticulum

Z bandSarcolemma

Myofibril

Collagenous basement
membrane

Terminal cisternae of
sarcoplasmic reticulum Mitochondria T-tubule

Sarcoplasmic reticulum
and T-tubule as a “diad”

Fig. 4.1  Diagram of a cardiac sarcomere illustrating the relationships among components of the cardiac 
myocyte (Redrawn from Fawcett, D., & McNutt, N. S. (1969). The ultrastructure of the cat myocardium. I. 
Ventricular papillary muscle. The Journal of Cell Biology, 42, 1–45.)

Fig. 4.2  (A) Low-magnification electron micrograph of a monkey heart (ventricle). Typical features of myocardial cells include the 
elongated nucleus (Nu), striated myofibrils (MF) with columns of mitochondria (Mit) between the myofibrils, and intercellular junc-
tions (intercalated disks, ID). A blood vessel (BV) is located between two myocardial cells. (B) Medium-magnification electron micro-
graph of monkey ventricular cells showing details of ultrastructure. The sarcolemma (SL) is the boundary of the muscle cells and is 
thrown into multiple folds where the cells meet at the ID region. The prominent MFs show distinct banding patterns, including the 
A band (A), dark Z lines (Z), I band regions (I), and M lines (M) at the center of each sarcomere unit. Mitochondria (Mit) occur either in 
rows between MFs or in masses just underneath the sarcolemma. Regularly spaced transverse tubules (TT) appear at the Z line lev-
els of the myofibrils. (C) High-magnification electron micrograph of a specialized intercellular junction between two myocardial cells 
of the mouse. Called a gap junction (GJ), or nexus, this attachment consists of very close apposition of the sarcolemmal membranes 
of the two cells and appears in thin section to consist of seven layers. (D) Freeze-fracture replica of mouse myocardial gap junction, 
showing distinct arrays of characteristic intramembranous particles. Large particles (P) belong to the inner half of the sarcolemma 
of one myocardial cell, whereas the “pitted” membrane face (E) is formed by the outer half of the sarcolemma of the cell above it.
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between the lateral borders of the cells and thus cardiac 
impulses progress more rapidly in a direction parallel to 
(isotropic) the long axes of the constituent fibers than in 
a direction perpendicular to (anisotropic) the long axes 
of those fibers. Thus IDs that connect the cardiac cells 
contain the structures, desmosomes, and GJs that allow 
the rapid and efficient activation and contraction of the 
ventricular and atrial muscle tissue.

Cardiac and fast skeletal muscle fibers differ in the num-
ber of mitochondria in the two tissues. Fast skeletal muscle, 
which is called on for relatively short periods of repetitive 
or sustained contractions and which can metabolize anaer-
obically and build up a substantial O

2
 debt, has relatively 

few mitochondria in its fibers. In contrast, cardiac mus-
cle, which contracts repetitively for a lifetime and requires 
a continuous supply of O

2
, is very rich in mitochondria 

(see Figs. 4.1–4.3). Rapid oxidation of substrates with the 
synthesis of adenosine triphosphate (ATP) can keep pace 
with the myocardial energy requirements because of the 
large numbers of mitochondria containing the respiratory 
enzymes necessary for oxidative phosphorylation (see later 
in this chapter).

To provide adequate O
2
 and substrate for its metab-

olism, the myocardium is endowed with a rich capillary 
supply, about one capillary per fiber. Thus diffusion dis-
tances are short, and O

2
, CO

2
, substrates, and waste mate-

rial can move rapidly between the myocardial cell and 
capillary.

Ventricular muscle cells and skeletal muscle cells have 
a well-developed system of invaginations of the surface 
membrane, known as transverse tubules, or T-tubules. 
In ventricular cells, the T-tubules run into the cells at the 
Z-discs (or Z line). In mammalian skeletal muscle however, 
T-tubules penetrate at the level of the A–I band junction. 
The atrial cells of small mammals do not contain T-tubules. 
The atrial cells of large mammals, such as sheep, horses, 
and humans, are now known to contain a T-tubule system, 
although it is less extensive than that found in ventricular 
cells. In all muscle cells, the primary function of T-tubules 
is to conduct the electrical excitation into the interior of 
the muscle cell, such that excitation-contraction coupling 

occurs near all the myofibrillar bundles (see later in this 
chapter). The T-tubule lumina are continuous with the bulk 
interstitial fluid. In mammalian ventricular cells, adjacent 
T-tubules are interconnected by longitudinally running 
or axial tubules that form an extensively interconnected 
lattice of intracellular tubules (see Fig. 4.3). This T-tubule 
system is open to the interstitial fluid, is lined with a base-
ment membrane continuous with the surface sarcolemma, 
and contains micropinocytotic vesicles. Thus in myocardial 
cells, the myofibrils and mitochondria have ready access to 
a space continuous with the interstitial fluid.

A network of sarcoplasmic reticulum (SR) (see Fig. 
4.3C) consisting of small-diameter sarcotubules also sur-
rounds the myofibrils; these sarcotubules are believed to 
be closed because colloidal tracer particles (2 to 10 nm in 
diameter) do not enter them. They do not contain abase-
ment membrane. Flattened elements of the SR are often 
found close to the T-tubule system and to the surface sar-
colemma, forming “dyads” (see Fig. 4.4). 

Structure of the Heart: Atria, Ventricles,  
and Valves
The mammalian heart has four chambers, consisting of 
two pumps in series. The right heart, consisting of the right 
atrium and right ventricle, pumps venous blood to the pul-
monary circulation; and the left heart, consisting of the left 
atrium and left ventricle, pumps oxygenated blood into the 
systemic circulation at relatively high pressure (Figs. 4.5 
and 4.6). The atria are thin-walled, low-pressure chambers 
that function more as large reservoirs of blood for their 
respective ventricles than as important pumps for the for-
ward propulsion of blood. The ventricles are a continuum 
of muscle fibers that originate from the fibrous skeleton 
at the base of the heart (chiefly around the aortic orifice). 
These fibers sweep toward the apex at the epicardial sur-
face and also pass toward the endocardium as they grad-
ually undergo a 180-degree change in direction (Fig. 4.7). 
Thus they lie parallel to the epicardial fibers and form the 
endocardium and papillary muscles (see Fig. 4.5). At the 
apex of the heart, the fibers twist and turn inward to form 
papillary muscles. At the base and around the valve orifices 

Fig. 4.3  (A) Low-magnification electron micrograph of the right ventricular wall of a mouse heart. Tissue was fixed in a phosphate-
buffered glutaraldehyde solution and postfixed in ferrocyanide-reduced osmium tetroxide. This procedure has resulted in the deposition 
of electron-opaque precipitate in the extracellular space, thus outlining the sarcolemmal borders (SL) of the muscle cells and delineating 
the intercalated disks (ID) and transverse tubules (TT). Nu, Nucleus of the myocardial cell. (B) Mouse cardiac muscle in longitudinal 
section, treated as in (A). The path of the extracellular space is traced through the ID region, and sarcolemmal invaginations that are ori-
ented transverse to the cell axis (TT) or parallel to it (axial tubules, AT) are clearly identified. Gap junctions (GJ) are associated with the ID. 
Mitochondria (Mit) are large and elongated and lie between the myofibrils. (C) Mouse cardiac muscle. Tissue treated with ferrocyanide-
reduced osmium tetroxide to identify the internal membrane system (sarcoplasmic reticulum, SR). Specific staining of the SR reveals its 
architecture as a complex network of small-diameter tubules that are closely associated with the myofibrils and mitochondria.
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Fig. 4.5  Drawing of a heart split perpendicular to the interventricular septum illustrates the anatomical rela-
tionships of the leaflets of the atrioventricular and aortic valves.
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Fig. 4.4  An electron micrograph of mammali-
an myocardium that shows a cross section of 
a transverse tubule (TT) adjacent to junctional 
sarcoplasmic reticulum (JSR). Junctional pro-
cesses (JP) extend from the JSR into the cell 
cytoplasm. The JPs are proteins that make up 
the calcium release channels from the SR and 
are also called ryanodine receptors because 
they bind the insecticide ryanodine. JG, Junc-
tional gap; MIT, mitochondrion. (Courtesy 
Joachim R. Sommer.)



55CHAPTER 4  The Cardiac Pump

(see Fig. 4.6), the fibers form a thick, powerful muscle that 
not only decreases ventricular circumference for ejection 
of blood but also narrows the atrioventricular (AV) valve 
orifices to help close the valve.

Ventricular ejection occurs when the circumference is 
reduced and the longitudinal axis decreases with descent 
of the base of the heart. The earlier contraction of the api-
cal part of the ventricles, coupled with approximation of 
the ventricular walls, propels the blood toward the outflow 
tracts. The right ventricle, which develops a mean pressure 
about one seventh of that developed by the left ventricle, is 
considerably thinner than the left. The cardiac valves con-
sist of thin flaps of flexible, tough, endothelium-covered 
fibrous tissue firmly attached at the bases to the fibrous 
valve rings. Movements of the valve leaflets are essentially 
passive, and the orientation of the cardiac valve is respon-
sible for unidirectional flow of blood through the heart. 
There are two types of valves in the heart—the AV valves 
and the semilunar valves (see Figs. 4.5 and 4.6).

Atrioventricular Valves
The valve between the right atrium and right ventricle is 
made up of three cusps (tricuspid valve), whereas the valve 
between the left atrium and left ventricle has two cusps 
(mitral valve). The total area of the cusps of each AV valve 
is approximately twice that of their respective AV orifices, 
so that there is considerable overlap of the leaflets in the 

closed position (see Figs. 4.5 and 4.6). Attached to the free 
edges of these valves are fine, strong ligaments (chordae 
tendineae), which arise from the powerful papillary mus-
cles of the respective ventricles and prevent eversion of the 
valves during ventricular systole. 

Semilunar Valves
The valves between the right ventricle and the pulmonary 
artery and between the left ventricle and the aorta consist 
of three cuplike cusps attached to the valve rings (see Figs. 
4.5 and 4.6). At the end of the reduced ejection phase of 
ventricular systole, there is a brief reversal of blood flow 
toward the ventricles (shown as a negative flow in the 
phasic aortic flow curve in Fig. 4.14) that snaps the cusps 
together and prevents regurgitation of blood into the ven-
tricles. During ventricular systole the cusps do not lie back 
against the walls of the pulmonary artery and aorta but 
float in the bloodstream approximately midway between 
the vessel walls and their closed position. Behind the semi-
lunar valves are small outpocketings of the pulmonary 
artery and aorta (sinuses of Valsalva), where eddy currents 
develop that tend to keep the valve cusps away from the 
vessel walls. The orifices of the right and left coronary arter-
ies are behind the right and the left cusps, respectively, of 
the aortic valve. Were it not for the presence of the sinuses 
of Valsalva and the eddy currents developed therein, the 
coronary ostia could be blocked by the valve cusps. 
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Fig. 4.6  Four cardiac valves as viewed from the base of the heart. Note how the leaflets overlap in the closed 
valves.
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The Pericardium Is an Epithelized Fibrous Sac That 
Invests the Heart
The pericardium consists of a visceral layer that adheres 
to the epicardium and a parietal layer that is separated 
from the visceral layer by a thin layer of fluid. This fluid 
provides lubrication for the continuous movement of the 
enclosed heart. The pericardium strongly resists a large, 
rapid increase in cardiac size because its distensibility is 
small. The pericardium plays a role in preventing sudden 
overdistention of the chambers of the heart because of this 
characteristic. However, with congenital absence of the 
pericardium or after its surgical removal, cardiac function 

is within physiological limits. Nevertheless, with the peri-
cardium intact, an increase in diastolic pressure in one ven-
tricle increases the pressure and decreases the compliance of 
the other ventricle. 

THE FORCE OF CARDIAC CONTRACTION 
IS DETERMINED BY EXCITATION-
CONTRACTION COUPLING AND THE INITIAL 
SARCOMERE LENGTH OF THE MYOCARDIAL 
CELLS

Excitation-Contraction Coupling Is Mediated  
by Calcium
In cardiac muscle, as in skeletal muscle, a rise in cytoplasmic 
Ca++ initiates contraction, and the strength of the contrac-
tion depends on both the magnitude of the rise in cyto-
plasmic [Ca++] and the initial length of the sarcomeres (see 
Fig. 4.12). Certain cellular processes (Fig. 4.8) participate 
in controlling the cytoplasmic Ca++ concentration during 
the heartbeat, and thus they are major determinants of the 
ability of the heart to contract. The processes that control 
Ca++ are generally thought to control the ability of the heart 
to contract at a given cardiac cell length; this is known as car-
diac contractility. The influence of cardiac cell length on the 
strength of contraction is referred to as cardiac mechanics.

Initially, a wave of electrical excitation (action poten-
tial) spreads rapidly along the myocardial sarcolemma from 
cell to cell via gap junctions. Excitation also spreads to the 
cell interior via the T-tubules, which invaginate the cardiac 
fibers at the Z lines. An early and important experimental 
observation was that local electrical stimulation at the Z line 

Endocardium

Midwall

100 µm

Epicardium

Fig. 4.7  Sequence of photomicrographs showing fiber angles 
in successive sections taken from the middle of the free wall of 
the left ventricle from a heart in systole. The sections are paral-
lel to the epicardial plane. The fiber angle is 90 degrees at the 
endocardium, running through 0 degrees at the midwall to −90 
degrees at the epicardium. (From Streeter, D. D., Jr., Spotnitz, 
H. M., Patel, D. P., Ross, J., Jr., & Sonnenblick, E. H. (1969). 
Fiber orientation in the canine left ventricle during diastole and 
systole. Circulation Research, 24, 339–347.)

CLINICAL BOX
If the heart becomes greatly distended with blood during 
diastole and becomes spherical, as may occur in cardiac 
failure, it is less efficient; more energy is required (greater 
wall tension) for the distended heart to eject the same 
volume of blood per beat than for the normal undilated 
heart. This is an example of Laplace’s law (Chapter 8), 
which states that the tension (T, force/unit length) in the 
wall of a vessel equals the transmural pressure difference 
(pressure across the wall, or distending pressure, ΔP) 
times the radius (r) of the vessel. The Laplace relation-
ship can be applied to the distended and spherical heart  
if correction is made for wall thickness. The equation is

T=ΔPr /2w 	

where T is wall stress (force/area), ΔP is transmural pres-
sure difference, r is radius, and w is wall thickness.
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elicits a localized contraction of adjacent myofibrils. During 
the plateau (phase 2) of the action potential, Ca++ permeabil-
ity of the sarcolemma increases. Ca++ enters the cell through 
voltage-dependent L-type Ca++ channels in the sarcolemma 
and in the T-tubules (see Fig. 4.8). The Ca++ channel pro-
tein is called the dihydropyridine (DHP) receptor because it 
has high affinity for this group of Ca++ channel antagonists. 
Phenylalkylamines, such as verapamil, also block L-type 
Ca++ channels. Physiologically, opening of Ca++ channels 
is facilitated by phosphorylation of the channel proteins 
by a cyclic adenosine monophosphate (cAMP)-dependent 
protein kinase. The primary source of extracellular Ca++ is 
the interstitial fluid (1 mM Ca++). Some Ca++ also may be 
bound to the sarcolemma and to the glycocalyx, a mucopo-
lysaccharide that covers the sarcolemma. The amount of 

Ca++ that enters the cell from the extracellular space through 
the L-type surface membrane Ca++ channels (I

Ca,L
) is not 

sufficient to induce physiologically significant contraction 
of the myofibrils. However, this Ca++ induces the release of 
a much larger amount of Ca++ from the intracellular Ca++ 
stores in the SR, sufficient to activate contraction. The Ca++ 
leaves the SR and enters the cytoplasm through SR calcium 
release channels, also called ryanodine receptors (RyRs), foot 
proteins or junctional processes (JP) (see Fig. 4.4). This pro-
cess is known as Ca++-induced release of Ca++, or CICR, 
in which the binding of Ca++ to RyRs opens the channel 
pore, releasing Ca++ from the SR into the junctional space 
and cytoplasm. Opening of RyRs requires a relatively high 
[Ca++] in the junctional space around them, compared with 
levels of [Ca++] achieved in the cytoplasm. A key observed 
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characteristic of CICR is that, with respect to the whole cell, 
the amount of Ca++ released from the SR is controlled by the 
Ca++ that enters via the L-type Ca++ channels. Thus the Ca++ 
current (I

Ca,L
) during the action potential (see Fig. 2.12) is a 

key regulator of the strength of the contraction. As a result 
of CICR, the cytosolic free Ca++ increases from a resting 
level of about 0.1 μM to 1 to 10 μM, and the Ca++ binds to 
the protein troponin C. The Ca++-troponin complex inter-
acts with tropomyosin to unblock active sites between the 
actin and myosin filaments, allowing crossbridge cycling 
and hence contraction of the myofibrils (systole). Several 
mechanims have been suggested, most likely within the 
lumen of the SR, to terminate SR Ca++ release. Depletion of 
the amount of Ca++ within the SR store is also involved in 
terminating SR Ca++ release.

CICR is a process that could result in uncontrolled 
release of Ca++ from the SR because the small amount of 
Ca++ that enters the cell via the Ca++ channels induces the 
release of a much larger amount of Ca++ from the SR via the 
RyRs. Possibly, Ca++ released from the SR would itself trigger 
further SR Ca++ release. Nevertheless, control of the amount 
of Ca++ released from the SR is a fundamental characteristic 
of heart cells, and this control regulates the strength of the 
heartbeat. SR Ca++ release is controlled by L-type Ca++ chan-
nels. The explanation for this apparently paradoxical control 
of SR Ca++ release by the Ca++ current (I

Ca,L
) lies in the “local 

control” theory of cardiac excitation-contraction coupling 
(Fig. 4.9). The key elements of this theory for ventricular 
muscle cells are that (1) SR Ca++ release normally occurs 
only at junctions between T-tubules and the SR at the Z lines 
of sarcomeres, and (2) a relatively high [Ca++] is required 
to activate release from the RyRs. The physical separation 
of release sites from each other, and the requirement for a 
high [Ca++] for activation of release means that Ca++ released 
from one site does not normally reach the next site in suf-
ficient concentration to activate further release. A locally 
high concentration of Ca++ is provided in the T-tubule–SR 
junction by the Ca++ entering that space through L-type 
Ca++ channels. Experimentally, the release of Ca++ at a sin-
gle T-tubule–SR junction is visible in the form of a “Ca++ 
spark,” which is a highly localized increase in [Ca++]. Ca++ 
sparks during excitation of ventricular cardiac cells arise 
only at T-tubules, and these Ca++ sparks do not spread to 
the next T-tubule–SR junction. Voltage-clamp studies have 
shown that Ca++ sparks are triggered at T-tubule–R junc-
tions by Ca++ entering via voltage-activated L-type Ca++ 
channels (see Fig. 4.9C and D). Multiple Ca++ sparks sum-
mate to produce the whole-cell Ca++ transient (see Fig. 4.9E). 
Furthermore, the number of Ca++ sparks occurring during 
depolarization is controlled by the number of L-type Ca++ 
channels that are activated, which is the magnitude of the 
Ca++ current, I

Ca,L
. Therefore during the Ca++ current of the 

action potential, the whole-cell Ca++ transient is effectively 
controlled by I

Ca,L
(and the mechanisms controlling the Ca++ 

available for release in the SR).
Mechanisms that raise systolic Ca++ increase the devel-

oped force, and those that lower Ca++ decrease the devel-
oped force. For example, catecholamines increase Ca++ 
entry into the cell by phosphorylation of the Ca++ channels 
via a cAMP-dependent protein kinase. Interestingly, when 
catecholamines enhance myocardial contractile force, they 
also elicit a limiting action by decreasing the sensitivity of 
the contractile machinery to Ca++ by phosphorylation of 
troponin I (see Fig. 4.8). When V

m
 is positive and when 

cytoplasmic [Ca++] is high, the Na+/Ca++ exchanger can 
bring Ca++ into the cell. An increase in systolic Ca++ is also 
achieved by increasing extracellular Ca++ or decreasing the 
Na+ gradient across the sarcolemma.

The sodium gradient can be reduced by increasing intra-
cellular Na+ or decreasing extracellular Na+. Cardiac glyco-
sides increase intracellular Na+ by inhibiting the Na-K pump, 
which results in an accumulation of Na+ in the cells. The ele-
vated cytosolic Na+ reverses the Na+/Ca++ exchanger so that 
less Ca++ is removed from the cell. This Ca++ is stored in the 
SR. A lowered extracellular Na+ results in a reduction in Na+ 
entry into the cell and hence less exchange of Na+ for Ca++ (see 
Fig. 4.8). Developed tension is diminished by a reduction in 
extracellular Ca++, by an increase in the Na+ gradient across 
the sarcolemma, or by administration of Ca++ blockers that 
prevent Ca++ from entering the myocardial cell (see Fig. 2.15).

CLINICAL BOX
A patient in heart failure with a dilated heart, low cardiac 
output, fluid retention, high venous pressure, an enlarged 
liver, and peripheral edema may be treated with a diuretic 
and drugs that block the neurohumoral axis (sympathetic 
nervous and renin-angiotensin systems). The diuretic 
decreases extracellular fluid volume, thereby lessen-
ing the volume load (preload) on the heart and reducing 
venous pressure, liver congestion, and edema. Drugs 
that block the production (angiotensin-converting enzyme 
inhibitors) or action (angiotensin receptor antagonists) of 
angiotensin II reduce afterload, and drugs that block β-ad-
renergic receptors reduce heart rate and energy expen-
diture. Drugs that block angiotensin II or β-adrenergic 
receptors also interfere with the structural remodeling 
(hypertrophy) of the heart that occurs in patients with 
heart failure. In some instances, digoxin, a digitalis gly-
coside that inhibits the Na-K pump, is used. Indirectly, 
digoxin increases cardiomyocyte intracellular calcium 
stores via Na+/Ca++ exchange, thereby enhancing con-
tractile force.
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W., & Wier, W. G. (1995). Local calcium transients triggered by single L-type calcium channel currents in 
cardiac cells. Science, 268, 1042–1045; Fig. 1, p. 1043. Reprinted with permission from AAAS.) (E) Under 
normal conditions of excitation-contraction coupling, the cytosolic Ca++ transient is nearly spatially uniform. 
Upper trace: ICa,L (L-type Ca2+ current) at full strength (i.e., no Ca++ channel blockers are present in the ex-
periment). Middle trace: Accompanying whole-cell cytostolic Ca++ transient. Bottom image: Accompanying 
confocal line-scan image of Ca++ indicator fluorescence showing the summation of many local Ca++ sparks 
to produce a nearly uniform rise in cytosolic [Ca++]. (Modified from López-López, J. R., Shacklock, P. S., 
Balke, C. W., & Wier, W. G. (1994). Local, stochastic release of Ca2+ in voltage-clamped rat heart cells: 
Visualization with confocal microscopy. Journal of Physiology, 480(Pt 1), 21–29.) (A full color version of Fig. 
4.9 is available online.)
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At the end of systole, the Ca++ influx ceases, and the 
SR is no longer stimulated via CICR to release Ca++. 
The SR avidly takes up Ca++ with an ATP-energized 
Ca++ pump that is regulated by phospholamban. When 
phospholamban is phosphorylated by cAMP-dependent 
protein kinase (see Fig. 4.8), its inhibition of the Ca++ 
pump is relieved. Phosphorylation of troponin I inhibits 
the Ca++ binding of troponin C, permitting tropomyosin 
to again block the sites for interaction between the actin 
and myosin filaments, and relaxation (diastole) occurs 
(see Fig. 4.8).

Cardiac contraction and relaxation are both accelerated 
by catecholamines and adenylyl cyclase activation. The 
resulting increase in cAMP activates cAMP-dependent pro-
tein kinase, which phosphorylates the Ca++ channel in the 
sarcolemma. This allows a greater influx of Ca++ into the cell 
and thereby increases contraction. However, it also acceler-
ates relaxation by phosphorylating phospholamban, which 
enhances Ca++ uptake by the SR and by phosphorylating 
troponin I, which inhibits the Ca++ binding of troponin C. 
Thus the phosphorylations by cAMP-dependent protein 
kinase serve to increase both the speed of contraction and 
the speed of relaxation.

The Ca++ that enters the cell to initiate contraction 
must be removed during diastole. The removal is primar-
ily accomplished by the exchange of 3 Na+ for 1 Ca++ (see 
Fig. 4.8). Ca++ is also removed from the cell by a pump 
that uses ATP to transport Ca++ across the sarcolemma 
(see Fig. 4.8). 

Mechanics of Cardiac Muscle
The strength of contraction of individual myocar-
dial cells is determined not only by the state of the 
excitation-contraction coupling processes but also by 
the initial length of the sarcomeres (see Fig. 4.1), which 
determines the extent that actin-myosin crossbridges 
can form and cycle (thus generating force and/or short-
ening). This length dependence of contraction can be 
observed in individual cardiac cells, in bundles of cells 
(as in ventricular strips or papillary muscles), and in the 
intact ventricles of the whole heart in the living organ-
ism. In the whole heart, the length dependence of car-
diac contraction is manifested by the Frank-Starling law 
of the heart, which is a major determinant of cardiac 
output. In the heart, the blood’s pressure constitutes 
both a load on the heart that determines the length of 
the cardiac cells before each heartbeat (the preload), and 
a load on the heart experienced as it ejects blood into its 
outflow tracts after it is electrically activated to contract 
(the afterload). The preload and afterload experienced 
by the heart in the intact circulation are determined by 

systemic factors, such as total peripheral resistance and 
blood volume, as explained further in this chapter and 
in Chapter 10.

Preload Determines the Strength of Cardiac 
Contraction
For an isolated strip of ventricular cardiac muscle or 
an isolated papillary muscle in an experimental situa-
tion (Fig. 4.10), preload is the force (load) on the mus-
cle before (pre-) it is activated to contract. The preload 
applies tension to the muscle and stretches it passively to 
a new length. In the heart, preload is the stress exerted 
on the ventricle during diastole and can be represented 
by the Laplace equation for a thick-walled sphere. Thus 
muscle can be characterized by a passive length-tension 
relationship, obtained by measuring length at differ-
ent preloads. Preload also determines the strength of an 
active, isometric contraction that begins from a particu-
lar length. The muscle may be forced to contract isomet-
rically by the addition of a very large afterload that the 
muscle will not be able to lift (see Fig. 4.10). (The further 
lengthening of the muscle that would be caused by the 
afterload is prevented with a physical stop.) Then, upon 
electrical stimulation, the muscle contracts isometrically 
(i.e., without shortening) and develops the maximum 
active force of which it is capable, from that initial length. 
Increasing preload always stretches the muscle further, 
causing both increased initial length (Fig. 4.11A) and, 
up to a point, greater active force development. The total 
tension within the muscle at the peak of the contraction 
is the sum of the passive tension and active tension (see 
Fig. 4.11B). When contractility is increased, as by norepi-
nephrine (see Fig. 4.8), the active tension and total ten-
sion are greatly increased (see Fig. 4.11C). The passive 
tension is largely unaffected when contractility increases, 
and thus the increase in total tension is caused entirely 
by greater active tension. Conversely, a reduction in con-
tractility, as might be caused by pharmacological block 
of L-type Ca++ channels, results in reduced total tension, 
largely accounted for by decreased active tension devel-
opment. The fact that active tension generated by cardiac 
muscle rises steeply with increasing initial muscle length 
is critical to the performance of the heart, allowing it to 
contract more strongly if it is stretched by a greater vol-
ume of blood before contraction.

The detailed relationship between sarcomere length and 
tension (passive and active) has also been examined (Fig. 
4.12). Cardiac sarcomere length has been determined with 
electron microscopy in papillary muscles and intact ven-
tricles rapidly fixed during systole (contracted) or diastole 
(relaxed). The developed force is maximal when cardiac 
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muscle begins its contractions at initial sarcomere length of 
2.2 μm. At this length, there is optimal overlap of thick and 
thin filaments, and a maximal number of possible cross-
bridge attachments. Although skeletal and cardiac muscles 
show somewhat similar length-tension relationships (see 
Fig. 4.12), the normal operating ranges of their sarco-
mere lengths are distinctly different. Cardiac muscle does 
not normally operate at very short (<1.8 μm) or very long 
(>2.2 μm) sarcomere lengths. Furthermore, the ascending 
limb of the cardiac muscle length-tension relation is very 
steep over the range of 1.8 to 2.0 μm, and this steepness 
cannot be accounted for entirely by more effective myo-
filament overlap, as it is in skeletal muscle. The active 
length-tension relation of skeletal muscle (see Fig. 4.12) 
is obtained with constant levels of contractile activation, 

produced by tetanic stimulation, over the whole range of 
sarcomere lengths. Cardiac muscle, however, cannot be 
tetanized, and in cardiac muscle the level of contractile 
activation increases significantly over sarcomere lengths of 
1.8 to 2.0 μm, thus accounting for the steep rise in active 
force. One mechanism not present to the same extent in 
skeletal muscle is that stretch of cardiac cells enhances the 
affinity of troponin C for Ca++. Thus troponin C binds a 
greater amount of Ca++ and forms more crossbridges. The 
mechanism responsible for this greater affinity of tropo-
nin C for Ca++ remains to be determined. One concept is 
that the thick and thin filaments are brought closer to each 
other as the diameter of the muscle fiber narrows during 
stretch because the cell maintains constant volume. The 
protein, titin, may help in this process, in that it forms a 
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c: A stop is placed against the lever, such that no further lengthening of the muscle can occur. d: Another 
weight is added (the afterload). Because of the stop, the muscle is not lengthened by this load. Only after it 
would begin to contract would this load exist on the muscle (hence the term afterload). In this case the after-
load is chosen to be so large that the muscle will not be able to lift it and will therefore be forced to contract 
isometrically. e: The muscle is stimulated electrically to contract. f: The muscle contracts, generating force, 
but does not shorten. The contraction is isometric. (B) The length of the muscle and the tension developed 
throughout the experiment in (A) are shown. The preload is a passive force that lengthens the muscle. When 
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Fig. 4.11  The effect of preload on passive tension in a strip of cardiac muscle and on the active tension it 
develops. (A) Recordings of muscle length and isometric tension, from experiments like those shown in Fig. 
4.10. Dashed and dotted lines show the response of the muscle to different preloads; increasing preload 
results in greater passive tension and greater active tension, until very high preloads, at which point peak 
active tension begins to decrease from that elicited by smaller preloads. (B) Graph of results from experi-
ments like those shown in (A). The curve Passive represents the passive force in the muscle produced by 
the preload, and the passive force is plotted as a function of the length of the muscle. Preload sets the initial 
muscle length, before it is stimulated to contract and produce active tension. The curve Total: Active plus 
Passive represents the peak tension in the muscle during active contraction, as a function of its initial length. 
(C) Increasing contractility, as produced by norepinephrine, causes increased active and total tension at any 
given initial muscle length. Decreased contractility, as might be caused by pharmacological block of cardiac 
voltage–dependent Ca++ channels (see Fig. 4.8) causes reduced active and total tension. Passive tension is 
largely unaffected.

scaffold that bonds actin and myosin filaments. Finally, 
another feature that differs from that of skeletal muscle is 
that the amount of Ca++ released from the SR in cardiac 
muscle increases with increasing sarcomere length. This is 
a time-dependent phenomenon, developing slowly over 
many beats, after the sarcomere length has been increased. 
Thus three cellular mechanisms contribute to the length 
dependence of cardiac muscle contraction from 1.8 to 2.2 
μm: (1) changes in myofilament overlap, similar to those 
in skeletal muscle; (2) increased activation as a result of 
greater chemical affinity of troponin C for Ca++; and (3) 
increased activation as a result of greater release of Ca++ 
from the SR.

Developed force of cardiac muscle is less than the max-
imal value when the sarcomeres are stretched beyond the 
optimal length because the myofilaments overlap less and 
hence reduce crossbridge cycling. At very short sarcomere 
lengths, the thin filaments overlap each other in the central 

region of the sarcomere. This double overlap of the thin 
filaments diminishes contractile force.

In summary, the passive and active length–tension 
relations of cardiac muscle (see Fig. 4.11B) arise from the 
mechanisms discussed previously and, in the whole heart, 
are reflected in the relationship between volume of the 
heart and its actively developed pressure, as discussed later. 

Afterload Determines the Velocity of Cardiac Muscle 
Shortening
A strip of cardiac muscle, and the intact heart, also expe-
riences an additional load (force) against which it must 
contract after it is activated (Fig. 4.13). This load, known 
as afterload, determines the velocity with which the muscle 
can shorten. In the intact heart, this situation represents 
left ventricular ejection into the aorta. During ejection, the 
afterload is represented by the impedance due to aortic and 
intraventricular pressures, which are virtually equal to each 
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other. Thus the afterload is the stress applied to the ventri-
cle during ejection of blood.

The effects of afterload may be examined in experiments 
(see Fig. 4.13) similar to those for preload. If the afterload 
is such that the muscle can generate enough force to lift 
the load, then the muscle contracts isometrically until it 
generates enough force to lift the afterload, after which it 
can begin to shorten. The velocity of shortening is maximal 
(V

0
) for no afterload and decreases monotonically to zero 

when the force (load) is too great for the muscle to lift at all 
(i.e., an isometric contraction). Norepinephrine increases 
the velocity of shortening at every level of afterload. 

THE SEQUENTIAL CONTRACTION 
AND RELAXATION OF THE ATRIA AND 
VENTRICLES CONSTITUTE THE CARDIAC 
CYCLE
The sequence of electrical changes, pressures, and 
mechanical events within the heart and great vessels 
leading to and away from the heart during each beat is 
known as the cardiac cycle. Knowledge of the cardiac cycle 

is critical to understanding the physiological regulation of 
cardiac output and for the clinician, for whom it is nec-
essary in assessing cardiac function. During unchanging 
physiological conditions, the events of the cardiac cycle 
are the same on each beat, but the cycle is often repre-
sented as beginning midway through diastole, as in Fig. 
4.14. In general, the cardiac cycle consists of a period 
of cardiac muscle relaxation, known as diastole, and a 
period of contraction, known as systole. Contraction of 
the ventricles is referred to as ventricular systole. The 
cardiac output (CO) is equal to the product of heart rate 
(HR) and stroke volume (SV), which is the output of the 
left ventricle on each stroke, or cycle. The SV of the left 
ventricle, which is ejected into the aorta during the ejec-
tion phase of the cardiac cycle, is simply the difference 
between the end-diastolic volume (EDV) and the end-
systolic volume (ESV). SV into the aorta is determined by 
strength and velocity of the left ventricular contraction.  
Thus myocardial contractility (i.e., excitation-contraction  
coupling processes), preload (sarcomere length), and 
afterload are important determinants of SV because these 
factors determine the strength and velocity of the myo-
cardial contraction.
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Ventricular Systole
Isovolumic Contraction
The onset of ventricular contraction coincides with the 
peak of the R wave of the electrocardiogram and the 
initial vibration of the first heart sound. It is indicated 
on the ventricular pressure curve as the earliest rise in 
ventricular pressure after atrial contraction. The phase 
between the start of ventricular systole and the opening 
of the semilunar valves (when ventricular pressure rises 
abruptly) is termed isovolumic contraction because ven-
tricular volume is constant during this brief period (see 
Fig. 4.14).

The increment in ventricular pressure during isovo-
lumic contraction is transmitted across the closed 
valves. Isovolumic contraction has also been referred 
to as “isometric contraction.” However, some fibers 
shorten and others lengthen, as evidenced by changes 
in ventricular shape; it is, therefore, not a true isometric 
contraction. 

Ejection
Opening of the semilunar valves marks the onset of the ejec-
tion phase, which may be subdivided into an earlier, shorter 
phase (rapid ejection) and a later, longer phase (reduced 
ejection). The rapid ejection phase is distinguished from the 
reduced ejection phase by (1) the sharp rise in ventricular 
and aortic pressures that terminate at the peak ventricular 
and aortic pressures; (2) a more abrupt decrease in ventric-
ular volume; and (3) a greater aortic blood flow (see Fig. 
4.14). The sharp decrease in the left atrial pressure curve at 
the onset of ejection results from the descent of the base of 
the heart and stretch of the atria. During the reduced ejec-
tion period, blood flow from the aorta to the periphery 
exceeds ventricular output, and therefore aortic pressure 
declines. Throughout ventricular systole, the blood return-
ing to the atria produces a progressive increase in atrial 
pressure. Note that during approximately the first third of 
the ejection period, left ventricular pressure slightly exceeds 
aortic pressure and flow accelerates (continues to increase), 
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whereas during the last two thirds of ventricular ejection, 
the reverse holds true. This reversal of the ventricular-aortic 
pressure gradient in the presence of continued flow of blood 
from the left ventricle to the aorta (caused by the momen-
tum of the forward blood flow) is the result of the storage 
of potential energy in the stretched arterial walls, which 
produces a deceleration of blood flow into the aorta (see 
Chapter 7). The peak of the flow curve coincides with the 
point at which the left ventricular pressure curve intersects 
the aortic pressure curve during ejection. Thereafter, flow 
decelerates (continues to decrease) because the pressure gra-
dient has been reversed.

With right ventricular ejection, there is shortening of 
the free wall of the right ventricle (descent of the tricus-
pid valve ring) and lateral compression of the chamber. 
However, with left ventricular ejection, there is very lit-
tle shortening of the base-to-apex axis, and ejection is 
accomplished chiefly by compression of the left ventricular 
chamber.

The effect of ventricular systole on left ventricular 
diameter is shown in an echocardiogram in Fig. 4.15. 
During ventricular systole, the septum and the free wall of 
the left ventricle become thicker and move closer to each 
other.

The venous pulse curve shown in Fig. 4.14 has been 
taken from a jugular vein. The a wave is caused by atrial 
contraction, the c wave by the effects of the adjacent com-
mon carotid artery and to some extent by transmission of a 
pressure wave produced by the abrupt closure of the tricus-
pid valve in early ventricular systole. The v wave is caused 
by the pressure of blood returning from the peripheral 
vessels and the abrupt opening of the tricuspid valve. Note 
that except for the c wave, the venous pulse closely follows 
the atrial pressure curve.

At the end of ejection, a volume of blood approxi-
mately equal to that ejected during systole remains in the 
ventricular cavities. This residual volume (ESV) is fairly 
constant in normal hearts, but it is smaller with increased 
HR or reduced outflow resistance and larger when the 
opposite conditions prevail.

In addition to serving as a small adjustable blood res-
ervoir, the residual volume to a limited degree can per-
mit transient disparities between the outputs of the two 
ventricles. 
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CLINICAL BOX
In heart failure, the preload can be increased substan-
tially because of the poor ventricular ejection and an 
increased blood volume caused by fluid retention. In 
essential hypertension, the high peripheral resistance 
augments the afterload by decreasing the peripheral 
runoff of the blood from the arterial system.
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Ventricular Diastole
Isovolumic Relaxation. Aortic valve closure produces 

the incisura on the descending limb of the aortic pressure 
curve and the second heart sound (with some vibrations 
evident on the atrial pressure curve) and marks the end of 
ventricular systole. The phase between the closure of the 
semilunar valves and the opening of the AV valves, termed 
isovolumic relaxation, is characterized by a precipitous fall 
in ventricular pressure without a change in ventricular 
volume. 

Rapid Filling Phase. The major part of the ventricular 
filling occurs immediately on opening of the AV valves, 
when the blood that had returned to the atria during the 
previous ventricular systole is abruptly released into the 
relaxing ventricles. This period of ventricular filling is 
called the rapid filling phase. In Fig. 4.14 the onset of the 
rapid filling phase is indicated by the decrease in left ven-
tricular pressure to less than the left atrial pressure, result-
ing in the opening of the mitral valve. The rapid flow of 
blood from atria to relaxing ventricles produces a decrease 
in atrial and ventricular pressures and a sharp increase in 
ventricular volume. 

Diastasis. The rapid filling phase is followed by a phase 
of slow filling called diastasis. During diastasis, blood 
returning from the periphery flows into the right ventricle, 
and blood from the lungs, into the left ventricle. This small, 

slow addition to ventricular filling is indicated by a gradual 
rise in atrial, ventricular, and venous pressures and in ven-
tricular volume (see Fig. 4.14). 

Atrial Systole
The onset of atrial systole occurs soon after the beginning 
of the P wave of the electrocardiogram (atrial depolariza-
tion); the transfer of blood from atrium to ventricle made 
by the peristalsislike wave of atrial contraction completes the 
period of ventricular filling. Atrial systole is responsible for 
the small increases in atrial, ventricular, and venous (a wave) 
pressures as well as in ventricular volume shown in Fig. 
4.14. Throughout ventricular diastole, atrial pressure barely 
exceeds ventricular pressure, indicating a low-resistance 
pathway across the open AV valves during ventricular filling.

Atrial contraction can force blood in both directions 
because there are no valves at the junctions of the venae 
cavae and right atrium or at the junctions of the pulmonary 
veins and left atrium. Actually, little blood is pumped back 
into the venous tributaries during the brief atrial contrac-
tion, mainly because of the inertia of the inflowing blood.

Atrial contraction is not essential for ventricular filling, as 
can be observed in atrial fibrillation or complete heart block. 
However, its contribution is governed to a great extent by 
the HR and the structure of the AV valves. At slow HRs, fill-
ing practically ceases toward the end of diastasis, and atrial 
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Fig. 4.15  Two-dimensional echocardiographic images of a normal human heart (young adult male) taken from 
the parasternal long-axis view. (A) During diastole, the left atrium (LA) communicates freely with the cavity of 
the left ventricle (LV). The anterior leaflet (ALMV) and the posterior leaflet (PLMV, shown in [B]) of the mitral 
valve (MV) are open; the leaflets of the aortic valve (AV) are closed. (B) During systole, the left ventricular 
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The LV cavity is open to the ascending aorta (aAo); the AV is open and the MV is closed. Also evident in the 
echocardiograms are the descending aorta (dAo), the coronary sinus (CS), the right ventricle cavity (RV), and 
the RV free wall. The pericardium (Peri) is evident as a very bright structure; a reverberation artifact is present. 
(Courtesy Dr. Peter Schulman.)
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contraction contributes little additional filling. During tachy-
cardia, diastasis is abbreviated, and the atrial contribution can 
become substantial, especially if it occurs immediately after 
the rapid filling phase, when the AV pressure gradient is maxi-
mal. Should tachycardia become so great as to encroach on the 
rapid filling phase, atrial contraction becomes very important 
in rapidly propelling blood to fill the ventricle during this brief 
period of the cardiac cycle. Of course, if the period of ventric-
ular relaxation is so brief that filling is seriously impaired, even 
atrial contraction cannot prevent inadequate ventricular fill-
ing. The consequent reduction in CO may result in syncope. 
Obviously, if atrial contraction occurs simultaneously with 
ventricular contraction, no atrial contribution to ventricular 
filling can occur. 

Echocardiography Reveals Movement of the 
Ventricular Walls and of the Valves
Echocardiography consists of sending short pulses of 
high-frequency sound waves (ultrasound) through the chest 
tissues and the heart and recording the echoes reflected 
from the various structures. The timing and pattern of the 
reflected waves provide such information as the diameter of 
the heart, the ventricular wall thickness, and the magnitude 
and direction of the movements of various components of 
the heart. In Fig. 4.15 the echocardiograph depicts the left 
heart in diastole (see Fig. 4.15A) and in systole (see Fig. 
4.15B). During diastole, the mitral valve leaflets are open, 
allowing the cavity of the left atrium to be continuous with 
the cavity of the left ventricle. The anterior leaflet of the 
mitral valve is directed toward the interventricular septum, 
and the posterior leaflet is positioned along the inferolateral 
wall of the left ventricle. The open mitral valve is a funnel 
for the transfer of blood from atrium to ventricle. The aortic 
valve is closed. During systole, the aortic valve is open and 
the mitral valve is closed (see Fig. 4.15B). The left ventricu-
lar wall and the interventricular septum are thickened as the 
ventricle contracts to eject blood into the aorta. The cavity of 
the left ventricle is diminished in volume. 

The Two Major Heart Sounds Are Produced 
Mainly by Closure of the Cardiac Valves
Four sounds are usually produced by the heart, but only 
two are ordinarily audible through a stethoscope. With 
electronic amplification, the less intense sounds can be 

detected and recorded graphically as a phonocardiogram. 
This means of registering heart sounds that may be inaudi-
ble to the human ear helps to delineate the precise timing of 
the heart sounds relative to other events in the cardiac cycle.

A normal phonocardiogram taken simultaneously 
with an electrocardiogram is illustrated in Fig. 4.16. The 
first heart sound is initiated at the onset of ventricular 
systole and consists of a series of vibrations of mixed, 
unrelated, low frequencies (a noise). It is the loudest 
and longest of the heart sounds, has a crescendo–decre-
scendo quality, and is heard best over the apical region 
of the heart. The tricuspid valve sounds are heard best 
in the fifth intercostal space just to the left of the ster-
num; the mitral sounds are heard best in the fifth inter-
costal space at the cardiac apex.

The first heart sound is chiefly caused by oscillation 
of blood in the ventricular chambers and vibration of the 
chamber walls. The vibrations are engendered in part by 
the abrupt rise of ventricular pressure with acceleration 
of blood back toward the atria, but primarily by sudden 
tension and recoil of the AV valves and adjacent struc-
tures with deceleration of the blood resulting from closure 
of the AV valves. The vibrations of the ventricles and the 
contained blood are transmitted through surrounding 
tissues and reach the chest wall, where they may be heard 
or recorded. The intensity of the first sound is a function 
of the force of ventricular contraction and of the distance 
between the valve leaflets. The first sound is loudest when 
the leaflets are farthest apart, as occurs when the interval 
between atrial and ventricular systoles is prolonged (AV 
valve leaflets float apart) or when ventricular systole imme-
diately follows atrial systole.
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Fig. 4.16  Phonocardiogram illustrating the first (1) and second 
(2) heart sounds and their relationship to the P, R, and T waves 
of the electrocardiogram.

CLINICAL BOX
With slow, progressive, and sustained enlargement of 
the heart, as occurs in cardiac hypertrophy, or with a 
slow progressive increase in pericardial fluid, as occurs 
in pericarditis with pericardial effusion, the intact peri-
cardium is gradually stretched.
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The second heart sound, which occurs with closure of 
the semilunar valves, is composed of higher-frequency  
vibrations (higher pitch), is of shorter duration and 
lower intensity, and has a more snapping quality than 
the first heart sound. The second sound is caused by 
abrupt closure of the semilunar valves, which initiates 
oscillations of the columns of blood and the tensed ves-
sel walls by the stretch and recoil of the closed valve. 
The second sound caused by closure of the pulmonic 
valve is heard best in the second thoracic interspace just 
to the left of the sternum, whereas that caused by clo-
sure of the aortic valve is heard best in the same inter-
costal space but to the right of the sternum. Conditions 
that bring about a more rapid closure of the semilu-
nar valves, such as rises in pulmonary artery or aortic 
pressure (e.g., pulmonary or systemic hypertension), 
increase the intensity of the second heart sound. In 
adults, the aortic valve sound is usually louder than the 
pulmonic, but in cases of pulmonary hypertension the 
reverse is often true.

Note that the first sound, which starts just beyond the 
peak of the R wave, is composed of irregular waves and is 
of greater intensity and duration than the second sound, 
which appears at the end of the T wave. The third and 
fourth heart sounds do not appear on this record.

The third heart sound, which is sometimes heard 
in children with thin chest walls or in patients with 
left ventricular failure, consists of a few low-intensity, 
low-frequency vibrations heard best in the region of the 
apex. It occurs in early diastole and is believed to be the 
result of vibrations of the ventricular walls caused by 
abrupt cessation of ventricular distention and decelera-
tion of blood entering the ventricles.

A fourth, or atrial, sound, consisting of a few low-frequency 
oscillations, is occasionally heard in normal individuals. It is 
caused by oscillation of blood and cardiac chambers created by 
atrial contraction.

Differences in the time of vibration of the two AV valves 
or two semilunar valves can sometimes be detected with 
the stethoscope because the onset and termination of right 
and left ventricular systoles are not precisely synchronous. 
Such asynchrony of valve vibrations, which may sometimes 

indicate abnormal cardiac function, is manifested as a split 
sound over the apex of the heart for the AV valves and over 
the base of the heart for the semilunar valves. 

THE PRESSURE-VOLUME RELATIONSHIPS  
IN THE INTACT HEART
Examination of the relationship between pressure and 
volume in the heart during each cardiac cycle is useful 
because this relationship reflects the properties and con-
ditions of the myocardial cells, and also because this rela-
tionship provides a hemodynamic characterization of the 
heart. The effects of changes in preload, afterload, and 
cardiac contractility on SV are readily revealed, in terms 
of the resulting changes in SV. Pressure-volume relation-
ships (Figs. 4.17 and 4.18) can be recorded in humans and 
can be useful for evaluating cardiac function and other 
cardiovascular parameters. The relationship between left 
ventricular pressure and left ventricular volume through-
out one entire cardiac cycle is known as the left ventricular 
pressure-volume loop (P-V loop; see Fig. 4.18) because the 
graph forms a complete loop, representing one complete 
cardiac cycle, which (typically) ends at the same pressures 
and volumes at which it began. Often, a theoretical pas-
sive pressure-volume relationship (see Fig. 4.17, Diastole) 
and an active pressure-volume relationship (see Fig. 4.17, 
Systole) are plotted on the same graph. These relationships 
reflect the passive and active length-tension relationships 
of strips of cardiac muscle (see Fig. 4.11B), as they would 
be reflected in the whole heart. During each cardiac cycle, 
the heart operates within the limits imposed by these 
relationships.

CLINICAL BOX
Mitral insufficiency and mitral stenosis produce, respec-
tively, systolic and diastolic murmurs heard best at the 
cardiac apex, whereas aortic insufficiency and aortic 
stenosis produce, respectively, diastolic and systolic 
murmurs heard best in the second intercostal space 
just to the right of the sternum. The heart sounds may 
also be altered by deformities of the valves. Murmurs 
may be produced, and the character of a murmur 
serves as an important guide in the diagnosis of valvular 
disease. When the third and fourth (atrial) sounds are 
accentuated, as occurs in certain abnormal conditions, 
triplets of sounds may occur, resembling the sound of 
a galloping horse. These gallop rhythms are essentially 
of two types: presystolic gallop caused by accentuation 
of the atrial sound, and protodiastolic gallop caused by 
accentuation of the third heart sound.

CLINICAL BOX
In overloaded hearts, as in congestive heart failure, 
when the ventricular volume is very large and the ven-
tricular walls are stretched to the point at which disten-
sibility abruptly decreases, a third heart sound may be 
heard. A third heart sound in patients with heart disease 
is usually a grave sign.
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Passive or Diastolic Pressure-Volume 
Relationship
The passive length-tension relationship of isolated cardiac 
muscle determines the relationship between pressure and 
volume in the intact heart (see Fig. 4.17) during diastole. 
For example, during diastole in the left ventricle, the pres-
sure in the left ventricle increases, stretching the left ventri-
cle (and thus increasing sarcomere length). The resulting 
relationship between pressure and volume reflects the 
length-tension relationship of the left ventricular cells. 
Thus in general, the fiber length-force relationship for 
the papillary muscle also holds true for fibers in the intact 
heart. This relationship may be expressed graphically, as 
in Fig. 4.17, by substitution of ventricular systolic pressure 
for force and of end-diastolic ventricular volume for myo-
cardial resting fiber (and hence sarcomere) length. The 
lower curve in Fig. 4.17 represents the pressure increment 
produced by each volume increment when the heart is in 
diastole.

Note that the pressure-volume curve in diastole is ini-
tially quite flat (compliant), indicating that large increases 
in volume can be accommodated with only small rises in 
pressure. Importantly, systolic pressure development is 

considerable at the lower filling pressures. However, the 
ventricle becomes much less distensible with greater fill-
ing, as evidenced by the sharp rise of the diastolic curve at 
large intraventricular volumes. In the normal intact heart, 
peak force may be attained at a filling pressure of 12 mm 
Hg. At this intraventricular diastolic pressure, which is 
about the upper limit observed in the normal heart, the 
sarcomere length is 2.2 μm. In the isolated heart, however, 
developed force peaks at filling pressures as high as 30 mm 
Hg; at even higher diastolic pressures (>50 mm Hg), the 
sarcomere length is no greater than 2.6 μm. This resis-
tance to stretch of the myocardium at high filling pres-
sures probably resides in the noncontractile constituents 
of the tissue (connective tissue) and serves as a safety fac-
tor protecting against overloading of the heart in diastole. 
Usually, ventricular diastolic pressure is about 0 to 7 mm 
Hg, and the average diastolic sarcomere length is about 
2.2 μm. Thus the normal heart operates on the ascending 
portion of the Frank-Starling curve. 
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CLINICAL BOX
An increase in myocardial contractility, as produced 
by catecholamines or by digitalis in a patient with a 
depressed heart, may decrease residual volume and 
increase stroke volume and ejection fraction. With a 
severely hypodynamic and dilated heart, as seen with 
heart failure, the residual volume can become many 
times greater than the stroke volume.
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Active or End-Systolic Pressure-Volume 
Relationship
The upper curve in Fig. 4.17 represents the theoretical 
peak pressure that could be developed by the ventricle 
during systole at each degree of filling. It arises from the 
Frank-Starling relationship of initial myocardial fiber 
length (or initial volume) to peak isovolumic force (or 
pressure) development by the ventricle, as illustrated pre-
viously in Fig. 4.11. Experimentally, such a relationship 
could be obtained by closing off the aorta, and thereby 
forcing the left ventricle of an isolated heart to contract 
isovolumically. In this case the ventricle would develop 
the maximum pressure of which it was capable, given its 
initial volume. 

Pressure and Volume During the Cardiac Cycle: 
The P-V Loop
The changes in left ventricular pressure and volume through-
out the cardiac cycle are shown in Fig. 4.18 as a loop that lies 
between the passive or diastolic pressure-volume relation-
ship and the theoretical end-systolic pressure-volume rela-
tionship (ESPVR). The element of time is not considered in 
this pressure-volume loop. Diastolic filling starts at A and 
terminates at C, when the mitral valve closes. With isovo-
lumic contraction (C to D), there is a steep rise in pressure 
and no change in ventricular volume. At D, the aortic valve 
opens, and during the first phase of ejection (rapid ejection, 
D to E), the large reduction in volume is associated with a 
continued but less steep increase in ventricular pressure than 
the increase that occurred during isovolumic contraction. 
This volume reduction is followed by reduced ejection (E to 
F) and a small decrease in ventricular pressure. The aortic 
valve closes at F, and this event is followed by isovolumic 
relaxation (F to A), characterized by a sharp drop in pres-
sure and no change in volume. The mitral valve opens at A to 
complete one cardiac cycle. 

Preload and Afterload During the Cardiac Cycle
For the intact left ventricle, the preload is experienced at 
the end of diastole, when ventricular filling is complete. 
Thus preload and EDV are closely related. To be spe-
cific, the left-ventricular end-diastolic pressure is con-
sidered the preload of the left ventricle (point C on the 
P-V loop, Fig. 4.18).

At lower EDVs, increments in filling pressure during 
diastole elicit a greater systolic pressure during the sub-
sequent contraction. Systolic pressure increases until a 
maximal systolic pressure is reached at the optimal pre-
load (see Fig. 4.17). If diastolic filling continues beyond 
this point, no further rise in developed pressure occurs. 
At very high filling pressures, peak pressure develop-
ment in systole is reduced. Afterload of the left ventricle 
is represented by the aortic pressure and left ventric-
ular pressure during the ejection phase of the cardiac 
cycle. The afterload of the left ventricle is first expe-
rienced when the aortic valve opens. At this time, the 
left ventricle has generated enough pressure to force the 
aortic valve open and end the isovolumic contraction 
phase. The cardiac fibers may then shorten, and ejec-
tion begins. This is exactly analogous to the case with 
isolated strips of muscle, when the muscle generates 
enough force to lift the afterload, ending its isometric 
contraction phase and beginning to shorten. The load 
on the left ventricle during ejection is not constant 
however. The afterload of the left ventricle changes 
during ejection (see Fig. 4.18D–F). Increased afterload 
will decrease the velocity with which the left ventricle 
can contract or shorten. In summary, preload of the left 
ventricle will affect the initial cardiac sarcomere length 
and thus the strength of the subsequent left ventricu-
lar contraction. Afterload will affect the velocity of the 
subsequent contraction. The amount of blood the left 
ventricle can eject, the SV, will thus be affected by both 
preload and afterload.

Preload and afterload depend on certain characteris-
tics of the vascular system and the behavior of the heart. 
With respect to the vasculature, the degree of venomo-
tor tone and level of peripheral resistance influence pre-
load and afterload. With respect to the heart, a change 
in rate or SV can also alter preload and afterload. Hence 
cardiac and vascular factors interact to affect preload 
and afterload (see Chapter 10 for a full explanation). 

Contractility
Contractility represents the performance of the heart at a 
given preload and afterload, and it depends on the state 
of the excitation-contraction coupling processes within 
the cells (see Fig. 4.8). Contractility can be augmented by 
certain drugs, such as norepinephrine and digitalis, and 
by an increase in contraction frequency (tachycardia). 
The increase in contractility (positive inotropic effect) 
produced by any of these interventions is reflected by 
incremental increases in developed force and velocity of 
contraction. A reasonable index of myocardial contractility 
in the contracting heart can be obtained from the contour 
of ventricular pressure curves (Fig. 4.19). These curves 

CLINICAL BOX
In certain disease states, the AV valves may be mark-
edly narrowed (stenotic). Under such conditions, atrial 
contraction plays a much more important role in ventric-
ular filling than it does in the normal heart.
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show the pressure in the left ventricle during one cardiac 
cycle.

A hypodynamic heart is characterized by an elevated 
end-diastolic pressure, a slowly rising ventricular pressure, 
and a somewhat reduced ejection phase (see Fig. 4.19, curve 
C). A hyperdynamic heart (such as a heart stimulated by 
norepinephrine) shows reduced end-diastolic pressure, 
fast-rising ventricular pressure, and a brief ejection phase 
(see Fig. 4.19, curve B). The slope of the ascending limb of 
the ventricular pressure curve indicates the maximal rate 
of force development by the ventricle (maximal rate of 
pressure change with time, maximal dP/dt, as illustrated 
by the tangents to the steepest portion of the ascending 
limbs of the ventricular pressure curves in Fig. 4.19). The 
slope is maximal during the isovolumic phase of systole. At 
any given degree of ventricular filling, the slope provides 
an index of the initial contraction velocity, and hence of 
contractility.

Similarly, the contractile state of the myocardium can 
be obtained from the maximum velocity of blood flow in 
the ascending aorta during the cardiac cycle (i.e., the ini-
tial slope of the aortic flow curve; see Fig. 4.14). Also, the 
ejection fraction, the ratio of the volume of blood ejected 
from the left ventricle per beat (SV) to the volume of blood 
in the left ventricle at the end of diastole (EDV), is widely 

used clinically as an index of contractility. Other measure-
ments (or combinations of measurements) that reflect 
the magnitude or velocity of the ventricular contraction 
have been used to assess the contractile state of the cardiac 
muscle.

Changes in contractility are also evident in the ventric-
ular pressure-volume loop, as discussed later in relation to 
the regulation of CO (see Chapter 10). Briefly, increased 
contractility, as produced by the action of norepinephrine, 
typically causes a markedly decreased ESV (see Fig. 4.18, 
volume coordinate of point F) as a result of the increased 
strength and velocity of contraction. This is evident also as 
a shift in the ESPVR upward and to the left (see Figs. 4.11C, 
4.28, and 10.4). 

THE FICK PRINCIPLE IS USED TO DETERMINE 
CARDIAC OUTPUT
In 1870 the German physiologist Adolph Fick contrived 
the first method for measuring CO in intact animals 
and people. The basis for this method, called the Fick 
principle, is simply an application of the law of con-
servation of mass. It is derived from the fact that the 
quantity of O

2
 delivered to the pulmonary capillaries 

via the pulmonary artery plus the quantity of O
2
 that 

enters the pulmonary capillaries from the alveoli must 
equal the quantity of O

2
 that is carried away by the pul-

monary veins.
This principle is depicted schematically in Fig. 4.20. The 

rate, q
1
, of O

2
 delivery to the lungs equals the O

2
 concen-

tration in the pulmonary arterial blood, [O
2
]

pa
, times the 

pulmonary arterial blood flow, Q, which equals the CO; 
that is,

	 q1 = Q[O2]pa	 (4.1)

Let q
2
 be the net rate of O

2
 uptake by the pulmonary 

capillaries from the alveoli. At steady state, q
2
 equals the 

O
2
 consumption of the body. The rate, q

3
, at which O

2
 is  

carried away by the pulmonary venous blood, [O
2
]

pv
, is 

multiplied by the total pulmonary venous flow, which  
is virtually equal to the pulmonary arterial blood flow, Q; 
that is,

	 q3 = Q[O2]pv	 (4.2)

From conservation of mass,

	 q1 + q2 = q3	 (4.3)

Therefore

	 Q[O2]pa + q2 = Q[O2]pv	 (4.4)

Max dP/dt

A

B

C

160

120

80

40

0 0.2 0.4 0.6

Time (s)

Le
ft 

ve
nt

ric
ul

ar
 p

re
ss

ur
e 

(m
m

 H
g)

Fig. 4.19  Left ventricular pressure curves with tangents drawn 
to the steepest portions of the ascending limbs to indicate 
maximal (Max) dP/dt values. (A) Control. (B) Hyperdynamic 
heart, as with norepinephrine administration. (C) Hypodynamic 
heart, as in cardiac failure.



72 CHAPTER 4  The Cardiac Pump

Solving for CO,

	 Q = q2/
(
[O2]pv − [O2]pa

)
	 (4.5)

Eq. 4.5 is the statement of Fick’s principle.
An example calculation of CO in a normal, resting adult is 

illustrated in Fig. 4.20. With an O
2
 consumption of 250 mL/

min, an arterial (pulmonary venous) O
2
 content of 0.20 mL 

O
2
/mL blood, and a mixed venous (pulmonary arterial) O

2
 

content of 0.15 mL O
2
/mL blood, the CO would equal 250 ÷ 

(0.20 − 0.15) = 5000 mL/min.
The Fick principle is also used for estimating the O

2
 

consumption of organs in situ, when blood flow and the 
O

2
 contents of the arterial and venous blood can be deter-

mined. Algebraic rearrangement reveals that O
2
 consump-

tion equals the blood flow times the arteriovenous O
2
 

concentration difference. For example, if the blood flow 
through one kidney is 700 mL/min, arterial O

2
 content is 

0.20 mL O
2
/mL blood, and renal venous O

2
 content is 0.18 

mL O
2
/mL blood, the rate of O

2
 consumption by that kid-

ney must be 700 (0.20 − 0.18) = 14 mL O
2
/min.

The Indicator Dilution Technique is a Useful 
Method for Measuring Cardiac Output

The indicator dilution technique for measuring CO is 
also based on the law of conservation of mass and is illus-
trated by the model in Fig. 4.21. Let a liquid flow through 
a tube at a rate of Q mL/s, and let q mg of dye be injected 
as a bolus into the stream at point A. Let mixing occur 

CLINICAL BOX
In the clinical determination of cardiac output, O2 con-
sumption is computed from measurements of the vol-
ume and O2 content of expired air over a given interval 
of time. Because the O2 concentration of peripheral arte-
rial blood is essentially identical to that in the pulmonary 
veins, [O2]pv is determined by measurement of a sample 
of peripheral arterial blood withdrawn by needle. Pulmo-
nary arterial blood represents mixed systemic venous 
blood. Samples for O2 analysis are obtained from the 
pulmonary artery or right ventricle through a catheter.

Terminal
bronchiole

From pulmonary
artery

To pulmonary
veins

Alveoli

O2 consumption
250 mL

O2 /min

q2

q3q1

q1 + q2 = q3

[O2] pa
0.15 mL O2/mL blood

[O2] pv
0.20 mL O2/mL blood

Fig. 4.20  Schema illustrates the Fick principle for measuring cardiac output. The change in color from pulmo-
nary artery (pa) to pulmonary vein (pv) represents the change in color of the blood as venous blood becomes 
fully oxygenated. q1, q2, and q3, Rates of O2 delivery.
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at some point downstream. If a small sample of liquid is 
continually withdrawn from point B farther downstream 
and passed through a densitometer, a curve of the dye 
concentration, c, may be recorded as a function of time, t, 
as shown in the lower half of Fig. 4.21.

If no dye is lost between points A and B, the amount of 
dye, q, passing point B between times t

1
 and t

2
 will be

	 q= Q ( t2 − t1)c 	 (4.6)

where C is the mean concentration of dye. The value of C 
may be computed by dividing the area of the dye concen-
tration by the duration (t

2
 − t

1
) of that curve; that is

	 c = ∫ t2
t1
cdt/ (t2 − t1)	 (4.7)

Substituting this value of C into Eq. 4.6 and solving for 
Q yields

	 Q= q
∫ t2

t1
cdt

	 (4.8)

Thus flow may be measured by dividing the amount of 
indicator injected upstream by the area under the down-
stream concentration curve.

This technique had been widely used to estimate CO 
in humans. A measured quantity of some indicator (a dye 
or isotope that remains within the circulation) is injected 
rapidly into a large central vein or into the right side of 
the heart through a catheter. Arterial blood is continu-
ously drawn through a detector (densitometer or isotope 
rate counter), and a curve of indicator concentration is 
recorded as a function of time.

The most popular indicator dilution technique is ther-
modilution. The indicator is cold saline. The temperature 
and volume of the saline are measured accurately before 
injection. A flexible catheter is introduced into a periph-
eral vein and advanced so that the tip lies in the pulmonary 
artery. A small thermistor at the catheter tip records the 
changes in temperature. The opening in the catheter lies a 
few inches proximal to the tip. When the tip is in the pul-
monary artery, the opening lies in or near the right atrium. 
The cold saline is injected rapidly into the right atrium 
through the catheter. The resultant change in temperature 
downstream is recorded by the thermistor in the pulmo-
nary artery.

The thermodilution technique has the following 
advantages: (1) an arterial puncture is not necessary; (2) 
the small volume of saline used in each determination 
is innocuous, allowing repeated determinations to be 
made; and (3) recirculation is negligible. Temperature 
equilibration takes place as the cooled blood flows 
through the pulmonary and systemic capillary beds, 
before it flows by the thermistor in the pulmonary artery 
the second time.

Metabolism of ATP and Its Relation to 
Mechanical Function
The chemical energy that fuels cardiac contractile work 
and relaxation is derived from ATP hydrolysis (Fig. 4.22). 
The healthy heart has a relatively constant level of ATP (∼5 
μmol/g wet weight) despite an extremely high rate of ATP 
hydrolysis (≈0.3 μmol g−1 second−1). The tissue content of 
ATP is low relative to the rate of breakdown and produc-
tion, with a complete turnover of the myocardial ATP con-
tent approximately every 12 seconds (s) in the heart at rest. 
The hydrolysis of ATP provides energy for contractile work 
(actin-myosin interaction and cell shortening), pumping 
Ca++ back into the SR at the end of systole, and maintaining 
normal ion gradients (low Na+ and high K+ in the cell).

Approximately two thirds of the ATP hydrolyzed 
by the heart is used to fuel contractile work, with the 
remaining third used for ion pumps and “housekeep-
ing” functions like synthesis of proteins and nucleic 
acids. The SR Ca++-ATPase is the primary ion pump 
consuming ATP. This process occurs during the end of 
systole, when cytosolic Ca++ is rapidly sequestered into 
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Fig. 4.21  Indicator dilution technique for measuring cardiac 
output. In this model (upper section), in which there is no re-
circulation, q mg of dye is injected instantaneously at point A 
into a stream flowing at Q mL/min. A mixed sample of the fluid 
flowing past point B is withdrawn at a constant rate through a 
densitometer. The resulting dye concentration curve at point B 
has the configuration shown in the lower section of the figure.
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the SR to initiate diastolic relaxation (see Fig. 4.8). In a 
healthy heart the rate of ATP hydrolysis (breakdown) 
is exquisitely matched to the rate of ATP resynthesis. 
There is no significant change in the concentrations 
of ATP or ADP even with the onset of heavy exercise. 
The primary means for ATP resynthesis is via oxida-
tive phosphorylation in mitochondria (>98%) with a 
small amount from glycolysis (<2%). Oxidative phos-
phorylation requires O

2
 and dihydrogen (H

2
). The O

2
 

is delivered to the myocardium and consumed in the 
mitochondria at complex IV to make H

2
O, whereas 

the H
2
 is from the metabolism of carbon fuels (mainly 

fatty acids, glucose, and lactate) and the generation of 
NADH (reduced form of nicotinamide adenine dinu-
cleotide) and FADH

2
 (reduced form of flavin adenine 

dinucleotide). ATP is formed from ADP and inorganic 
phosphate when H+ is consumed by complex V (Fig. 
4.23). Importantly, the rates of ATP formation and 
breakdown depend on an adequate delivery of O

2
 to the 

myocardium, which is a function of myocardial blood 
flow and oxygenation of arterial blood. An increase in 
ATP breakdown in the myocardium, such as occurs 
when HR, systolic blood pressure, and contractility are 
increased during exercise, requires an increase in O

2
 

delivery to the myocardium so that the mitochondria 
can generate sufficient ATP by oxidative phosphoryla-
tion to meet the demand for ATP. Thus the rate of myo-
cardial O

2
 consumption is tightly linked to the work 

rate (or power) of the myocardium.
There is also ATP resynthesis from the breakdown of 

creatine phosphate by the creatine phosphokinase (CPK) 
reaction:
	
Creatine phosphate + ADP → ATP + Creatine	 (4.9)

This is a very fast reaction that acts to “buffer” the ATP 
concentration when the rate of ATP hydrolysis is suddenly 
increased, as with the onset of exercise, or when there is 
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an abrupt decrease in oxidative phosphorylation, such as 
occurs with myocardial ischemia.

There is a stoichiometric link among the rate of oxida-
tion of carbon fuels, NADH and FADH

2
 reduction, flux 

through the electron transport chain, O
2
 consumption, 

oxidative phosphorylation, ATP hydrolysis, actin-myosin 
interaction, and external contractile power produced by 
the heart (Fig. 4.24; also see Fig. 4.22). Thus an increase 
in contractile power results in a concomitant increase in 
all of the components in the system. The ATP concentra-
tion in the heart remains constant, even when the heart 
is stressed. Cardiac muscle has the highest mitochondrial 
content of any cell type (≈30% of cell volume is occupied 
by mitochondria). The citric acid or Krebs cycle provides 
reducing equivalents (NADH and FADH

2
) for oxidative 

phosphorylation, resulting in the condensation of ADP 
and inorganic phosphate to regenerate ATP. The citric 
acid cycle is fueled by acetyl–coenzyme A (CoA) formed 
primarily from oxidation of pyruvate and fatty acids. 
Cardiomyocytes oxidize fatty acids derived from both the 
plasma and the breakdown of intracellular triacylglycerol 
stores, whereas pyruvate is derived from either lactate 
dehydrogenase or glycolysis. The rates of these metabolic 
pathways are tightly coupled to the rate of contractile 
work, and, conversely, contractile work is coupled to the 
supply of O

2
 and the rate of oxidative phosphorylation. 

After an overnight fast, fatty acids are the major oxidative 

fuel for the heart (60% to 100% of the O
2
 consump

tion), with a lesser contribution from lactate and glucose  
(0% to 20% from each). The regulation of myocardial 
metabolism is complex in that it is linked to arterial sub
strate and hormone levels, coronary flow, inotropic state, 
and the nutritional status of the tissue. 

Fatty Acid Metabolism
The heart readily extracts free fatty acids from the plasma 
and either oxidizes it or converts it to triglyceride stores. 
The rate of uptake of free fatty acids depends mainly on 
their concentration in the plasma and the concentration of 
the fatty acid transporter (FAT) in the plasma membrane. 
Thus fatty acid uptake is increased when fatty acid levels 
are increased, as with fasting or diabetes, and decreased 
when they are low, such as after a meal.

Esterified fatty acids are transferred across the mito-
chondrial membrane into the mitochondrial matrix by 
the carnitine–fatty acyl transport system (Fig. 4.25). The 
first enzyme in the sequence, carnitine palmitoyltransfer-
ase I (CPT I), catalyzes the formation of long-chain acyl-
carnitine from long-chain acyl-CoA in the compartment 
between the inner and outer mitochondrial membranes. 
The second enzyme, carnitine:acylcarnitine translocase, 
transports long-chain acylcarnitine across the inner mito-
chondrial membrane, whereas the last enzyme in the 
sequence, CPT II, regenerates long-chain acyl-CoA in the 
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mitochondrial matrix. Of the three enzymes involved in 
the transmitochondrial membrane transport, CPT I serves 
the key regulatory role. CPT I transfers the fatty acid 
moiety from acyl-CoA to carnitine to form long-chain 
acylcarnitine, which is then transported to the mitochon-
drion. CPT I activity is inhibited by malonyl-CoA. Once 
in the mitochondrial matrix, long-chain acyl-CoA passes 
through the β-oxidation pathway to produce acetyl-CoA.

Acetyl-CoA can also be formed from the oxidation 
of ketone bodies (acetoacetate and β-hydroxybutyrate), 
which are taken up by the myocardium from the plasma 
(see Fig. 4.25). Normally the heart does not use a signifi-
cant number of ketone bodies as a fuel simply because their 
plasma concentration is very low. In poorly controlled dia-
betes or during starvation, the concentration of ketone 
bodies increases dramatically and they become a significant 
source of fuel for the heart.

Carbohydrate Metabolism
Regulation of Glucose Uptake. The three primary 

sources of carbohydrate substrate for the myocardium are 
extracellular glucose, glycogen stores, and extracellular lac-
tate. The uptake of extracellular glucose is regulated by the 
transmembrane glucose gradient and the concentration 
and activity of glucose transporters in the plasma mem-
brane. Two isoforms of the glucose transporter (GLUT) 
family, GLUT 1 and GLUT 4, have been identified in the 
myocardium; the two are located both in the sarcolemmal 
membrane and in intracellular microsomal vesicles. GLUT 
4 is the predominant isoform in the heart. Insulin and 
ischemia result in a translocation of GLUT 4 and GLUT 

1 from the intracellular site into the plasma membrane, 
resulting in an increase in the membrane capacitance for 
glucose transport. The transmembrane glucose gradient 
is determined by the interstitial glucose and intracellular 
free glucose concentrations. The interstitial glucose level is 
a function of the arterial glucose concentration and blood 
flow; thus interstitial glucose levels and the transmembrane 
glucose gradient are decreased during ischemia and are 
increased by hyperglycemia. Upon entering the cell, free 
glucose is rapidly phosphorylated by hexokinase to form 
glucose-6-phosphate (G-6-P), which is impermeable to the 
cell membrane. 

Regulation of Glycolysis. Given a constant supply of 
G-6-P, the primary regulators of glycolytic rate are the 
activity of phosphofructokinase (PFK) and the ability to 
form NADH (Fig. 4.26). Nicotinamide adenine dinucle-
otide (NAD+) is reduced to NADH by the conversion of 
glyceraldehyde 3-phosphate (GAP) to 3-phosphoglycerol 
phosphate by the enzyme GAP dehydrogenase (GAP-DH). 
Cytosolic NADH can be converted back to NAD+ through 
the conversion of pyruvate to lactate by lactate dehydroge-
nase (LDH), or the reducing equivalents can be shuttled 
into the mitochondria via the malate-aspartate shuttle. The 
rate of glycolysis in the myocardium is increased during 
exercise; however, the NADH and pyruvate are oxidized in 
mitochondria to CO

2
, H

2
O, and NAD+. Glycolysis is also 

increased when myocardial blood flow is below normal, 
a condition called myocardial ischemia. In this situation, 
mitochondrial oxidation of pyruvate and NADH is insuf-
ficient, and they are converted to lactate and NAD+ in the 
cytosol. 

Glycolysis

Pyruvate
Fatty Acyl CoA

Fatty Acyl Carnitine

Fatty Acyl CoA

Malonyl CoA

Pyruvate

PDHa

Ketone Bodies Acetyl CoA Beta
Oxidation

Outer Mitochondrial Matrix

Mitochondrial Matrix

Inner Matrix

Lactate

CPT-I

CPT-II

Fig. 4.25  The pathways and regulatory points of myocardial substrate metabolism. Regulation of fatty acid 
oxidation, and fatty acid inhibition of flux through PDHa. CoA, Coenzyme A; CPT, carnitine palmitoyltransfer-
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Regulation of Pyruvate and Lactate Oxidation. Lactate 
is a major source of pyruvate formation under well-
perfused conditions in vivo. Under some conditions, lac-
tate uptake can exceed glycolysis as a source of pyruvate. 
Lactate that is extracted by the heart is rapidly oxidized by 
lactate dehydrogenase, decarboxylated by pyruvate dehy-
drogenase (PDH) and oxidized to CO

2
 in the citric acid 

cycle (see Fig. 4.24).
Pyruvate decarboxylation is the key irreversible step in 

carbohydrate oxidation and is catalyzed by PDH (see Fig. 
4.26). PDH is a multienzyme complex located in the mito-
chondrial matrix. The activity of PDH is regulated by a 
variety of mechanisms; in particular, it is inactivated when 
phosphorylated by a specific PDH kinase and is activated 
when dephosphorylated by a specific PDH phosphatase 
(see Fig. 4.26). The rate of pyruvate oxidation depends 
on the degree of phosphorylation of PDH and also on the 
mitochondrial concentrations of its substrates, and prod-
ucts as these control flux through the active dephosphory-
lated form of the enzyme. The activity of PDH phosphatase 
is increased by Ca++ and Mg++, whereas PDH kinase is 
inhibited by pyruvate and ADP and activated by increases 
in acetyl-CoA/CoA and NADH/NAD+ (see Fig. 4.26). 
Pyruvate oxidation and the activity of PDH in the heart are 

decreased by elevated rates of fatty acid oxidation caused by 
increased plasma levels of free fatty acid, and are enhanced 
by suppression of free fatty acid oxidation induced by a 
decrease in plasma free fatty acid levels or by inhibition 
of CPT I. Positive inotropic agents increase the amount 
of active enzyme by a Ca++-dependent activation of PDH 
phosphatase, whereas PDH kinase activity is increased and 
the enzyme is more inactivated when carbohydrate reserves 
are low, as in starvation or diabetes. 

Interrelation Between Fatty Acid and Carbohydrate 
Metabolism
High rates of fatty acid oxidation feed back to inhibit 
uptake of glucose and lactate. In humans, there is a 
strong negative correlation between the concentration of 
free fatty acids in the arterial plasma and the extraction 
of glucose and lactate by the heart. Fatty acid oxidation 
inhibits the oxidation of lactate and glucose by a variety 
of mechanisms. The phenomenon of fatty acid inhibition 
of glucose uptake and oxidation is called the glucose–fatty  
acid cycle. First, high rates of fatty acid oxidation result in 
an increase in citrate content in the mitochondria, which 
then leads to a higher citrate content in the cytosol and 
inhibition of PFK activity and decreased rate of glycolysis. 
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High rates of fatty acid oxidation also inhibit PDH activ-
ity. Raised mitochondrial levels of acetyl-CoA and NADH 
activate PDH kinase that then phosphorylates and inhibits 
PDH (see Fig. 4.26). Also, it has been shown in isolated 
heart mitochondria that elevated rates of fatty acid oxida-
tion inhibit flux through PDH for any given PDH phos-
phorylation state. Pharmacological inhibition of CPT I 
inhibits fatty acyl-CoA transport into the mitochondria 
and its subsequent oxidation to acetyl-CoA and results in 
greater pyruvate oxidation by lowering acetyl-CoA levels 
and relieving tonic inhibition of PDH. 

Effects of Plasma Substrate and Insulin Levels
Under most conditions, plasma free fatty acid levels are a 
primary regulator of myocardial glucose and lactate oxi-
dation. High free fatty acid levels (>0.8 mM) in plasma 
inhibit both the uptake and oxidation of glucose and lac-
tate in human myocardium, whereas pharmacological 
lowering of free fatty acid levels (<0.3 mM) in plasma 
results in an increase in myocardial glucose and lactate 
uptake. This increase is primarily related to the release 
of product inhibition on PDH and glycolysis as free fatty 
acid concentration decreases in the perfusate. Arterial 
lactate concentration is not a key regulator of lactate 
uptake and oxidation under normal resting conditions 
in humans, when levels are rather constant at about 0.6 
to 1.2 mM. However, during and after exercise, arterial 
lactate levels increase, and arterial lactate concentration 
becomes the major regulator of lactate oxidation. Plasma 
glucose concentration is not a major regulator of glucose 
uptake and oxidation under well-perfused conditions, in 
which levels of insulin and free fatty acids in plasma are 
held constant.

Plasma insulin levels directly regulate myocardial car-
bohydrate metabolism by stimulating glucose transport 
into cardiomyocytes and indirectly regulate it by inhib-
iting lipolysis in adipocytes and thus lowering plasma 
free fatty acid levels. The direct action of insulin on glu-
cose uptake occurs by increasing the incorporation of 
GLUT 4 and GLUT 1 into the sarcolemmal membrane. 
Insulin also stimulates hexokinase and glycogen synthe-
tase activities, resulting in increased glucose phosphor-
ylation and glycogen synthesis; the mechanism for this 
effect in the heart is unclear but could be at least par-
tially caused by the increase in glucose and G-6-P that 
occurs secondary to insulin-stimulated glucose trans-
port. In addition to these direct effects, insulin indirectly 
increases flux through glycolysis and PDH by decreasing 
plasma free fatty acid levels and thereby releasing fatty 
acid inhibition, causing an increase in glucose and lac-
tate uptake and oxidation.

What is the significance of insulin in terms of sub-
strate use in the human heart? With fasting, insulin levels 
are reduced, resulting in less insulin inhibition of fatty 
acid release from adipocytes, an increase in plasma free 
fatty acid concentration (>0.8 mM), a high rate of fatty 
acid oxidation by the heart, and inhibition of glucose 
and lactate uptake and oxidation by the heart. In con-
trast, after a meal, insulin levels increase dramatically, 
and the free fatty acid levels fall, resulting in greater 
glucose and lactate uptake and oxidation by the heart. 
Diabetes is similar to fasting in that there are frequently 
periods of low insulin and high fatty acid concentrations 
in the plasma and low rates of glucose and lactate uptake 
and oxidation. 

Cardiac O2 Consumption and the Link Between 
Ventricular Function and Cardiac Metabolism
The rates of ATP hydrolysis and synthesis under non-
ischemic conditions are coupled to the mechanical 
power output of the left ventricle (see Fig. 4.22). The 
rate of citric acid cycle flux and O

2
 consumption by the 

myocardium (v̇
O2

) varies proportionately with ventric-
ular power output because almost all of the ATP syn-
thesis occurs by oxidative phosphorylation. The v̇

O2
 is 

the amount of O
2
 consumed by the myocardium each 

minute and is the difference between the amount of O
2
 

that flows into the myocardium and the amount that 
flows out.

Estimation of cardiac work is important in clinical prac-
tice because cardiac work determines the O

2
 needs of the 

heart. Cardiac work has external and internal components. 
External mechanical work, W, (force times distance) is that 
done by the heart on moving the blood within it and can 
be written as

	 W= ∫ t2
t1PdV + ρv2/2	 (4.10)

The first term on the right side of Eq. 4.10 is P-V work; 
that is, each small increment of volume that is pumped, dV, 
is multiplied by the associated pressure, P, and the products, 
PdV, are integrated over the duration of the SV, t

2
 − t

1
. The 

second term is kinetic work due to the speed at which the 
blood moves, where ρ is the density of blood and v is its 
velocity. At resting levels of CO, the kinetic energy compo-
nent is less than 5% in the left ventricle. However, at high 
COs, as in strenuous exercise, the kinetic energy component 
can account for up to 50% of total cardiac work in the right 
ventricle. This follows because work in the right ventricle is 
about 15% of that in the left ventricle inasmuch as the pul-
monary vascular resistance is much less than systemic vas-
cular resistance.
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The internal work of the heart can be written as

	 W= α ∫ Tdt	 (4.11)

where α is proportionality constant that converts Tdt into 
units of energy. T is tension, and dt is time. Clinically,  
V̇

O2
 and left ventricular power are difficult to measure; 

however, they are both closely related to the systolic 
pressure–time index, the integral of left ventricular 
pressure, and time during systole. Such measurements 
are important because internal work is a large determi-
nant of myocardial O

2
 need.

The magnitude and duration of the left ventric-
ular pressure and wall tension, as well as HR and con-
tractility, are related to left ventricular O

2
 consumption  

(V̇
O2

). An alternative approach to evaluate cardiac work 
and its relation to V̇

O2
 has been developed. With this 

method, P-V loops (see Fig. 4.18) are examined under 
conditions with varied preload and afterload; contrac-
tility is maintained constant. Integration of the area 
subtended by the end-systolic and end-diastolic P-V 
relations and by the systolic component of the P-V loop 
trajectory (Fig. 4.27A, shaded area) yields a product, the 
P-V area (mm Hg × mL). This includes the external work 
(EW) and potential energy (PE) underlying cardiac func-
tion and represents the total mechanical energy of the 
ventricle. The relationship between O

2
 consumption and 

the P-V area is measured experimentally under varied 
preload and afterload conditions. When O

2
 consump-

tion (V̇
O2

, mL O
2
/beat/g left ventricle) is plotted against 

the P-V area (mm Hg × mL/g left ventricle), as shown in 
Fig. 4.27B, a positive linear relationship is obtained. The 
intercept of the V̇

O2
–P-V area relationship is the V̇

O2
 for 

unloaded contractions. The area below the intercept (P-V 
area–independent V̇

O2
) comprises the basal metabolic 

O
2
 consumption and the O

2
 consumed for excitation-

contraction coupling. The area above the intercept gives 
the P-V area–dependent V̇

O2
; this is the O

2
 consumed by 

the contractile proteins during crossbridge cycling. The 
inverse of the slope gives the thermodynamic efficiency 
of the use of O

2
 for the total mechanical energy of con-

traction. In the human heart, this amounts to 0.35 or 
35%. The efficiency of O

2
 use does not change with agents 

that increase contractility, but the O
2
 consumed for  

excitation-contraction coupling increases. Thus during 
exercise, the slope does not change, but the linear rela-
tionship is shifted upward, an indication of the extra O

2
 

needed to sustain the increased CO.
Simultaneously halving the aortic pressure and dou-

bling the CO, or vice versa, results in the same value for 
cardiac work. However, the O

2
 requirements are greater 

for any given amount of cardiac work when a major pro-
portion of the work is pressure work as opposed to vol-
ume work. An increase in CO at a constant aortic pressure 
(volume work) is accomplished with only a small increase 
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Ventricular energetics. Physiological Reviews, 70, 247–277.)
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in left ventricular V̇
O2

, whereas increased arterial pressure 
at constant CO (pressure work) is accompanied by a large 
increase in V̇

O2
.

At rest, the V̇
O2

 of the two ventricles is about 9 mL 
O

2
/100 g/min. The healthy human heart can increase the  

V̇
O2

, coronary blood flow, and left ventricular external 
power approximately fourfold to fivefold over resting con-
ditions to maximal exercise (see also Chapter 13). In other 
words, in the absence of coronary artery disease, there is a 
“reserve” of approximately 400% in the capacity of the myo-
cardium to increase its blood flow, rates of citric acid cycle 
flux, oxidative phosphorylation, V̇

O2
, and rate of external 

power generation. The power generation by the left ventricle 
is the product of the HR and the area contained within the 
P-V loop. This “loop area” is the amount of external work 
generated by the left ventricle by a single heartbeat.

Physical exercise requires a greater CO to deliver O
2
 

to the working skeletal muscles. This is accomplished by 
increasing both HR and SV (see Chapter 13; Fig. 13.3). An 
increase in the amount of cardiac work is generated with 
each heartbeat, as illustrated in Fig. 4.28. Physical exercise 
increases in myocardial contractility, preload, and afterload;  
thus the left ventricle P-V loop area increases because of a  
greater EDV, a greater peak systolic pressure, and a decrease 
in ESV. The power generation (power = work/time) of the 
left ventricle increases because of the greater loop area and 
HR. 

   	SUMMARY
	•	� Although the myocardium is made up of individual 

cells with discrete membrane boundaries, the cardiac 
myocytes that constitute the ventricles contract almost 
in unison, as do those of the atria. The myocardium 
functions as a syncytium with an all-or-none response 
to excitation. Cell-to-cell conduction occurs through 
gap junctions that connect the cytoplasm of adjacent 
cells.

	•	� An increase in myocardial fiber length, as occurs with 
an augmented ventricular filling during diastole (pre-
load), produces a more forceful ventricular contraction. 
This relation between initial fiber length and strength of 
contraction is known as the Frank-Starling law of the 
heart.

	•	� On excitation, voltage-gated Ca++ channels open to 
admit extracellular Ca++ into the cell. This Ca++ influx 
triggers the release of Ca++ from the SR. The elevated 
intracellular Ca++ promotes cross-bridge cycling 
between thick and thin filaments that causes contrac-
tion of the cell.

	•	� Relaxation is accomplished via restoration of the rest-
ing cytosolic Ca++ level by pumping it back into the SR 
and by exchanging it for extracellular Na+ across the 
sarcolemma.

	•	� Velocity and force (afterload) of contraction are func-
tions of the intracellular concentration of free Ca++. 
Afterload and velocity are inversely related, so that with 
no load, velocity is maximal. In an isometric contrac-
tion, in which no external shortening occurs, total load 
is maximal and velocity is zero.

	•	� In ventricular contraction, the preload is the stress 
(pressure) in the ventricle, before contraction, that 
stretches the myocardial cells. The afterload is the aor-
tic pressure against which the left ventricle ejects the 
blood.

	•	� Contractility is an expression of cardiac performance at 
a given preload and afterload. Contractility is increased 
mainly by interventions that raise intracellular Ca++ and 
is decreased by interventions that lower intracellular 
Ca++.
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	•	� Simultaneous recording of left atrial, left ventricular, 
and aortic pressures, ventricular volume; heart sounds, 
and the electrocardiogram graphically portray the 
sequence of related electrical and cardiodynamic events 
throughout a cardiac cycle. The first heart sound is 
caused mainly by abrupt closure of the AV valves; the 
second heart sound is caused by abrupt closure of the 
semilunar valves.

	•	� CO can be determined, according to the Fick princi-
ple, by measuring the O

2
 consumption of the body, 

V̇
O2

, and the O
2
 content of arterial, [O

2
]

a
, and mixed 

venous, [O
2
]

v
, blood. CO = V̇

O2
/([O

2
]

a
 − [O

2
]

v
). It can 

also be measured by dye dilution or thermodilution 

techniques. The greater the CO, the greater is the dilu-
tion of the injected dye or cold saline by the arterial 
blood.

	•	� The total mechanical energy of the left ventricle can 
be obtained from the sum of the area inscribed by the 
P-V loop and the potential energy derived from the 
systolic component of the P-V loop trajectory. When 
V̇

O2
 is plotted against the P-V area, a linear relation-

ship is obtained. The P-V area–independent V̇
O2

 is 
a measure of the O

2
 used for excitation-contraction 

coupling and for basal metabolism. The P-V area–
dependent V̇

O2
 is the O

2
 consumed during cross-

bridge cycling. 

   	KEYWORDS AND CONCEPTS
Afterload
Diastole
Fick principle
Isovolumic contraction
Maximal dP/dt
Phospholamban
Positive inotropic effect

Preload
Pressure-volume loop
Rapid filling phase
Reduced ejection
Stroke volume
Systolic pressure–time index
Ventricular systole
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History
A 60-year-old woman entered the hospital complaining of 
shortness of breath, fatigue, and swelling of her ankles 
and lower legs. She had had these symptoms for about 
3 years but refused medical treatment until they became 
severe. As a child she had rheumatic fever and experi-
enced a murmur, which was diagnosed as mitral stenosis. 
Physical examination revealed a dyspneic, slightly cya-
notic woman with ankle and pretibial edema, distended 
neck veins, an enlarged tender liver, ascites, and rales at 
the lung bases. The electrocardiogram showed atrial fibril-
lation and right axis deviation. A chest x-ray showed an 
enlarged heart and shadows at the lung bases that were 
compatible with pulmonary edema. A cardiac workup 
showed a low cardiac output. After a week of treatment 
for congestive heart failure, the patient’s symptoms 
abated and she was sent home with medication therapy.
	1.	� Auscultation of the heart revealed a:
	 a.	� harsh systolic murmur heard best at the cardiac 

apex.
	 b.	� harsh systolic murmur heard best in the second 

interspace to the left of the sternum.
	 c.	� soft, high-pitched diastolic murmur heard best in 

the second interspace to the left of the sternum.
	 d.	� rumbling, low-pitched diastolic murmur heard best 

at the cardiac apex.
	 e.	� high-pitched systolic murmur heard best in the sec-

ond interspace to the right of the sternum.
	2.	� Which of the following is observed in atrial fibrillation?
	 a.	� A regular heartbeat.
	 b.	� The heart rate measured by auscultation over the 

precordium is less than that measured by palpation 
of the radial artery.

	 c.	� A very rapid irregular rate.

	 d.	� A constant strength of the heartbeats as palpated 
at the wrist.

	 e.	� Regular P waves in the electrocardiogram.
	3.	� Which of the following therapeutic measures would 

help this patient?
	 a.	� Insertion of a pacemaker to correct the dysrhyth-

mia.
	 b.	� Administration of a diuretic such as furosemide to 

reduce preload.
	 c.	� Saline infusion to increase preload and cardiac 

rhythm.
	 d.	� Intravenous adenosine to restore normal cardiac 

output.
	 e.	� Administration of a calcium entry blocker such as 

diltiazem.
	4.	� Which of the following findings would be true for this 

patient?
	 a.	� Increased serum albumin.
	 b.	� Increased pulmonary wedge pressure (measured 

by threading a catheter via a peripheral vein as far 
as it will go into a branch of the pulmonary artery).

	 c.	� Increased sodium excretion.
	 d.	� Reduced peripheral resistance.
	 e.	� Increased pulse pressure.
	5.	� The patient’s whole body oxygen consumption was 

300 mL/min and the pulmonary artery and the bra-
chial artery blood oxygen content were 8 mL/dL and 
18 mL/dL, respectively. What was the patient’s car-
diac output?

	 a.	� 2.0 L/min.
	 b.	� 4.8 L/min.
	 c.	� 3.0 L/min.
	 d.	� 1.3 L/min.
	 e.	� 1.2 L/min.

CASE 4.1 
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Regulation of the Heartbeat

5

O B J E C T I V E S
	1.	� Describe the neural control of heart rate.
	2.	� Explain the role of preload in the regulation of myo-

cardial contraction.
	3.	� Describe the neural regulation of myocardial 

contraction.

	4.	� Explain the effects of hormones on myocardial 
contraction.

	5.	� Explain the effects of blood gases on myocardial 
contraction.

 

The quantity of blood pumped by the heart each minute 
(i.e., cardiac output, CO) may be varied by changing the 
frequency of its beats (i.e., heart rate, HR) or the volume 
ejected per stroke (i.e., stroke volume, SV). Cardiac output 
is the product of heart rate and stroke volume; that is,

	 CO = HR × SV 	 (5.1)

A discussion of the control of cardiac activity may there-
fore be subdivided into considerations of the regulation of 
pacemaker activity and the regulation of myocardial con-
traction. However, in the intact organism, a change in the 
function of one of these features of cardiac activity almost 
invariably alters the other.

Certain local factors, such as temperature changes 
and tissue stretch, can affect the discharge frequency of 
the sinoatrial (SA) node. However, the principal con-
trol of HR is relegated to the autonomic nervous system, 
and the discussion is restricted to this aspect of HR con-
trol. Also considered are the intrinsic and extrinsic factors  
that regulate myocardial performance.

HEART RATE IS CONTROLLED MAINLY BY 
THE AUTONOMIC NERVES
In normal adults the average HR at rest is approxi-
mately 70 beats per minute (beats/min); the rate is 
significantly higher in children. During sleep the HR 
decelerates by 10 to 20 beats/min, but during emo-
tional excitement or muscular activity it may acceler-
ate to rates considerably higher than 100 beats/min. 

In well-trained athletes at rest, the rate is usually only 
about 50 beats/min.

The SA node is usually under the tonic influence of both 
divisions of the autonomic nervous system. The sympa-
thetic system enhances automaticity, whereas the parasym-
pathetic system inhibits it. Changes in HR usually involve 
a reciprocal action of the two divisions of the autonomic 
nervous system. Thus an increased HR is produced by a 
diminution of parasympathetic activity and a concomitant 
increase in sympathetic activity; deceleration is usually 
achieved by the opposite mechanisms. Under certain con-
ditions, the HR may be changed by selective action of just 
one division of the autonomic nervous system rather than 
by reciprocal changes in both divisions.

Ordinarily, parasympathetic tone predominates in 
healthy, resting individuals. Blockade of parasympathetic 
effects by administration of atropine (a muscarinic recep-
tor antagonist) usually increases HR substantially, whereas 
blockade of sympathetic effects by administration of  
propranolol (a β-adrenergic receptor antagonist) usually 
decreases HR only slightly (Fig. 5.1). When both divisions 
of the autonomic nervous system are blocked, the HR of 
young adults averages about 100 beats/min. The rate that 
prevails after complete autonomic blockade is called the 
intrinsic heart rate.

Parasympathetic Pathways
Cardiac parasympathetic fibers originate in the medulla 
oblongata, in cells that lie in the dorsal motor nucleus 
of the vagus or in the nucleus ambiguus. The precise 
location varies from species to species. Efferent vagal  
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fibers pass inferiorly through the neck as the cervical 
vagus nerves (Fig. 5.2), which lie close to the common 
carotid arteries. They then pass through the medi-
astinum to synapse with postganglionic cells on the 

epicardial surface or within the walls of the heart itself. 
Most of the cardiac ganglion cells are found in plexuses 
and are located near the SA node and atrioventricular 
(AV) conduction tissue.

The right and left vagi are distributed differentially to 
the various cardiac structures. The right vagus nerve affects 
the SA node predominantly; its stimulation slows SA nodal 
firing or may even stop it for several seconds. The left vagus 
nerve mainly inhibits AV conduction tissue to produce 
various degrees of AV block. However, the distributions of 
the efferent vagal fibers overlap, such that left vagal stimu-
lation also depresses the SA node and right vagal stimula-
tion impedes AV conduction.

The SA and AV nodes are rich in cholinesterase. Hence 
the effects of any given vagal impulse are brief because cho-
linesterase rapidly hydrolyzes the neurally released acetyl-
choline. The effects of vagal activity on SA and AV nodal 
function also display a very short latency (about 50 to 100  
milliseconds), because the released acetylcholine activates 
special K+ channels (I

K,ACh
, an inwardly rectifying potas-

sium channel) in the cardiac cells. The opening of these 
channels is so prompt because it does not require the 
operation of a second messenger, such as cyclic adenosine 
monophosphate (cAMP).

When the vagus nerves are stimulated at a constant 
frequency for several seconds, the HR decreases abruptly 
and attains a steady-state value within one or two cardiac 
cycles (Fig. 5.3A). Also, when stimulation is discontinued,  
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the HR returns very quickly to its basal level. The combi-
nation of the brief latency and rapid decay of the response 
(because of the abundance of cholinesterase) allows the 
vagus nerves to exert a beat-by-beat control of SA and AV 
nodal function.

Parasympathetic influences dominate sympathetic 
effects at the SA node, as shown in Fig. 5.4. This vagal 
dominance in the regulation of HR is mediated mainly 
by suppression of the release of norepinephrine from the 
sympathetic nerve endings by the acetylcholine released 
from neighboring vagus nerve endings. This nerve–nerve 
interaction between the two divisions of the autonomic 
nervous system is discussed more fully in association with 
Fig. 5.5. 

Sympathetic Pathways
The cardiac sympathetic fibers originate in the interme-
diolateral columns of the upper five or six thoracic and 
lower one or two cervical segments of the spinal cord. They 
emerge from the spinal column through the white com-
municating branches and enter the paravertebral chains 
of ganglia. Preganglionic and postganglionic neurons 
synapse mainly in the stellate and middle cervical ganglia 
(see Fig. 5.2). The middle cervical ganglia lie close to the 
vagus nerves in the superior portion of the mediastinum. 
Postganglionic sympathetic and preganglionic parasympa-
thetic fibers then form a plexus of mixed efferent nerves to 
the heart (see Fig. 5.2).

Postganglionic cardiac sympathetic fibers approach 
the base of the heart along the adventitial surface of the 
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lation frequency from 0 Hz to 4 Hz had a negligible influence 
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great vessels. On reaching the base of the heart, these fibers 
are distributed to the various chambers as an extensive 
epicardial plexus. They then penetrate the myocardium, 
usually along the coronary vessels. The majority of adren-
ergic receptors in the nodal regions and in the myocardium 
are β-adrenergic receptors; that is, they are activated by β-
adrenergic agonists, such as isoproterenol, and are inhibited 
by β-adrenergic blocking agents, such as propranolol.

Like the vagus nerves, the left and right sympathetic 
fibers are distributed differentially. In the dog, for exam-
ple, fibers on the left side have more pronounced effects 
on myocardial contractility than do fibers on the right side, 
whereas the fibers on the left side have much less effect on 
HR than do the fibers on the right side (Fig. 5.6). In some 
dogs, left cardiac sympathetic nerve stimulation may not 
affect the HR at all. This bilateral asymmetry probably also 
exists in humans. In one group of patients, block of the 
right stellate ganglion caused a mean reduction in HR of 
14 beats/min, whereas left-sided blockade decreased HR by 
only 2 beats/min.

Figs. 5.3B and 5.6 show that the effects of sympathetic 
stimulation decay very gradually after the cessation of 
stimulation, in contrast to the abrupt termination of the 
response after vagal activity (see Fig. 5.3A). Most of the 
norepinephrine released during sympathetic stimulation 
is taken up again by the nerve terminals, and much of the 
remainder is carried away by the bloodstream. These pro-
cesses are relatively slow. Furthermore, at the beginning 

of sympathetic stimulation, the facilitatory effects on the 
heart attain steady-state values much more slowly than do 
the inhibitory effects of vagal stimulation (see Fig. 5.3).

At least two factors are responsible for the more grad-
ual onset of the HR response to sympathetic activity than 
to vagal activity. First, the response to sympathetic activity 
depends mainly on the intracellular production of second 
messengers, mainly cAMP, in the automatic cells in the 
SA node (see Fig. 5.5). This is slower than the response 
to vagal activity. The muscarinic receptors that respond 
to the acetylcholine released from the vagal terminals are 
coupled directly to the acetylcholine-regulated K+ chan-
nels by a G protein; this direct coupling allows a prompt 
response. Second, the postganglionic nerve endings of 
each of the two autonomic divisions release neurotrans-
mitters at different rates. Intense vagal activity releases 
enough acetylcholine during a brief period (e.g., 1 s)  
to arrest the heartbeat. Conversely, even during intense sym-
pathetic activity, enough norepinephrine is released during 
each cardiac cycle to change cardiac behavior by only a small 
increment. Thus the vagus nerves are able to exert beat-by-
beat control of HR, whereas the sympathetic nerves cannot 
alter cardiac function very much within one cardiac cycle.

The dominance of parasympathetic over sympathetic 
effects on SA and AV node activities depends on the nature 
of their interactions. There are prejunctional (nerve–nerve) 
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and postjunctional (within the cardiac cell) interactions 
between vagal and sympathetic neurons (see Fig. 5.5). 
Within the terminal autonomic innervation, parasympa-
thetic and sympathetic fibers are interlaced within microns 
of each other.

The experiment illustrated in Fig. 5.7 demonstrates that 
stimulation of the cardiac sympathetic nerves results in the 
overflow of substantial norepinephrine into the coronary 
sinus blood. The amount of norepinephrine that over-
flows into the coronary sinus blood parallels the amount of 
norepinephrine released at cardiac sympathetic terminals. 
Concomitant vagal stimulation reduces the overflow of 
norepinephrine by about 30%. The sympathetic adrener-
gic terminal membrane has muscarinic receptors activated 
by acetylcholine that causes inhibition of norepinephrine 
release. Thus vagal activity decreases cardiac frequency (see 
Fig. 5.4) and contractility (see Fig. 5.31) partly by antago-
nizing the facilitatory effects of any concomitant sympa-
thetic activity. Physiologically, neuropeptide Y (NPY), a 
cotransmitter with norepinephrine in sympathetic adren-
ergic nerves, can inhibit acetylcholine from neighboring 
vagal fibers (see Fig. 5.5).

Postjunctional interaction of parasympathetic and 
sympathetic transmitter occurs largely, but not exclusively, 
through regulation of cAMP formation (see Fig. 5.5).  
Postjunctional targeting of transmitter action begins at 
guanine nucleotide–coupled receptors (GPCRs), namely 

muscarinic and β-adrenergic receptors. Inhibitory G 
proteins (G

i
) for muscarinic receptor and stimulatory G 

proteins (G
s
) for β-adrenergic receptors provide another 

means of targeting transmitter action. Fig. 5.8 illustrates 
the general features of postjunctional action of a trans-
mitter. Transmitter occupancy of its GPCR facilitates the 
exchange of GTP for GDP and the G protein α subunit 
dissociates from the βγ subunits. The α subunit regulates 
adenylyl cyclase activity (inhibition via G

i
, stimulatory via 

G
a
) and thereby the concentration of cAMP. In the case of 

G
i
, the βγ subunits serve as a transducer to activate I

K,ACh
 

channels that cause membrane hyperpolarization in SA 
(see Fig. 3.5) and AV (see Fig. 3.10) nodes. Cyclic AMP 
is a water-soluble substance whose message is targeted by 
intracellular compartments of its synthetic enzyme, ade-
nylyl cyclase, its hydrolytic enzymes, phosphodiesterases, 
and its anchoring peptides, cAMP-dependent protein 
kinase anchoring proteins (AKAPs). Thus norepineph-
rine raises intracellular cAMP, which interacts with its 
cognate protein kinase to regulate cardiac function by 
phosphorylating strategic proteins (troponin I, phos-
pholamban, various ionic channels, glycolytic enzymes). 
Acetylcholine, by reducing cAMP formation, exerts the 
opposite actions on these intracellular effectors. Thus 
the postjunctional interaction between these autonomic 
transmitters adds another level of integration to their reg-
ulation of heart function (see Fig. 5.8). 
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Fig. 5.8  General reaction scheme for regulation of adenylyl cyclase (AC) by a G protein–coupled receptor (GPCR). 
Agonist occupancy of GPCR promotes exchange of guanosine triphosphate (GTP) for guanosine diphosphate 
(GDP) on the α subunit; this exchange stimulates (αs-GTP) or inhibits (αi-GTP) AC activity and synthesis of cyclic 
adenine monophosphate (cAMP). The βγ subunit of Gi can activate muscarinic potassium (KACh) channels in heart. 
The deactivation of α subunits is affected by regulators of G proteins (RGSs). Phosphodiesterases (PDEs) regulate 
cAMP concentration by hydrolysis to 5′-AMP. cAMP activates cAMP-dependent protein kinase (PKA) to phosphor-
ylate proteins in compartments determined by the presence of PKA-kinase–anchoring proteins (AKAPs). The state 
(phosphorylated/dephosphorylated) of various proteins—troponin I (TnI), phospholamban (PLB), ionic channels, 
enzymes—regulates their function.
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Higher Centers Also Influence Cardiac 
Performance
Stimulation of various regions of the brain induces dra-
matic alterations in cardiac rate, rhythm, and contractil-
ity. In the cerebral cortex, the centers that regulate cardiac 
function are mostly in the anterior half of the brain—
principally in the frontal lobe, the orbital cortex, the motor 
and premotor cortex, the anterior part of the temporal 
lobe, the insula, and the cingulate gyrus. In the thalamus, 
tachycardia may be induced by stimulation of the midline, 
ventral, and medial groups of nuclei. Variations in HR also 
may be evoked by stimulating the posterior and posterolat-
eral regions of the hypothalamus.

Stimuli applied to field H2 of Forel in the dienceph-
alon elicit various cardiovascular responses, including 
tachycardia; such changes closely resemble those observed 
during muscular exercise. Undoubtedly the cortical and 
diencephalic centers are responsible for initiating the 
cardiac reactions that occur during excitement, anxiety, 
and other emotional states. Hypothalamic centers are also 
involved in the cardiac response to alterations in environ-
mental temperature. Localized temperature changes in the 
preoptic anterior hypothalamus alter HR and peripheral  
resistance.

Stimulation of the parahypoglossal area of the 
medulla activates cardiac sympathetic and inhibits car-
diac parasympathetic pathways. In certain dorsal regions 
of the medulla, distinct cardiac accelerator and aug-
mentor sites have been detected in animals with tran-
sected vagi. Stimulation of accelerator sites raises HR,  

whereas stimulation of augmentor sites increases car-
diac contractility. The accelerator regions were more 
abundant on the right, and the augmentor sites more 
prevalent on the left. A similar distribution also exists 
in the hypothalamus. Therefore it appears that for the 
most part the sympathetic fibers descend ipsilaterally 
from the brainstem. 

Heart Rate Can Be Regulated via the 
Baroreceptor Reflex
Acute changes in arterial blood pressure reflexly elicit 
inverse changes in HR (Fig. 5.9) via the baroreceptors 
located in the aortic arch and carotid sinuses (see also 
Chapter 9). The inverse relation between HR and arterial 
blood pressure is usually most pronounced over an inter-
mediate range of arterial blood pressures. In the experi-
ment shown in Fig. 5.9, this range varied between about 
70 and 160 mm Hg. Below the intermediate range of pres-
sures, the HR maintains a constant, high value, whereas 
above this pressure range, it maintains a constant, low 
value.

The effects of changes in carotid sinus pressure on the 
activity in the cardiac autonomic nerves of an anesthe-
tized dog are shown in Fig. 5.10. Alterations in HR are 
achieved by reciprocal changes in vagal and sympathetic 
neural activity over an intermediate range of arterial pres-
sures (from about 100 to 200 mm Hg). Below this range 
of arterial blood pressures, the high HR is achieved by 
intense sympathetic activity and the virtual absence of 
vagal activity. Conversely, above the intermediate range 

There are many targets at which signals initiated at 
G protein–coupled receptors (GPCRs) can be modi-
fied (see Fig. 5.8). Among these are regulators of G 
protein signaling (RGSs), proteins that inactivate G 
proteins by augmenting their intrinsic GTPase activity. 
Thus the signal from GPCR is reduced when α-GTP is 
degraded to α-GDP. RGS6 is a protein found in heart 
muscle, where it interacts with the β subunit to limit 
signals through Gi. Knockout of RGS6 removes this 
restraint on inhibition by Gi-mediated signaling. Subse-
quently, mice displayed a resting bradycardia (reduced 
heart rate). In atrial cells from these animals, activation 
of KACh channels by agonist persisted longer. Also, a 
muscarinic agonist caused greater reduction of beat-
ing rate of the SA node and prolongation of AV node 
conduction time. Thus parasympathetic regulation of 
nodal function is critically regulated by modifying the 
transducer function of Gi.

MOLECULAR BOX 

CLINICAL BOX
Cortical centers have important effects on autonomic 
function, and there is evidence for somatotopic dis-
tinctions of central autonomic outflow into pressor/
tachycardia and depressor/bradycardia responses. 
The insula distinctly regulates the balance between 
sympathetic and parasympathetic actions on the car-
diovascular system. In human patients, electrical stim-
ulation of the left insular cortex elicited predominantly 
parasympathetic responses (bradycardia and vaso-
depression), whereas stimulation of the right insular 
cortex evoked sympathetic reactions (tachycardia 
and vasopression). As expected, patients with acute, 
stroke-induced damage of the left insular cortex dis-
play increased sympathetic tone and an increased risk 
of arrhythmias and cardiovascular mortality. When the 
right insular cortex is acutely involved in the stroke, 
the incidence of cardiovascular mortality and morbidity 
is unchanged.
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of arterial blood pressures, the low HR is achieved by 
intense vagal activity and a constant low level of sympa-
thetic activity. 

The Bainbridge Reflex and Atrial Receptors 
Regulate Heart Rate
In 1915 Bainbridge reported that infusions of blood or 
saline accelerated the HR in dogs. This increase in HR 
occurred whether arterial blood pressure did or did not 
rise. Tachycardia was observed whenever central venous 
pressure rose sufficiently to distend the right side of the 
heart, and the effect was abolished by bilateral transection 
of the vagi.

The magnitude and direction of the HR changes 
evoked by the Bainbridge reflex depend on the prevailing 
HR. When the HR is slow, intravenous infusions usually 
accelerate the heart. At more rapid HRs, however, infu-
sions ordinarily slow the heart. Increases in blood volume 
not only evoke the Bainbridge reflex but also activate 
other reflexes (notably the baroreceptor reflex) that tend 
to change the HR in the opposite direction. The actual 
change in HR evoked by an alteration of blood volume 
is therefore the result of these antagonistic reflex effects 
(Fig. 5.11).

In unanesthetized dogs, infusions of blood increased 
HR and CO proportionately (Fig. 5.12); consequently, 
SV varied little. Conversely, reductions in blood volume 
diminished the CO but increased HR. Undoubtedly, the 
Bainbridge reflex prevailed over the baroreceptor reflex 
when the blood volume was raised, but the baroreceptor 
reflex prevailed over the Bainbridge reflex when the blood 
volume was diminished.

Both atria have receptors that influence HR. They are 
located principally in the venoatrial junctions—in the 
right atrium at its junctions with the venae cavae and 
in the left atrium at its junctions with the pulmonary 
veins. Distention of these atrial receptors sends impulses 
centrally in the vagi. The efferent impulses are carried 
by fibers from both autonomic divisions to the SA node. 
The cardiac response is highly selective. Even when the 
reflex increase in HR is large, changes in ventricular 
contractility are negligible. Furthermore, the increase 
in sympathetic activity is restricted to the HR; there is 
no increase of sympathetic activity to the peripheral 
arterioles.

Stimulation of the atrial receptors also increases urine 
volume. Reduced activity in the renal sympathetic nerve 
fibers might be partially responsible for this diuresis. 
However, the principal mechanism appears to be a 
neurally mediated reduction in the secretion of vaso-
pressin (antidiuretic hormone) by the posterior pituitary  
gland.
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Atrial natriuretic peptide (ANP) is released from storage 
granules within atrial myocytes in response to increases in 
blood volume by virtue of the resulting stretch of the atrial 
walls. ANP, a 28–amino acid peptide, has potent diuretic and 
natriuretic effects on the kidneys, and it dilates the resistance 
and capacitance of blood vessels. Thus ANP is an important 
regulator of blood volume and blood pressure. 

Respiration Induces a Common Cardiac 
Dysrhythmia
Rhythmic variations in HR, occurring at the frequency of 
respiration, are detectable in most individuals and tend to 
be more pronounced in children. Typically, the cardiac 
rate accelerates during inspiration and decelerates during 
expiration (Fig. 5.13).

Recordings from cardiac autonomic nerves reveal that 
activity increases in the sympathetic nerve fibers during 
inspiration, whereas activity in the vagal nerve fibers 
increases during expiration (Fig. 5.14). Acetylcholine 
released at the vagal endings is hydrolyzed so rapidly 
that the rhythmic changes in activity are able to elicit 
rhythmic variations in HR. Conversely, norepinephrine 
released at the sympathetic endings is removed more 
slowly, thus damping out the effects of rhythmic varia-
tions in norepinephrine release on HR. Hence rhythmic 
changes in HR arise almost entirely from oscillations in 
vagal activity. Respiratory sinus dysrhythmia is exag-
gerated when vagal tone is enhanced.
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Fig. 5.11  Intravenous infusions of blood or electrolyte solutions tend to increase heart rate via the Bainbridge 
reflex and to decrease heart rate via the baroreceptor reflex. The actual change in heart rate induced by such 
infusions is the result of these two opposing effects.
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CLINICAL BOX
In congestive heart failure, sodium chloride (NaCl) and 
water are retained, mainly because of the increased 
release of aldosterone from the adrenal cortex con-
sequent to stimulation by the renin-angiotensin 
system. The plasma level of ANP is also increased 
in congestive heart failure. This peptide enhances 
the renal excretion of NaCl and water. These pro-
cesses attenuate fluid retention and consequent 
elevations of central venous pressure and cardiac  
preload.
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Both reflex and central factors contribute to the gen-
esis of the respiratory cardiac dysrhythmia (Fig. 5.15). 
During inspiration, intrathoracic pressure decreases, 
and therefore venous return to the right side of the 
heart is accelerated and right atrial pressure increases 
(see also Chapter 10) and elicits the Bainbridge reflex 
(see Fig. 5.15). After the time delay required for the 
increased venous return to reach the left side of the 
heart, left ventricular output increases and raises arte-
rial blood pressure. This greater pressure, in turn, 
reduces HR reflexly through baroreceptor stimulation  
(see Fig. 5.15).

Fluctuations in sympathetic activity to the arterioles 
cause peripheral resistance to vary at the respiratory 
frequency. Consequently, arterial blood pressure fluc-
tuates rhythmically, affecting HR via the baroreceptor 
reflex. Stretch receptors in the lungs may also affect 
HR (see Fig. 5.15). Moderate pulmonary inflation may 
increase HR reflexly. The afferent and efferent limbs of 
this reflex are located in the vagus nerves.

Central factors are also responsible for respiratory 
cardiac dysrhythmia (see Fig. 5.15). The medullary 
respiratory center influences cardiac autonomic cen-
ters. In heart–lung bypass experiments conducted on 
animals, the chest is opened, the lungs are collapsed, 
venous return is diverted to a pump-oxygenator, and 
arterial blood pressure is maintained at a constant level. 
In such experiments, rhythmic movements of the rib 
cage attest to the activity of the medullary respiratory  

centers, and the movements of the rib cage are often 
accompanied by rhythmic changes in HR at the respi-
ratory frequency. This respiratory cardiac dysrhythmia 
is almost certainly induced by an interaction between 
the respiratory and cardiac centers in the medulla  
(see Fig. 5.15). 

Activation of the Chemoreceptor Reflex Affects 
Heart Rate
The cardiac response to peripheral (or arterial) chemore-
ceptor stimulation merits special consideration because 
it illustrates the complexity that may be introduced 
when one stimulus excites two organ systems simultane-
ously. In intact animals, stimulation of the arterial che-
moreceptors consistently increases ventilatory rate and 
depth, but HR usually changes only slightly. The direc-
tional change in HR evoked by the peripheral chemo-
receptors is related to the enhancement of pulmonary 
ventilation (Fig. 5.16). When respiratory stimulation is 
mild, HR usually diminishes; when the increase in pul-
monary ventilation is more pronounced, HR usually 
accelerates.

The cardiac response to arterial chemoreceptor stim-
ulation is the result of primary and secondary reflex 
mechanisms (Fig. 5.17). The primary reflex effect 
of arterial chemoreceptor excitation is to stimulate 
the medullary vagal center and thereby decrease HR. 
Secondary effects are mediated by the respiratory sys-
tem. Respiratory stimulation by the arterial chemore-
ceptors tends to inhibit the medullary vagal center. This 
inhibitory effect varies with concomitant stimulation of 
respiration.

An example of the primary inhibitory influence of arte-
rial chemoreceptor stimulation is displayed in Fig. 5.18. In 
this experiment, the lungs were completely collapsed, and 
an artificial oxygenator was used to maintain blood oxy-
gen levels. When the carotid chemoreceptors were stimu-
lated, an intense bradycardia and some degree of AV block 
ensued. These effects are mediated primarily by efferent 
vagal fibers.

The hyperventilation that is ordinarily evoked by 
carotid chemoreceptor stimulation influences HR sec-
ondarily, both by initiating more pronounced pulmo-
nary inflation reflexes and by producing hypocapnia (see 
Fig. 5.17). Each of these influences tends to depress the 
primary cardiac response to chemoreceptor stimulation 
and thereby to accelerate the heart. Hence, when pul-
monary hyperventilation is not prevented, the primary 
and secondary effects tend to neutralize each other, 
and carotid chemoreceptor stimulation affects HR only  
minimally. 
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Fig. 5.13  Respiratory sinus dysrhythmia in a resting, unanes-
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Fig. 5.15  Respiratory sinus dysrhythmia is generated by a direct interaction between the respiratory and 
cardiac centers in the medulla as well as by reflexes originating from stretch receptors in the lungs, stretch 
receptors in the right atrium (Bainbridge reflex), and baroreceptors in the carotid sinuses and aortic arch.

Fig. 5.14  Respiratory fluctuations in effer-
ent neural activity in the cardiac nerves of 
an anesthetized dog. Note that the sym-
pathetic nerve activity occurs synchro-
nously with the phrenic nerve discharges 
(which initiate diaphragmatic contraction), 
whereas the vagus nerve activity occurs 
between the phrenic nerve discharges. 
(From Kollai, M., & Koizumi, K. (1979). Re-
ciprocal and non-reciprocal action of the 
vagal and sympathetic nerves innervating 
the heart. Journal of the Autonomic Ner-
vous System, 1, 33–52.)
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Fig. 5.18  Changes in heart rate during carotid chemoreceptor 
stimulation in an anesthetized dog on total heart bypass (up-
per tracing). The lungs remain deflated, and respiratory gas ex-
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the carotid chemoreceptors. The blood perfusing the remainder 
of the animal, including the myocardium, was fully saturated 
with oxygen throughout the experiment. (Modified from Levy, 
M. N., Degeest, H., Zieske, H. (1966). Effects of respiratory 
center activity on the heart. Circulation Research, 18, 67–78.)
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Ventricular Receptor Reflexes Play a Minor Role 
in the Regulation of Heart Rate
Sensory receptors near the endocardial surfaces of the 
ventricular walls initiate reflexes similar to those elic-
ited by the arterial baroreceptors. Excitation of these 
endocardial receptors diminishes HR and peripheral 
resistance. Other sensory receptors have been identified 
in the epicardial regions of the ventricles. Ventricular 
receptors are excited by a variety of mechanical and 
chemical stimuli, but their physiological functions are 
not clear. 

MYOCARDIAL PERFORMANCE IS REGULATED 
BY INTRINSIC MECHANISMS
Just as the heart can initiate its own beat in the absence 
of any nervous or hormonal control, the myocardium can  
adapt to changing hemodynamic conditions by mecha-
nisms that are intrinsic to cardiac muscle. Experiments on 

The identical primary vagal inhibitory effect also operates 
in humans. The electrocardiogram shown in Fig. 5.19  
was recorded from a quadriplegic patient who could 
not breathe spontaneously and required tracheal intu-
bation and artificial respiration. When the tracheal cath-
eter was briefly disconnected to permit nursing care, 
profound bradycardia quickly developed. The heart rate 
was 65 beats/min just before the tracheal catheter was 
disconnected. In less than 10 s after cessation of arti-
ficial respiration, the heart rate fell to about 20 beats/
min. This bradycardia could be prevented by blocking of 
the effects of efferent vagal activity with atropine, and 
its onset could be delayed considerably by hyperventila-
tion of the patient before disconnection of the tracheal 
catheter.

CLINICAL BOX 

Ventricular receptors are suspected of being involved 
in the initiation of vasovagal syncope, which is light-
headedness or brief loss of consciousness that may 
be triggered by psychological or orthostatic stress. The 
ventricular receptors are thought to be stimulated by a 
reduced ventricular filling volume combined with a vigor-
ous ventricular contraction. In a person standing quietly, 
ventricular filling is diminished because blood tends to 
pool in the veins in the abdomen and legs, as explained 
in Chapter 10. Consequently, the reduction in cardiac 
output and arterial blood pressure leads to a generalized 
increase in sympathetic neural activity via the barore-
ceptor reflex (see Fig. 5.10). The enhanced sympathetic 
activity to the heart evokes a vigorous ventricular contrac-
tion, which thereby stimulates the ventricular receptors. 
Excitation of the ventricular receptors appears to initiate 
the autonomic neural changes that evoke vasovagal syn-
cope, namely, a combination of a profound, vagally medi-
ated bradycardia and a generalized arteriolar vasodilation 
caused by a diminution in sympathetic neural activity.

CLINICAL BOX 

Fig. 5.19  Electrocardiogram of a 30-year-old quadriplegic man who could not breathe spontaneously and 
required tracheal intubation and artificial respiration. The two strips are continuous. The tracheal catheter 
was temporarily disconnected from the respirator at the beginning of the top strip. (Modified from Berk,  
J. L., & Levy, M. N. (1977). Profound reflex bradycardia produced by transient hypoxia or hypercapnia in man. 
European Surgical Research, 9, 75–84.)
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denervated hearts reveal that this organ adjusts remarkably 
well to stress. For example, racing greyhounds with dener-
vated hearts perform almost as well as those with intact 
innervation. Their maximal running speed was found to 
be only 5% less after complete cardiac denervation. In 
these dogs the threefold to fourfold increase in CO during 
exertion was achieved principally by an increase in SV. In 
normal dogs the increase of CO with exercise is accom-
panied by a proportionate increase of HR; SV does not 
change much (see Chapter 13). The cardiac adaptation in 
the denervated animals is not achieved entirely by intrinsic 
mechanisms; circulating catecholamines undoubtedly con-
tribute. If the β-adrenergic receptors are blocked in grey-
hounds with denervated hearts, their racing performance 
is severely impaired.

The intrinsic cardiac adaptation that has received the 
greatest attention involves changes in the resting length 
of the myocardial fibers. This adaptation is designated 
Starling’s law of the heart or the Frank-Starling mecha-
nism. The mechanical, ultrastructural, and physiological 
bases for this mechanism are explained in Chapter 4.

The Frank-Starling Mechanism Is an Important 
Regulator of Myocardial Contraction Force
Isolated Hearts
In 1895, Otto Frank described the response of the isolated 
heart of the frog to alterations in the load on the myocar-
dial fibers just before ventricular contraction. He noted 
that as the load was increased, the heart responded with a 
more forceful contraction.

In 1914, Ernest Starling described the intrinsic response 
of the heart to changes in right atrial and aortic pressure in 
the canine isolated heart–lung preparation. In this prepara-
tion the right ventricular filling pressure is varied by alter-
ing the height of a reservoir connected to the right atrium. 
The ventricular filling pressure just before ventricular con-
traction constitutes the preload for the myocardial fibers 
in the ventricular wall (see also Chapter 4). The right ven-
tricle then pumps this blood through the pulmonary ves-
sels to the left atrium. The lungs are artificially ventilated. 
Blood is pumped by the left ventricle into the aortic arch 
and then through some external tubing back to the right 
atrial reservoir. A resistance device in the external tubing 
allows the investigator to control the aortic pressure; this 
pressure constitutes the afterload for left ventricular ejec-
tion (see also Chapter 4).

One of Starling’s recordings of the changes in ventric-
ular volume evoked by a sudden increase in right atrial 
pressure is shown in Fig. 5.20. Aortic pressure in this 
experiment was permitted to increase only slightly when 
the right atrial pressure (preload) was increased. In the 
top tracing, the upper border of the tracing represents the 
systolic ventricular volume, the lower border indicates the 
diastolic ventricular volume, and the width of the tracing 
reflects the stroke volume (i.e., the volume of blood ejected 
by a ventricle during each heartbeat).

For several beats after the rise in preload, the ventric-
ular volume progressively increased. This indicates that a 
disparity must have existed between ventricular inflow 
during diastole and ventricular outflow during systole. 
During a given systole, the volume of blood expelled 
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Patterson, S. W., Piper, H., & Starling, E. H. (1914). The regulation 
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by the ventricles was not as great as the volume that had 
entered the ventricles during the preceding diastole. This 
progressive accumulation of blood dilated the ventricles 
and lengthened the individual myocardial fibers in the 
walls of the ventricles. The increased diastolic fiber length 
somehow facilitates ventricular contraction and enables 
the ventricles to pump a greater SV, so that CO exactly 
matches the augmented venous return at steady state. 
Increased fiber length alters the structure of cardiac con-
stituents. In particular, the structural protein titin may 
serve as a mechanotransducer because it forms a scaffold  
around and binds to actin and myosin. As cardiac muscle is 
stretched, actin and myosin are brought into closer appo-
sition. Thus length dependence of cardiac performance 
is achieved mainly by changing the Ca++ sensitivity of the 
myofilaments and, in part, by changing the number of myo-
filament crossbridges that can interact (see also Chapter 4). 
Beyond an optimal fiber length, contraction is impaired. 
Therefore excessively high filling pressures may depress 
rather than enhance the pumping capacity of the ventricles 
by overstretching the myocardial fibers (see Fig. 4.10B). 
Such excessive degrees of stretch are rarely encountered 
under normal conditions.

Changes in diastolic fiber length also permit the iso-
lated heart to compensate for an increase in peripheral 
resistance. In a Starling preparation, when the arterial 
resistance is abruptly increased but ventricular filling rate 
is held constant, the SV diminishes initially in response to 
the sudden increase in arterial resistance. However, after a 
brief period, the SV enlarges to equal the constant ventric-
ular filling volume. Concomitantly, the arterial pressure 
and end-diastolic ventricular volume are greater than the 
values that prevailed before the experimentally induced 
increase in afterload. Thus, when the afterload is first 
increased, the SV ejected by the ventricles during systole is 
less than the filling volume that enters the ventricles during 
diastole. The consequent excess of volume in the ventricles 
stretches the myocardial fibers in the ventricular walls. This 
increase in myocardial fiber length enables the ventricles to 
eject a given SV against a greater afterload.

Changes in ventricular volume are also involved in the 
cardiac adaptation to alterations in HR. During bradycar-
dia, for example, the longer duration of diastole permits 
greater ventricular filling. The consequent augmenta-
tion of myocardial fiber length increases SV. Therefore 
the reduction in HR may be fully compensated by the 
increase in SV, such that CO may remain constant (see 
Fig. 10.22).

The curves that relate CO to mean atrial pressure for 
the two ventricles are not coincident; the curve for the left 
ventricle usually lies below that of the right, as shown in  
Fig. 5.21. At equal right and left atrial pressures (points 
A and B), right ventricular output would exceed left 

ventricular output. Hence venous return to the left ventri-
cle (a function of right ventricular output) would exceed 
left ventricular output, and therefore left ventricular 
diastolic volume and pressure would rise. By the Frank-
Starling mechanism, left ventricular output would increase 
(from point B toward point C). Only when the outputs of 
both ventricles are identical (points A and C) would the 
equilibrium be stable. Under such conditions, however, left 
atrial pressure (point C) would exceed right atrial pressure 
(point A), and this is precisely the relationship that ordi-
narily prevails in normal subjects.

When cardiac compensation involves ventricular dila-
tion, the force required by each myocardial fiber to generate 
a given intraventricular systolic pressure must be apprecia-
bly greater than that developed by the fibers in a nondilated 
ventricle. The relationship between wall tension and cavity 
pressure resembles the Laplace relationship for cylindri-
cal tubes (see Chapter 8), in that, for a constant internal 
pressure, wall tension varies directly with the radius. As a 
consequence, the dilated heart requires considerably more 
O

2
 to perform a given amount of external work than does 

the normal heart.
The relatively rigid pericardium that encloses the heart 

determines the pressure-volume relationship at high lev-
els of pressure and volume. The pericardium exerts this 
limitation of volume even under normal conditions—
when an individual is at rest and the HR is slow (see also 
Chapter 4). 
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Fig. 5.21  Outputs of the right and left ventricles as functions of 
the mean right and left atrial pressure, respectively. At a given 
level of cardiac output, mean left atrial pressure (e.g., point C) 
exceeds mean right atrial pressure (point A).
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Intact Preparations
The major problem in assessing the role of the Frank-
Starling mechanism in intact animals and humans is the 
difficulty of measuring end-diastolic myocardial fiber 
length. The Frank-Starling mechanism has been repre-
sented graphically by plotting an index of ventricular per-
formance along the ordinate and an index of fiber length 
along the abscissa. The most commonly used indexes of 
ventricular performance are CO, SV, and stroke work. The 
indexes of fiber length include ventricular end-diastolic 
volume, ventricular end-diastolic pressure, ventricular 
circumference, and mean atrial pressure.

The Frank-Starling mechanism is better represented by 
a family of so-called ventricular function curves than by a 
single curve. To construct a control ventricular function 
curve, one must alter the blood volume of an experimen-
tal animal over a range of values, and then measure stroke 
work and end-diastolic pressure at each step. One then 
makes similar observations during the desired experi-
mental intervention. For example, the ventricular func-
tion curve obtained during a norepinephrine infusion 
lies above and to the left of a control ventricular func-
tion curve (Fig. 5.23). For a given level of left ventricular 
end-diastolic pressure, the left ventricle performs more 
work during a norepinephrine infusion than under con-
trol conditions. Hence a shift of the ventricular function 

curve to the left usually signifies an increase of ventricular 
contractility (see Chapter 4); a shift to the right usually 
indicates a reduction of contractility and a consequent 
tendency toward cardiac failure. Contractility is a mea-
sure of cardiac performance at a given level of preload 
and afterload. The end-diastolic pressure is ordinarily 
used as an index of preload; the aortic systolic pressure is 
used as an index of afterload.

The Frank-Starling mechanism is ideally suited for 
matching CO to venous return. Any sudden, excessive out-
put by one ventricle soon increases the venous return to 
the other ventricle. The consequent increase in diastolic 
fiber length in the second ventricle augments the output 
of that ventricle to correspond with the output of its mate. 
Therefore it is the Frank-Starling mechanism that maintains 
a precise balance between the outputs of the right and left ven-
tricles. Because the two ventricles are arranged in series in 
a closed circuit, even a small, maintained imbalance in the 
outputs of the two ventricles would be catastrophic. 

Changes in Heart Rate Affect Contractile Force
The effects of the frequency of contraction on the force devel-
oped in an isometrically contracting cat papillary muscle 
are shown in Fig. 5.24. Initially, the strip of cardiac muscle 
was stimulated to contract once every 20 s (see Fig. 5.24A).  
When the muscle was suddenly made to contract once 

In the cardiac dilation and hypertrophy that accompa-
nies chronic heart failure, the pericardium is stretched 
considerably (Fig. 5.22). The pericardial limitation of car-
diac filling is exerted at pressures and volumes entirely 
different from those in normal individuals.
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This difference in atrial pressures accounts for the 
observation that in congenital atrial septal defects, in 
which the two atria communicate, the direction of the 
shunt flow is usually from left to right.
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every 0.63 s, the developed force increased progressively 
over the next several beats. This progressive increase in 
developed force induced by a change in contraction fre-
quency is known as the staircase, or Treppe, phenomenon. 
At the new steady-state level, the developed force was more 
than five times as great as it was during stimulation at the 
longer contraction interval. A return to the longer interval 
(20 s) had the opposite influence on developed force.

The effect of the interval between contractions on 
the steady-state level of developed force is shown in 
Fig. 5.24B for a wide range of intervals. As the interval 
is reduced from 300 s to about 20 s, developed force 
changes only slightly. As the interval is reduced further, 
to about 0.5 s, force increases sharply. Further reduc-
tion of the interval to 0.2 s has little additional effect on 
developed force.

The initial progressive rise in developed force when the 
interval between beats is suddenly decreased (e.g., from 
20 to 0.63 s in Fig. 5.24A) is achieved by a gradual increase 
in intracellular Ca++. Two mechanisms contribute to the 
rise in Ca++ content: (1) an increase in the number of 
depolarizations per minute, and (2) an increase in the 
inward Ca++ current per depolarization.

With respect to the first mechanism, Ca++ enters the 
myocardial cell during each action potential plateau (see 
Fig. 2.20). As the interval between beats is diminished, the 
number of plateaus per minute increases. Even though 
the duration of each action potential (and each plateau) 
decreases as the interval between beats is reduced (see Fig. 
2.20), the overriding effect of the higher number of pla-
teaus per minute on the influx of Ca++ would increase the 
intracellular content of Ca++.

With respect to the second mechanism, as the interval 
between beats is suddenly diminished, the inward Ca++ cur-
rent (I

Ca
) progressively increases with each successive beat 

until a new steady-state level is attained at the new basic 
cycle length. Fig. 5.25 shows that in an isolated ventricular 
myocyte that was subjected to repetitive depolarizations, 
the Ca++ current into the myocyte increased on succes-
sive beats. Thus the maximal I

Ca
 was considerably greater 

during the seventh depolarization than it was during the 
first depolarization. Furthermore, the decay of current 
(i.e., its inactivation) was substantially slower during the 
seventh depolarization than during the first depolariza-
tion. Both of these characteristics of the I

Ca
 would result 

in a greater Ca++ influx of the myocyte during the seventh 

Left ventricular end-diastolic
pressure (cm H2O)

Le
ft 

ve
nt

ric
ul

ar
 s

tr
ok

e 
w

or
k 

(g
 • 

m
)

10

0

60

0 10 15 205 25 4030 35

50

40

30

20

Norepinephrine

Control

Fig. 5.23  A constant infusion of norepinephrine in a dog shifts 
the ventricular function curve to the left. This shift signifies an 
enhancement of ventricular contractility. (Redrawn from Sarn-
off, S. J., Brockman, S. K., Gilmore, J. P., Linden, R. J., & Mitch-
ell , J. H. (1960). Regulation of ventricular contraction. Influence 
of cardiac sympathetic and vagal nerve stimulation on atrial and 
ventricular dynamics. Circulation Research, 8, 1108–1122.)

0.5

1

1.5

2

3.21
6.3 10 20 45 90 180

300

1.6
1
0.8

0.63
0.5

0.40.2

0.32

0.25

2020

0.63

F
or

ce
 d

ev
el

op
ed

 (
g)

Force

A

B
Fig. 5.24  Changes in force development in an isolated papillary 
muscle from a cat as the interval between contractions is var-
ied. The numbers in both panels denote the interval (in seconds) 
between beats. (Redrawn from Koch-Weser, J., & Blinks, J. R. 
(1963). The influence of the interval between beats on myocar-
dial contractility. Pharmacological Reviews, 15, 601–652.)



99CHAPTER 5  Regulation of the Heartbeat

depolarization than during the first depolarization. The 
greater influx of Ca++ would strengthen the contraction by 
increasing the Ca++ content of the sarcoplasmic reticulum.

Transient changes in the intervals between beats also 
affect the strength of contraction. When a premature ven-
tricular systole (Fig. 5.26, beat A) occurs, the premature 
contraction (extrasystole) itself is feeble, whereas the beat 
after the subsequent pause (see Fig. 5.26, beat B) is very 
strong. In intact animals, this response depends partly on 
the Frank-Starling mechanism. Inadequate ventricular 

filling just before the premature beat accounts partly for 
the weak premature contraction. The exaggerated degree 
of filling associated with the subsequent pause explains in 
part the vigorous postextrasystolic contraction.

The Frank-Starling mechanism is not the exclusive 
mechanism involved in the usual ventricular adaptation to 
a premature beat. Directionally similar results are obtained 
even from isovolumically contracting ventricles. In the 
experiment shown in Fig. 5.26, the coronary circulation 
was perfused with oxygenated blood; then a balloon was 
inserted into the left ventricle and enough saline was added 
to fill the entire ventricle. Thus the left ventricle contracts 
against an incompressible fluid; that is, the ventricle con-
tracts isovolumically. Fig. 5.26 shows the changes in pres-
sure that were recorded from this balloon during a series of 
contractions. Note that the premature beat (A) was much 
weaker than the preceding beat, and that the postextra-
systolic beat (B) that immediately followed the premature 
beat was very strong. Such enhanced contractility in con-
traction B is an example of postextrasystolic potentiation, 
and it may persist for one or more additional beats (e.g., 
contraction C).

The weakness of the premature beat is directly related 
to the degree of prematurity. Conversely, as the time (cou-
pling interval) between the premature beat and the preced-
ing beat is increased, the strength of the premature beat 
is closer to normal. The curve that relates the strength of 
contraction of a premature beat to the coupling interval is 
called a mechanical restitution curve. Fig. 5.27 shows the 
restitution curve obtained by varying the coupling intervals 
of test beats in an isolated ventricular muscle preparation 
from a guinea pig.

The restitution of contractile strength depends on the 
time course of intracellular Ca++ circulation during the 
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contraction and relaxation process (see Fig. 4.8). During 
relaxation, the Ca++ that dissociates from the contractile 
proteins is rapidly taken up by the sarcoplasmic reticulum 
for subsequent release. However, the ryanodine receptor 
recovers slowly from adaptation or inactivation such that 
about 500 to 800 ms are required before the Ca++ that had 
been taken up becomes available for release in response to 
the next depolarization.

The premature beat itself (see Fig. 5.26, beat A) is weak 
because not enough time has elapsed to allow much of 
the Ca++ taken up by the sarcoplasmic reticulum during 
the preceding relaxation to become available for release in 
response to the premature depolarization. Conversely, the 
postextrasystolic beat (see Fig. 5.26, beat B) is considerably 
stronger than normal. The reason is that after the pause 
between beats A and B, the sarcoplasmic reticulum had 
available for release the Ca++ that had been taken up during 
two heartbeats: the extrasystole (beat A) and the preceding 
normal beat. 

MYOCARDIAL PERFORMANCE IS REGULATED 
BY NERVOUS AND HUMORAL FACTORS
Although the completely isolated heart can adapt well to 
changes in preload and afterload, various extrinsic factors 
also influence the heart in the intact animal. Under many 
normal conditions, these extrinsic regulatory mechanisms 

may overwhelm the intrinsic mechanisms. These extrin-
sic regulatory factors may be subdivided into nervous and 
chemical components.

Nervous Control
Sympathetic Influences
Sympathetic nervous activity enhances atrial and ventricu-
lar contractility. The effects of increased cardiac sympathetic 
activity on the ventricular myocardium are asymmetrical. 
The cardiac sympathetic nerves on the left side of the body 
usually have a much greater effect on left ventricular con-
traction than do those on the right side (see Fig. 5.6).

Electrical stimulation of the left stellate ganglion mark-
edly raised both the peak pressure and the maximal rate 
of pressure rise (dP/dt) during systole in an isovolumic 
left ventricle preparation (Fig. 5.28). Also, the duration of 
systole is shorter and the rate of ventricular relaxation is 
increased during the early phases of diastole. The short-
ening of systole and more rapid ventricular relaxation can 
enhance ventricular filling in the intact circulatory system. 
For a given cardiac cycle length, the briefer systole allows 
more time for diastole and hence for ventricular filling. In 
the experiment shown in Fig. 5.29, for example, the ani-
mal’s heart was paced at a constant rapid rate. Sympathetic 
stimulation (right panel) shortened systole, allowing sub-
stantially more time for ventricular filling.

Sympathetic nervous activity enhances myocardial per-
formance. Neurally released norepinephrine or circulating 
catecholamines interact with β-adrenergic receptors on the 
cardiac cell membranes (see Fig. 5.5). This reaction acti-
vates adenylyl cyclase, which raises the intracellular cAMP 
levels. Consequently, protein kinases are activated that 
promote the phosphorylation of various proteins within 
the myocyte. Phosphorylation of specific sarcolemmal pro-
teins activates the calcium channels in the myocardial cell 
membranes. Phosphorylation of phospholamban facilitates 
the reuptake of systolic Ca++ by the sarcoplasmic reticulum, 
and phosphorylation of troponin I reduces Ca++ sensitivity. 
These effects accelerate the relaxation of myocardial cells 
(see also Chapter 4).

Activation of Ca++ channels increases Ca++ influx during 
the action potential plateau, and more Ca++ is released 
from the sarcoplasmic reticulum in response to each car-
diac excitation. The contractile strength of the heart is 
thereby increased. Fig. 5.30 shows the correlation between 
the contractile force developed by a thin strip of ventricu-
lar muscle and the Ca++ concentration (as reflected by the 
aequorin light signal) in the myocytes as the concentration 
of isoproterenol (a β-adrenergic agonist) was increased in 
the tissue bath.

The overall effect of increased cardiac sympathetic 
activity in intact animals can best be appreciated in terms 
of families of ventricular function curves. When stepwise 
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increases in the frequency of electrical stimulation are 
applied to the left stellate ganglion, the ventricular function 
curves shift progressively to the left. The changes parallel 
those produced by catecholamine infusions (see Fig. 5.23). 
Hence for any given left ventricular end-diastolic pressure, 
the ventricle is capable of performing more work as the 
level of sympathetic nervous activity is raised.

During cardiac sympathetic stimulation, the enhanced 
cardiac response is usually accompanied by a reduction in 
left ventricular end-diastolic pressure (see Fig. 5.29). This 
reduction in end-diastolic pressure represents a decrease 
in the preload. The reason for the reduction in ventricular 
preload is explained in Chapter 10. 

Parasympathetic Influences
The vagus nerves inhibit the cardiac pacemaker, atrial 
myocardium, and AV conduction tissue. The vagus nerves 
also depress the ventricular myocardium, albeit less mark-
edly. In the isovolumic left ventricle preparation, vagal 
stimulation decreases the peak left ventricular pressure, 
maximal rate of pressure development (dP/dt), and max-
imal rate of pressure decline during diastole (Fig. 5.31). 
In pumping heart preparations, vagal stimulation affects 
the relation between ventricular performance and preload 
such that the ventricular function curve shifts to the right. 
Analysis of vagal suppression of ventricular contractility 
in the human heart is shown in pressure-volume curves 

obtained at constant ventricular rate (Fig. 5.32). The nega-
tive inotropic effect of vagus nerve stimulation, depicted as 
the reduced slope of the end-systolic pressure-volume rela-
tion, is opposed by a muscarinic receptor antagonist and 
diminished by a β-adrenoceptor antagonist. The results 
indicate that vagus nerve stimulation reduces contractility 
in the heart and does so by at least two pathways.

The pathways for the vagal effects on the ventricu-
lar myocardium are shown in Fig. 5.5. The acetylcholine 
(ACh) released from the vagal endings can interact with 
muscarinic (M) receptors in the cardiac cell membrane 
to inhibit adenylyl cyclase and the cAMP/protein kinase 
A (PKA) cascade. This inhibition diminishes the Ca++ 
conductance of the cardiac cell membrane, reduces phos-
phorylation of the Ca++ channel, and hence decreases myo-
cardial contractility. The ACh released from vagal endings 
can also inhibit norepinephrine release from neighboring 
sympathetic nerve endings (see Figs. 5.5 and 5.7). 

Baroreceptor Reflex
Stimulation of the carotid sinus and aortic arch barorecep-
tors changes the HR (see Fig. 5.9) and also alters myocardial 
performance. Evidence of reflex alterations of ventricular 
contractility is presented in Fig. 5.33. Ventricular function 
curves were obtained at four levels of carotid sinus pres-
sure. With each successive rise in pressure, the ventricular 
function curves were displaced increasingly more to the 
right, denoting a progressively greater reflex depression of 
ventricular performance. 

Cardiac Performance Is Also Regulated by 
Hormonal Substances
Hormones

Adrenomedullary Hormones. The adrenal medulla is 
essentially a component of the autonomic nervous system. 
Epinephrine is the principal hormone secreted by the adre-
nal medulla, although it also releases some norepineph-
rine. The rate of secretion of catecholamines by the adrenal 
medulla is largely regulated by the same mechanisms that 
control sympathetic nervous activity. The catecholamine 
concentrations in the blood rise under the same condi-
tions that activate the sympathoadrenal system. However, 
the cardiovascular effects of circulating catecholamines are 
probably minimal under normal resting conditions.

The changes in myocardial contractility induced by nor-
epinephrine infusions have been tested in resting, unanes-
thetized dogs. The maximal rate of rise of left ventricular 
pressure (dP/dt), an index of myocardial contractility, was 
proportional to the norepinephrine concentration in the 
blood (Fig. 5.34). In these same animals, moderate exercise 
increased the maximal dP/dt by almost 100%, but it raised 
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the circulating catecholamines by only 500 pg/mL. Such 
a rise in blood norepinephrine concentration, by itself, 
would have had only a negligible effect on left ventricu-
lar dP/dt (see Fig. 5.34). Hence the pronounced change in 
dP/dt observed during exercise must have been achieved 
mainly by the norepinephrine released from cardiac sym-
pathetic nerve fibers rather than by catecholamines released 
from the adrenal medulla. 

Adrenocortical Hormones. The influence of adrenocor-
tical steroids on cardiac function is not well understood. 
Cardiac muscle removed from adrenalectomized animals 
and placed in a tissue bath is more likely to fatigue than that 
obtained from normal animals. In some species the adre-
nocortical hormones enhance contractility. Furthermore, 
hydrocortisone potentiates the cardiotonic effects of the 
catecholamines. This potentiation may be mediated in part 
by an inhibition of the extraneuronal uptake mechanisms 
for the catecholamines by the adrenocortical steroids. The 
adrenocortical hormone aldosterone is synthesized locally 
in the heart. Aldosterone promotes cardiac hypertrophy in 
heart failure and, when applied over the long term in large 
doses, also augments the L-type Ca++ current. How it func-
tions under physiological conditions is not clear. 
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Thyroid Hormones. Thyroid hormones (levothyroxine, 
T

4
; triiodothyronine, T

3
) enhance HR and myocardial 

contractility in humans. Triiodothyronine is the principal 
agent responsible for cardiac effects. Some of the effects 
of thyroid hormone arise from changes in gene expression 
via activation of transcription factors. Increased activity 
of sarcoplasmic reticulum Ca++-ATPase and of Na+,K+-
ATPase are among these genomic effects. The rates of Ca++ 
uptake and of adenosine triphosphate (ATP) hydrolysis 
by the sarcoplasmic reticulum are increased in response 
to thyroid hormones (hyperthyroidism). Expressions of 
α-myosin heavy chain with high ATPase activity and of 
β-adrenergic receptor are also greater and contribute to 
the higher rate and greater contractility of the heartbeat. 
Systemically, these effects contribute to increased CO. 
When in excess, thyroid hormone also reduces systemic 
vascular resistance and changes preload. Nongenomic 
effects on ion channels in vascular smooth muscle and 
heart contribute to this action. Opposite effects occur 

when thyroid hormones are present at inadequate levels 
(hypothyroidism). For example, preferential synthesis of 
β-myosin heavy chains and of phospholamban occurs in 
thyroid hormone deficiency. Thus a balanced or euthyroid 
state is very important in the regulation of cardiovascular 
function. 
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CLINICAL BOX
Cardiovascular problems are common in adrenocorti-
cal insufficiency (Addison disease). The blood volume 
tends to fall, possibly leading to severe hypotension 
and cardiovascular collapse, the so-called addisonian 
crisis.

CLINICAL BOX
The cardiovascular changes in thyroid dysfunction also 
depend on indirect mechanisms. Thyroid hyperactiv-
ity increases the body’s metabolic rate, and this in 
turn results in arteriolar vasodilation. The consequent 
reduction in total peripheral resistance increases car-
diac output (see Chapter 10). Substantial evidence 
indicates that hyperthyroidism increases the density 
of β-adrenergic receptors in cardiac tissue and that 
it increases the responsiveness of the heart to sym-
pathetic neural activity. Cardiac activity is sluggish in 
patients with inadequate thyroid function (hypothy-
roidism); that is, the heart rate is slow and cardiac out-
put is diminished. The converse is true in patients with 
overactive thyroid glands (hyperthyroidism). Charac-
teristically, hyperthyroid patients exhibit tachycardia, 
high cardiac output, palpitations, and dysrhythmias 
(such as atrial fibrillation).
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Insulin. Insulin has a prominent, direct, positive 
inotropic effect on the human heart. This acute, nonge-
nomic action of insulin appears, in part, to be caused 
by increased Ca++ entry secondary to stimulation of 
Na+/Ca++ exchange. In addition to increased intracel-
lular Ca++ transients, myofilament sensitivity to Ca++ 
increases when glucose is present. The effect of insulin is 
evident even when hypoglycemia is prevented by glucose 
infusions. 

Glucagon. Glucagon has potent positive inotropic and 
chronotropic effects on the heart. This endogenous hor-
mone probably plays no significant role in the normal reg-
ulation of the cardiovascular system, but it has been used 
to treat various cardiac conditions. The effects of glucagon 
on the heart closely resemble those of the catecholamines, 
and certain of their metabolic effects are similar. Both glu-
cagon and catecholamines activate adenylyl cyclase to raise 
the myocardial tissue levels of cAMP. The catecholamines 
activate adenylyl cyclase by interacting with β-adrenergic 
receptors, but glucagon activates this enzyme through a 
different mechanism. 

Blood gases. Oxygen changes in O
2
 tension (Pao

2
) of 

the blood perfusing the brain and the peripheral chemo-
receptors affect the heart through nervous mechanisms, 
as described earlier in this chapter. These indirect car-
diac effects of hypoxia are usually greater than those 
caused by the direct effect of hypoxia. Moderate degrees 
of systemic hypoxia characteristically increase HR, CO, 
and myocardial contractility. These changes are largely 
mediated by the sympathetic nervous system, and 
they are effectively abolished by β-adrenergic receptor 
blockade.

The Pao
2
 of the blood perfusing the myocardium also 

influences myocardial performance directly. Moderate to 
severe degrees of hypoxia depress myocardial contractility. 
One mechanism for the diminished contractility is reduced 
sensitivity of the contractile proteins to Ca++. The impaired 
contractility has also been attributed to higher intracellular 
concentrations of inorganic phosphate and of H+. Indeed, 
it is difficult to separate the effect of reduced Pao

2
 from the 

acidosis caused by hypoxia.
Carbon dioxide and acidosis. Changes in Paco

2
 

may also affect the myocardium directly and indirectly. 
The indirect, neurally mediated effects produced by 
increased Paco

2
 are similar to those evoked by a decrease 

in Pao
2
.

With respect to the direct effects on the heart, alter-
ations in myocardial performance elicited by changes 

of Paco
2
 in the coronary arterial blood are illustrated in  

Fig. 5.35. In intact animals, systemic hypercapnia activates 
the sympathoadrenal system, which tends to compensate 
for the direct depressant effect of the greater Paco

2
 on the 

heart.
Neither the Paco

2
 nor the blood pH is a primary deter-

minant of myocardial function. The associated change in 
intracellular pH is the critical factor. The reduced intra-
cellular pH diminishes the L-type Ca++ current and the 
amount of Ca++ released from the sarcoplasmic reticu-
lum in response to excitation. The diminished pH also 
decreases myofilament sensitivity to Ca++ by reducing 
troponin C affinity for Ca++. This effect of acidosis on 
sensitivity to Ca++ is reflected by a shift in the relationship 
between developed force and pCa (the negative logarithm 
of the intracellular Ca++ concentration). Fig. 5.36 illus-
trates such a shift in an experiment on isolated ventricular 
fibers immersed in a tissue bath. When the pH of the bath 
was changed from 7.1 to 6.8, the curve of contractile force 
as a function of pCa was shifted substantially to the right 
(normal intracellular pH is about 7.1). Furthermore, in 
this same preparation, at high intracellular Ca++ concen-
trations (i.e., at values of pCa below about 4.6), a reduc-
tion in pH diminishes the maximal developed force. This 
reduction in maximal force suggests that the low pH 
depresses the actomyosin interactions by reducing cross-
bridge efficiency. 
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   	SUMMARY
	•	� Cardiac function is regulated by intrinsic and extrinsic 

mechanisms.
	•	� Sympathetic nervous activity increases HR, whereas 

parasympathetic (vagal) activity decreases HR. When 
both systems are active, the vagal effects usually 
dominate.

	•	� The baroreceptor, chemoreceptor, pulmonary inflation, 
atrial receptor (Bainbridge), and ventricular receptor 
reflexes regulate HR. The efferent path for the reflexes is 
the autonomic nervous system.

	•	� A change in the resting length of the muscle alters the 
distance between actin and myosin and thereby influ-
ences the subsequent contraction in part by altering the 
affinity of the myofilaments for Ca++. This is called the 
Frank-Starling mechanism.

	•	� A sustained change in contraction frequency affects the 
strength of contraction by altering the influx of Ca++ into 
the cell per minute. A transient change in contraction 

frequency alters contractile strength because there is an 
appreciable delay between the time that Ca++ is taken 
up by the sarcoplasmic reticulum and the time that it 
becomes available again for release.

	•	� The autonomic nervous system regulates myocardial 
performance mainly by varying the phosphorylation 
state of proteins (L-type Ca++ channel, phospholamban, 
troponin I) that regulate the entry and intracellular dis-
position of Ca++.

	•	� Various hormones, including epinephrine, adreno-
cortical steroids, thyroid hormones, insulin, glucagon, 
and anterior pituitary hormones, regulate myocardial 
performance.

	•	� Changes in the blood concentrations of O
2
, CO

2
, and 

H+ alter cardiac function directly (by interacting with 
ion channels and proteins associated with contraction/
relaxation) and reflexly (via the central and peripheral 
chemoreceptors). 
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History
A 48-year-old woman was susceptible to occasional, 
usually brief, episodes of light-headedness. She 
noticed that her heart rate was very rapid during these 
episodes and that the light-headedness disappeared 
when the heart rate returned to normal. Her doctor 
noted no significant abnormalities on physical exam-
ination. Review of a 24-hour recording of the patient’s 
electrocardiogram revealed a 7-minute period during 
which the patient’s heart rate increased abruptly from 
a resting value of about 75 beats/min to a steady level 
of about 145 beats/min. At the end of the 7-minute 

period of tachycardia, the heart rate decreased within 
1 minute to the resting value of about 75 beats/min. 
The patient’s problem was diagnosed as paroxysmal 
supraventricular tachycardia, which is a sudden, pro-
nounced increase in heart rate. This problem is medi-
ated usually by a reentry circuit in the atrioventricular 
junction.

During a subsequent visit to her doctor, the patient’s par-
oxysmal tachycardia appeared spontaneously. The doctor 
was able to terminate the tachycardia promptly with carotid 
sinus massage (i.e., massaging the patient’s neck just 
below the angles of the jaw, in the region of the bifurcations 

CASE 5.1 

Continued
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of the common carotid arteries). The physician noted that the 
patient’s arterial blood pressure during tachycardia was 95 
mm Hg systolic/75 mm Hg diastolic and that it returned to 
a value of 130/85 mm Hg (the patient’s usual resting blood 
pressure) soon after the termination of the tachycardia.
	1.	� A reduction in the patient’s mean arterial pressure during 

the paroxysmal tachycardia would cause a reflex:
	 a.	� decrease in myocardial contractility.
	 b.	� increase in cardiac cycle duration.
	 c.	� decrease in AV conduction velocity.
	 d.	� increase in norepinephrine release from the cardiac 

sympathetic nerves.
	 e.	� decrease in Ca++ conductance of myocytes during 

the action potential plateau.
	2.	� A sudden, substantial increase in efferent vagal activity 

(induced by carotid sinus massage, for example) would:
	 a.	� strengthen the contraction of atrial myocytes.
	 b.	� strengthen the stimulatory action of any concurrent 

sympathetic activity.
	 c.	� increase the speed of impulse conduction in the 

ventricular Purkinje fibers.
	 d.	� decrease the heart rate within one or two cardiac 

cycles.
	 e.	� shorten the AV conduction time.
	3.	� When the subject was in a normal sinus rhythm, admin-

istration of a drug that antagonizes the muscarinic cho-
linergic receptors would:

	 a.	� dampen any changes in heart rate that occur at the 
subject’s respiratory frequency.

	 b.	� weaken the contractions of the atrial myocytes.
	 c.	� delay AV conduction.

	 d.	� decrease the action potential duration in atrial myo-
cytes.

	 e.	� hyperpolarize the atrial myocytes during the resting 
phase (phase 4) of the action potential.

	4.	� If the patient had a prominent respiratory sinus dys-
rhythmia when she was not experiencing paroxysmal 
tachycardia, the following functional change would take 
place:

	 a.	� Efferent vagal activity would decrease during inspi-
ration.

	 b.	� Efferent cardiac sympathetic activity would decrease 
during inspiration.

	 c.	� The slope of the slow diastolic depolarization of the 
sinoatrial cells would decrease during inspiration.

	 d.	� The respiratory sinus dysrhythmia would become 
more pronounced in response to hemorrhage.

	 e.	� Propranolol would abolish the respiratory sinus dys-
rhythmia.

	5.	� When neural activity in the vagus nerves suddenly 
ceases, the heart rate response to that vagal activity 
disappears rapidly because:

	 a.	� the cardiac cells gradually become more responsive 
to acetylcholine.

	 b.	� the vagus nerve endings rapidly take up the released 
acetylcholine.

	 c.	� the cardiac myocytes rapidly take up the released 
acetylcholine.

	 d.	� the acetylcholine in the nerve endings is rapidly 
depleted.

	 e.	� the abundant acetylcholinesterase rapidly degrades 
the released acetylcholine.

CASE 5.1—cont’d
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Hemodynamics

6

O B J E C T I V E S
	1.	� Define the relationship between the velocity of blood 

flow and vascular cross-sectional area.
	2.	� Describe the factors that govern the relationship 

between blood flow and pressure gradient.

	3.	� Distinguish between resistances in series and  
resistances in parallel.

	4.	� Distinguish between laminar flow and turbulent flow.
	5.	� Describe the influence of the particulates in blood on 

blood flow. 

The precise mathematical expression of the pulsatile flow 
of blood through the cardiovascular system remains to be 
solved. The heart is a complicated pump, and its behav-
ior is affected by a variety of physical and chemical factors. 
The blood vessels are multibranched, elastic conduits of 
continuously varying dimensions. The blood itself is not 
a simple, homogeneous solution but is instead a complex 
suspension of red and white corpuscles, platelets, and lipid 
globules dispersed in a colloidal solution of proteins.

Despite these complex factors, considerable insight may 
be gained from an understanding of the elementary prin-
ciples of fluid mechanics as they pertain to simple physical 
systems. Such principles are elaborated in this chapter to 
explain the interrelationships among blood flow, blood 
pressure, and the dimensions of the various components of 
the systemic circulation.

VELOCITY OF THE BLOODSTREAM DEPENDS 
ON BLOOD FLOW AND VASCULAR AREA
In describing the variations in blood flow in different vessels, 
the terms velocity and flow must first be distinguished. The 
former term, sometimes designated as linear velocity, means 
the rate of displacement with respect to time and it has the 
dimensions of distance per unit time, for example, cm/s. The 
flow, often designated as volume flow, has the dimensions 
of volume per unit time, for example, cm3/s. In a conduit of 
varying cross-sectional dimensions, velocity, v, flow, Q, and 
cross-sectional area, A, are related by the following equation:

	 v = Q/A	 (6.1)

The relationships among velocity, flow, and area are 
portrayed in Fig. 6.1. The flow of an incompressible fluid 
past successive cross sections of a rigid tube must be con-
stant. For a given constant flow, the velocity varies inversely 
as the cross-sectional area (see Fig. 1.3). Thus, for the same 
volume of fluid per second passing from section a into sec-
tion b, where the cross-sectional area is five times greater, 
the velocity diminishes to one fifth of its previous value. 
Conversely, when the fluid proceeds from section b to sec-
tion c, where the cross-sectional area is one tenth as great, 
the velocity of each particle of fluid must increase tenfold.

The velocity at any point in the system depends not only 
on the cross-sectional area but also on the flow, Q. This in 
turn depends on the pressure gradient, properties of the 
fluid, and dimensions of the entire hydraulic system, as 
discussed in the next section. For any given flow, however, 
the ratio of the velocity past one cross section relative to 
that past a second cross section depends only on the inverse 
ratio of the respective areas; that is,

	 v1/v2 = A2/A1	 (6.2)

This rule pertains regardless of whether a given cross-sectional 
area applies to a system that consists of a single large tube or 
to a system made up of several smaller tubes in parallel.

As shown in Fig. 1.3, velocity decreases progressively as 
the blood traverses the aorta, its larger primary branches, 
the smaller secondary branches, and the arterioles. Finally, 
a minimal value is reached in the capillaries. As the blood 
then passes through the venules and continues centrally 
toward the venae cavae, the velocity progressively increases 
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again. The relative velocities in the various components 
of the circulatory system are related only to the respective 
cross-sectional areas. Thus each point on the cross-sectional 
area curve is inversely proportional to the corresponding 
point on the velocity curve (see Fig. 1.3). 

BLOOD FLOW DEPENDS ON THE PRESSURE 
GRADIENT
In that portion of a hydraulic system in which the total 
energy remains virtually constant, changes in velocity 
may be accompanied by appreciable alterations in the 
measured pressure. Consider three sections (A, B, and C) 
of the hydraulic system depicted in Fig. 6.2. Six pressure 
probes, or Pitot tubes, have been inserted. The openings of 
three of these (2, 4, and 6) are tangential to the direction 
of flow and hence measure the lateral, or static, pressure  
within the tube. The openings of the remaining three Pitot 

tubes (1, 3, and 5) face upstream. Therefore they detect the 
total pressure, which is the lateral pressure plus a dynamic 
pressure component that reflects the kinetic energy of the 
flowing fluid. This dynamic component, P

dyn
, of the total 

pressure may be calculated from the following equation:

	 Pdyn = ρv2/2	 (6.3)

where ⍴ is the density of the fluid and v is the velocity. If the 
midpoints of segments A, B, and C are at the same hydro-
static level, the corresponding total pressures, P

1
, P

3
, and 

P
5
, will be equal, provided that the energy loss from viscos-

ity in these segments is negligible. However, because of the 
changes in cross-sectional area, the concomitant velocity 
changes alter the dynamic component.

In sections A and C, let ⍴ = 1 g/cm3 and v = 100 cm/s. 
From Eq. 6.3:

Pdyn =5000 dynes/cm2

=3.8 mm Hg

because 1330 dynes/cm2 = 1 mm Hg. In the narrow section, 
B, let the velocity be twice as great as in sections A and C. 
Therefore:

Pdyn =20,000 dynes/cm2

=15 mm Hg

Hence in the wide sections of the conduit, the lateral 
pressures (P

2
 and P

6
) will be only 3.8 mm Hg less than the 

respective total pressures (P
1
 and P

5
); whereas in the nar-

row section, the lateral pressure (P
4
) is 15 mm Hg less than 

the total pressure (P
3
).

The peak velocity of flow in the ascending aorta of nor-
mal dogs is about 150 cm/second (s). Therefore the mea-
sured pressure at this site may vary significantly, depending 
on the orientation of the pressure probe. In the descending 
thoracic aorta the peak velocity is substantially less than 
that in the ascending aorta (Fig. 6.3), and lesser velocities 

P1 P2 P3 P4 P5 P6

200 cm/s

15 mm Hg

100 cm/s

3.8 mm Hg

v = 100 cm/s

= 3.8 mm Hg
2

ρv2

A B C

Fig. 6.2  In a narrow section (B) of a tube, the linear velocity 
(v) and hence the dynamic component of pressure (⍴v2/2) are 
greater than in the wide sections, A and C, of the same tube. 
If the total energy is virtually constant throughout the tube (i.e., 
if the energy loss caused by viscosity is negligible), the total 
pressures (P1, P3, and P5) are not detectably different, but the 
lateral pressure (P4) in the narrow section is less than the lateral 
pressures (P2 and P6) in the wide sections of the tube.

V
el

oc
ity

Time

0.2 s

Ascending aorta
Descending aorta

Fig. 6.3  Velocity of the blood in the ascending and descend-
ing aorta of a dog. (Redrawn from Falsetti, H. L., Kiser, K. M., 
Francis, G. P., & Belmore, E. R. (1972). Sequential velocity de-
velopment in the ascending and descending aorta of the dog. 
Circulation Research, 31, 328–338.)

Q = 10 mL/s

A =  2 cm2

v = 5 cm/s

a c

10 cm2

b

1 cm/s

1 cm2

10 cm/s

Fig. 6.1  As fluid flows through a tube of variable cross-sectional 
area, A, the linear velocity, v, varies inversely with the cross- 
sectional area.
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have been recorded in still more distal arterial sites. In 
most arterial locations, the dynamic component is a neg-
ligible fraction of the total pressure, and the orientation 
of the pressure probe does not materially influence the 
pressure recorded. At the site of a constriction, however, 
the dynamic pressure component may attain substantial 
values. In aortic stenosis, for example, the entire output of 
the left ventricle is ejected through a narrow aortic valve 
orifice. The high flow velocity is associated with a large 
kinetic energy, and therefore the lateral pressure is corre-
spondingly reduced.

The reduction of lateral pressure in the region of the 
stenotic valve orifice influences coronary blood flow in 
patients with aortic stenosis. The orifices of the right 
and left coronary arteries are located in the sinuses of 
Valsalva, just behind the valve leaflets. The initial seg-
ments of these vessels are oriented at right angles to 
the direction of blood flow through the aortic valves. 
Therefore the lateral pressure is that component of total 
pressure that propels the blood through the two major 
coronary arteries. During the ejection phase of the car-
diac cycle, the lateral pressure is diminished by the 

CLINICAL BOX
The pressure tracings shown in Fig. 6.4 were obtained 
from two pressure transducers inserted into the left ven-
tricle of a patient with aortic stenosis. The transducers 
were located on the same catheter and were 5 cm apart. 
When both transducers were well within the left ventric-
ular cavity (see Fig. 6.4A), they both recorded the same 
pressures. However, when the proximal transducer was 
positioned in the aortic valve orifice (see Fig. 6.4B), the 
lateral pressure recorded during ejection was much less 
than that recorded by the transducer in the ventricular 

cavity. This pressure difference was associated almost 
entirely with the much greater velocity of flow in the nar-
rowed valve orifice than in the ventricular cavity. The pres-
sure difference reflects mainly the conversion of some 
potential energy to kinetic energy. When the catheter was 
withdrawn still farther, so that the proximal transducer 
was in the aorta (see Fig. 6.4C), the pressure difference 
was even more pronounced, because substantial energy 
was lost through friction (viscosity) as blood flowed rap-
idly through the narrow aortic valve.

Proximal
sensor

Distal
sensor

Aortic
valve Mitral

valve

PLV

PAVO

100
mm Hg

LV-L LV-AVO

PLV

PAO

LV-AO

A B C

Fig. 6.4  Pressures (P) recorded by two transducers in a patient with aortic stenosis. (A) Both transducers 
were in the left ventricle (LV-LV). (B) One transducer was in the left ventricle and the other was in the aortic 
valve orifice (LV-AVO). (C) One transducer was in the left ventricle and the other was in the ascending aorta 
(LV-AO). Pao, Pressure in ascending aorta; Pavo, aortic valve orifice; Plv, pressure in left ventricle. (Redrawn 
from Pasipoularides, A., Murgo, J. P., Bird, J. J., & Craig, W. E. (1984). Fluid dynamics of aortic steno-
sis: Mechanisms for the presence of subvalvular pressure gradients. American Journal of Physiology, 246,  
H542–H550.)
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conversion of potential energy to kinetic energy. This 
process is greatly exaggerated in aortic stenosis because 
of the high flow velocities. 

RELATIONSHIP BETWEEN PRESSURE AND 
FLOW DEPENDS ON THE CHARACTERISTICS 
OF THE CONDUITS
The most fundamental law that governs the flow of flu-
ids through cylindrical tubes was derived empirically by 
the French physiologist Jean Poiseuille. He was primarily 
interested in the physical determinants of blood flow, but 
he replaced blood with simpler liquids for his measure-
ments of flow through glass capillary tubes. His work was 
so precise and important that his observations have been 
designated Poiseuille’s law. Subsequently, this same law 
has been derived theoretically.

Poiseuille’s law is applicable to the flow of fluids through 
cylindrical tubes only under special conditions, namely, in 
the case of steady, laminar flow of Newtonian fluids. The 
term steady flow signifies the absence of variations of 
flow in time, that is, a nonpulsatile flow. Laminar flow is 
the type of motion in which the fluid moves as a series of 
individual layers, with each stratum moving at a different 
velocity from its neighboring layers (Fig. 6.5). In the case of 

flow through a tube, the fluid consists of a series of infin-
itesimally thin concentric tubes sliding past one another. 
Laminar flow is described in greater detail later, where it 
is distinguished from turbulent flow. Also, a Newtonian 
fluid is defined more precisely. For the present discussion, 
it may be considered to be a homogeneous fluid, such as 
water, in contradistinction to a suspension, such as blood.

Pressure is one of the principal determinants of the rate 
of flow. The pressure, P, in dynes/cm2, at a distance h, in 
centimeters, below the surface of a liquid is:

	 P = hρg	 (6.4)

where ⍴ is the density of the liquid in g/cm3 and g is the 
acceleration of gravity in cm/s2. For convenience, how-
ever, pressure is frequently expressed simply in terms of 
the height of the column of liquid above some arbitrary 
reference point.

Consider the tube connecting reservoirs R
1
 and R

2
 in 

Fig. 6.6A. Let reservoir R
1
 be filled with liquid to height h

1
, 

and let reservoir R
2
 be empty, as in Fig. 6.6A. The outflow 

pressure, P
o
, is therefore equal to the atmospheric pressure, 

which shall be designated as the zero, or reference, level. 
The inflow pressure, P

i
, is then equal to the same reference 

level plus the height, h
1
, of the column of liquid in reser-

voir R
1
. Under these conditions, let the flow, Q, through 

the tube be 5 mL/s.
If reservoir R

1
 is filled to height h

2
, which is twice h

1
, 

and reservoir R
2
 is again empty (as in panel B), the flow 

is twice as great, that is, 10 mL/s. Thus with reservoir R
2
 

empty, the flow is directly proportional to the inflow 
pressure, P

i
.

If reservoir R
2
 is now allowed to fill to height h

1
, and 

the fluid level in R
1
 is maintained at h

2
 (as in panel C), 

the flow again becomes 5 mL/s. Thus flow is directly pro-
portional to the difference between inflow and outflow 
pressures:

	 Q ∝ Pi − Po	 (6.5)

If the fluid level in R
2
 attains the same height as in R

1
, 

flow ceases (panel D).
For any given pressure difference between the two ends 

of a tube, the flow depends on the dimensions of the tube. 
Consider the tube connected to the reservoir in Fig. 6.7A. 
With length l

1
 and radius r

1
, the flow Q

1
 is observed to be 

10 mL/s.
The tube connected to the reservoir in panel B has the 

same radius but is twice as long. Under those conditions 
the flow Q

2
 is found to be 5 mL/s, or only half as great as 

Q
1
. Conversely, for a tube half as long as l

1
, the flow would 

Fig. 6.5  In laminar flow, all elements of the fluid move in 
streamlines that are parallel to the axis of the tube; movement 
does not occur in a radial or circumferential direction. The layer 
of fluid in contact with the wall is motionless; the fluid that 
moves along the axis of the tube has the maximal velocity.
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be twice as great as Q
1
. In other words, flow is inversely 

proportional to the length of the tube:

	 Q ∝ 1/l	 (6.6)

The tube connected to the reservoir in Fig. 6.7C is the 
same length as l

1
, but the radius is twice as great. Under 

these conditions, the flow Q
3
 is found to increase to a value 

of 160 mL/s, which is 16 times greater than Q
1
. The pre-

cise measurements of Poiseuille revealed that flow varies 
directly as the fourth power of the radius:

	 Q ∝ r4	 (6.7)

Because r
3
 = 2r

1
 in the previous example (see Fig. 6.7C), 

Q
3
 will be proportional to (2r

1
)4, or 16r41 ; therefore Q

3
 will 

equal 16Q
1
.

Finally, for a given pressure difference and for a cylindri-
cal tube of given dimensions, the flow varies as a function of 
the nature of the fluid itself. This flow-determining property 
of fluids is termed viscosity, η, which Newton defined as 
the ratio of shear stress to the shear rate of the fluid. Those 
fluids for which the shear rate is proportional to the shear 
stress are known as Newtonian fluids. If the shear rate is not 
proportional to the shear stress, the fluid is non-newtonian.

These terms may be comprehended more clearly if one 
considers the flow of a homogeneous fluid between parallel 
plates. In Fig. 6.8, let the bottom plate (the bottom of a large 
basin) be stationary, and let the upper plate move at a con-
stant velocity along the upper surface of the fluid. The shear 
stress, τ, is defined as the ratio of F:A, where F is the force 
applied to the upper plate in the direction of its motion along 
the upper surface of the fluid, and A is the area of the upper 
plate in contact with the fluid. The shear rate is du/dy, where 
u is the velocity of a minute element of the fluid in the direc-
tion parallel to the motion of the upper plate, and y is the dis-
tance of that fluid element above the bottom, stationary plate.

For a movable plate traveling at constant velocity across 
the surface of a homogeneous fluid, the velocity profile of 
the fluid will be linear. The fluid layer in contact with the 
upper plate will adhere to it and therefore will move at the 
same velocity, U, as the plate. Each minute element of fluid 
between the plates will move at a velocity, u, proportional 
to its distance, y, from the lower plate. Therefore the shear 
rate will be U/Y, where Y is the total distance between the 
two plates. Because viscosity, η, is defined as the ratio of 
shear stress, τ, to the shear rate, du/dy, in the example illus-
trated in Fig. 6.8,

	 η = (F/A) / (U/Y)	 (6.8)

h2

Q = 10 mL/s

Q = 0 mL/s

R1 R2

h2 = 2h1

Pi Po

Pi Po

R2

h2h2

R1

B  When the fluid level in R1 is 
increased twofold, the flow 
increases proportionately.

D  When pressure in R2 rises to 
equal the pressure in R1, flow 
ceases in the connecting tube.

Q = 5 mL/s

Q = 5 mL/s

R1
R2

Pi Po

Pi Po

R2

h1

h2

R1

A  When R2 is empty, fluid flows 
from R1 to R2 at a rate 
proportional to the pressure in 
R1.

C  Flow from R1 to R2 is proportional 
to the difference between the 
pressures in R1 and R2.

h1

Fig. 6.6  (A to D) The flow, Q, of fluid through 
a tube connecting two reservoirs, R1 and R2, 
is proportional to the difference between the 
pressure at the inflow end (Pi) and the pres-
sure at the outflow end (Po) of the tube. h1, h2, 
Heights of liquid in the reservoir.
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Thus the dimensions of viscosity are dyn/cm2 
divided by (cm/s)/cm, or dyn•s/cm2. In honor of 
Poiseuille, 1 dyn•s/cm2 has been termed a poise. The 
viscosity of water at 20°C is approximately 0.01 poise, 
or 1 centipoise.

With regard to the flow of Newtonian fluids through 
cylindrical tubes, the flow varies inversely as the viscos-
ity. Thus in the example of flow from the reservoir in 
Fig. 6.7D, if the viscosity of the fluid in the reservoir 
were doubled, the flow would be halved (5 mL/s instead 
of 10 mL/s).

In summary, for the steady, laminar flow of a Newtonian 
fluid through a cylindrical tube, the flow, Q, varies directly 
as the pressure difference, P

i
 − P

o
, and the fourth power of 

the radius, r, of the tube; whereas it varies inversely as the 
length, l, of the tube and the viscosity, η, of the fluid. The 
full statement of Poiseuille’s law is

	 Q = π (Pi − P0) r4/8η1	 (6.9)

where π/8 is the constant of proportionality. 

RESISTANCE TO FLOW
In electrical theory, the resistance, R, is defined as the ratio of 
voltage drop, E, to current flow, I. Similarly, in fluid mechanics 

U
F

Y
u

y

=η = τ
du/dy

F/A

U/Y

Fig. 6.8  For a Newtonian fluid, the viscosity, η, is defined as 
the ratio of shear stress, τ, to shear rate, du/dy. For a plate of 
contact area, A, moving across the surface of a liquid, τ equals 
the ratio of the force (F) applied in the direction of motion to the 
contact area, and du/dy equals the ratio of the velocity of the 
plate (U) to the depth of the liquid (Y).

Q1 = 10 mL/s

r1

h1

l1

Q ∼ r4

l3 = l1

Q3 =

r3 = 2r1

 160 mL/s

A  Reference condition: for a 
given pressure, length, 
radius, and viscosity, let the 
flow (V1) equal 10 mL/s.

C  If tube radius doubles, flow 
increases sixteenfold.

Q ∼

l2 = 2l1  r2 = r1

Q2 = 5 mL/s

η4 = 2η1 

Q4 = 5 mL/s

r4 = r1

Q ∼

l4 = l1

B  If tube length doubles, flow 
decreases by 50%.

D  If viscosity doubles, flow 
decreases by 50%.

1

I

1
η

Fig. 6.7  (A to D) The flow, Q, of fluid through a 
tube is inversely proportional to the length (l) and 
the viscosity, η, and is directly proportional to the 
fourth power of the radius (r). h1, Heights of liquid 
in the reservoir.



115CHAPTER 6  Hemodynamics

the hydraulic resistance, R, may be defined as the ratio of pres-
sure drop, P

i
 − P

o
, to flow, Q. P

i
 and P

o
 are the pressures at the 

inflow and outflow ends, respectively, of the hydraulic system. 
For the steady, laminar flow of a Newtonian fluid through a 
cylindrical tube, the physical components of hydraulic resis-
tance may be appreciated by rearranging Poiseuille’s law to 
give the hydraulic resistance equation:

	 R = Pi − Po/Q = 8η1/πr4	 (6.10)

Thus when Poiseuille’s law applies, the resistance to 
flow depends only on the dimensions of the tube and on 
the characteristics of the fluid.

The principal determinant of the resistance to blood 
flow through any vessel within the circulatory system is its 
caliber because resistance varies with the fourth power of 
the tube radius. The resistance to flow through small blood 
vessels in cat mesentery has been measured, and the resis-
tance per unit length of vessel (R/l) is plotted against the 
vessel diameter in Fig. 6.9. The resistance is highest in the 
capillaries (diameter 7 μm), and it diminishes as the vessels 

increase in diameter on the arterial and venous sides of the 
capillaries. The values of R/l were found to be virtually pro-
portional to the fourth power of the diameter (or radius) 
for the larger vessels on both sides of the capillaries.

Fig. 1.3 shows that the greatest upstream to downstream 
drop in internal pressure occurs in the arterioles and small 
arteries. It follows that the greatest resistance to flow resides 
in the arterioles because the total flow is the same through 
the various series components of the circulatory system. 
For example, if R

a
 represents the resistance of the arterioles, 

and R
x
 represents the resistance of any other component of 

the vascular system in series with the arterioles, then by the 
definition of hydraulic resistance (Eq. 6.10),

	 Ra = (Pi − Po)a/Qa	 (6.11)

for the arterioles, and

	 RX = (Pi − Po)X/QX 	 (6.12)

for the other vascular component.
However, the two components are in series, Q

a
 = Q

x
, as 

stated previously. Therefore,

		  (6.13)

That is, the ratio of the pressure drop across the length 
of the arterioles to the pressure drop across the length of 
any other series component of the vascular system is equal 
to the ratio of the hydraulic resistances of these two vascu-
lar components.

The reason that the highest resistance does not reside 
in the capillaries (as might otherwise be suspected from 
Fig. 6.9) is related to the relative numbers of parallel 
capillaries and parallel arterioles, as explained later (see 
Fig. 6.11). The arterioles are vested with a thick coat 
of circularly arranged smooth muscle fibers, by means 
of which the lumen radius may be varied. From the 
hydraulic resistance equation, wherein R varies inversely 
with r4, it is clear that small changes in radius will alter 
resistance greatly.

Resistances in Series and in Parallel
In the cardiovascular system, the various types of ves-
sels listed along the horizontal axis in Fig. 1.3 lie in series 
with one another. For two vessels arranged in series, a 
red blood cell that flows through the upstream vessel will 
also flow through the downstream vessel. Furthermore, 
the individual members of a given category of vessels are 
ordinarily arranged in parallel with one another (see Fig. 
1.1). For two vessels arranged in parallel, a red blood cell 
will pass through one of these vessels but not through the 
other during one circuit around the body. For example, 

Ra/Rx = (Pi − Po)a/ (Pi − Po) x
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Fig. 6.9  The resistance per unit length (R/l) for individual small 
blood vessels in the cat mesentery. The capillaries, diameter 7 μm, 
are denoted by the vertical dashed line. Resistances of the arteri-
oles are plotted to the left and resistances of the venules are plot-
ted to the right of that line. The solid circles represent the actual 
data. The two curves through the data represent the following re-
gression equations for the arteriole and venule data, respectively: 
arterioles, R/l = 1.02 × 106D−4.04, and venules, R/l = 1.07 × 106D−3.94. 
Note that for both types of vessels, the resistance per unit length 
is inversely proportional to the fourth power (within 1%) of the 
vessel diameter. (Redrawn from Lipowsky, H. H., Kovalcheck, S., 
& Zweifach, B. W. (1978). The distribution of blood rheological 
parameters in the microvasculature of cat mesentery. Circulation 
Research, 43, 738–749.)
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the capillaries throughout the body are in most instances 
parallel elements. However, notable exceptions are the 
renal vasculature (wherein the peritubular capillaries are in 
series with the glomerular capillaries) and the splanchnic 
vasculature (wherein the intestinal and hepatic capillar-
ies are aligned in series). Formulas for the total hydraulic 
resistance of tubes arranged in series and in parallel have 
been derived in the same manner as those for similar com-
binations of electrical resistances.

Three hydraulic resistances, R
1
, R

2
, and R

3
, are 

arranged in series in the schema depicted in Fig. 6.10. 
The pressure drop across the entire system—that is, 
the difference between inflow pressure, P

i
, and outflow 

pressure, P
o
—consists of the sum of the pressure drops 

across each of the individual resistances (equation a in 
Fig. 6.10). Under steady-state conditions, the flow, Q, 
through any given cross section must equal the flow 
through any other cross section. When each component 
in equation a is divided by Q (equation b), it becomes 
evident from the definition of resistance (equation c) 
that the total resistance, R

t
, of the entire system of tubes 

in series equals the sum of the individual resistances; that 
is,

	 Rt = R1 + R2 + R3	 (6.14)

For resistances in parallel, as illustrated in Fig. 6.11, the 
inflow and outflow pressures are the same for all tubes. 
Under steady-state conditions, the total flow, Q

t
, through 

the system equals the sum of the flows through the indi-
vidual parallel elements (equation a in Fig. 6.10). Because 
the pressure gradient (P

i
 − P

o
) is identical for all parallel 

elements, each term in equation a may be divided by that 
pressure gradient to yield equation b. From the definition 
of resistance, equation c may be derived. This equation 
states that the reciprocal of the total resistance, R

t
, of tubes in 

parallel equals the sum of the reciprocals of the individual 
resistances; that is,

		  (6.15)

Stated in another way, if we define hydraulic conduc-
tance as the reciprocal of resistance, it becomes evident 
that, for tubes in parallel, the total conductance is the sum of 
the individual conductances.

Considering a few simple illustrations helps some of 
the fundamental properties of parallel hydraulic systems 
become apparent. For example, if the resistance of the 
three parallel elements in Fig. 6.11 were all equal, then

	 R1 = R2 = R3	 (6.16)

Therefore

	 1/Rt = 3/R1	 (6.17)

and

	 Rt = R1/3	 (6.18)

Thus the total resistance is less than any of the individ-
ual resistances. Furthermore, it becomes evident that for 
any parallel arrangement, the total resistance must be less 
than that of any individual component. For example, con-
sider a system in which a very high-resistance tube is added 
in parallel to a low-resistance tube. The total resistance 
must be less than that of the low-resistance component by 
itself, because the high-resistance component affords an 
additional pathway, or conductance, for fluid flow. 

FLOW MAY BE LAMINAR OR TURBULENT
Under certain conditions, the flow of a fluid in a cylindrical 
tube is laminar (sometimes called streamlined), as illustrated 1/Rt = 1/R1 + 1/R2 + 1/R3

A  Qt  Q1  Q2  Q3

B

C

Qt

Pi  Po

Q2

(Pi  Po)
Q1

(Pi  Po)
Q3

(Pi  Po)

1
Rt

1
R1

1
R2

1
R3

R2

R3

Q1

Q2

R1

Q3

Po

Qt
Pi

Qt

Fig. 6.11  For resistances (R1, R2, and R3) arranged in parallel, 
the reciprocal of the total resistance (Rt) equals the sum of the 
reciprocals of the individual resistances.
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(a)  Pi – Po = (Pi – P1) + (P1 – P2) + (P2 – Po)

(b)
Pi – Po =

 (Pi – P1)  
+
 (P1 – P2) 

+
Q Q Q

 (P2 – Po)
Q

(c) Rt = R1 + R2 + R3

Fig. 6.10  For resistances (R1, R2, and R3) arranged in series, the 
total resistance (Rt) equals the sum of the individual resistances.
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in Fig. 6.5. The thin layer of fluid in contact with the wall of 
the tube adheres to the wall and thus is motionless. The layer 
of fluid just central to this external lamina must shear against 
this motionless layer and therefore moves slowly, but with 
a finite velocity. Similarly, the adjacent, more central layer 
travels still more rapidly. The longitudinal velocity profile is 
that of a paraboloid (see Fig. 6.5). The velocity of the fluid 
adjacent to the wall is zero, whereas the velocity at the center 
of the stream is maximum and equal to twice the mean veloc-
ity of flow across the entire cross section of the tube. In lami-
nar flow, fluid elements remain in one lamina, or streamline, 
as the fluid progresses longitudinally along the tube.

Irregular motions of the fluid elements may develop in 
the flow of fluid through a tube; this flow is called turbu-
lent. Under such conditions, fluid elements do not remain 
confined to definite laminae, but rapid, radial mixing 
occurs (Fig. 6.12). A much greater pressure is required to 
force a given flow of fluid through the same tube when the 
flow is turbulent than when it is laminar. In turbulent flow, 
the pressure drop is approximately proportional to the 
square of the flow rate, whereas in laminar flow the pres-
sure drop is proportional to the first power of the flow rate. 
Hence to produce a given flow, a pump such as the heart 
must do considerably more work to generate a given flow 
if turbulence develops.

Whether turbulent or laminar flow will exist in a tube 
under given conditions may be predicted on the basis of 
a dimensionless number called the Reynolds number, 
N

R
. This number represents the ratio of inertial to viscous 

forces. For a fluid flowing through a cylindrical tube,

	 NR = ρDv/η	 (6.19)

where D is the tube diameter, v is the mean velocity, ρ is 
the density, and η is the viscosity. For N

R
 = 2000, the flow 

is usually laminar; for N
R
 > 3000, the flow is turbulent. 

Various conditions may develop in the transition range of 
N

R
 between 2000 and 3000. The definition of N

R
 indicates 

that large diameters, high velocities, and low viscosities 
predispose to turbulence, because flow tends to be laminar 
at low N

R
 and turbulent at high N

R
 .

SHEAR STRESS ON THE VESSEL WALL
In Fig. 6.8, an external force is applied to a plate floating on 
the surface of a liquid in a large basin. This force, exerted 
parallel to the surface, creates a shear stress on the liquid 
below and thereby produces a differential motion of each 
layer of liquid relative to the adjacent layers. At the bottom 

Vortices
Crossing

midline

Vortices

Fig. 6.12  In turbulent flow, the elements of the fluid move ir-
regularly in axial, radial, and circumferential directions. Vortices 
frequently develop.

Turbulence is usually accompanied by audible vibra-
tions. When turbulent flow exists within the cardiovas-
cular system, it is usually detected as a murmur. The 
factors listed previously that predispose to turbulence 
may account for murmurs heard clinically. In people 
with severe anemia, functional cardiac murmurs (mur-
murs not caused by structural abnormalities) are fre-
quently detectable. The physical basis for such murmurs 
resides in (1) the reduced viscosity of blood in anemia, 
and (2) the high flow velocities associated with the high 
cardiac output that usually prevails in anemic patients. 
Turbulence also occurs when the cross-sectional area of 
the bloodstream suddenly changes, as when the blood 
passes through a narrowed (stenotic) cardiac valve, or 
when it passes through an abnormal widening (aneu-
rysm) of a large artery. Such abrupt changes in dimen-
sions of the bloodstream cause audible murmurs.

Blood clots, or thrombi, are much more likely to develop 
in turbulent than in laminar flow. One of the problems 
with the use of artificial valves in the surgical treatment of 
valvular heart disease is that thrombi may occur in asso-
ciation with the prosthetic valve. The thrombi may be dis-
lodged and occlude a crucial artery. It is thus important to 
design such valves to avert turbulence.

CELLULAR BOX 
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of the basin, the flowing liquid exerts a shear stress on the 
surface of the basin in contact with the liquid. If the equation 
for viscosity stated in Fig. 6.8 is rearranged, it is apparent that 
the shear stress, τ, equals η (du/dy); that is, the shear stress 
equals the product of the viscosity and the shear rate. Hence 
the greater the rate of flow, the greater the shear stress that the 
liquid exerts on the walls of the container in which it flows.

For precisely the same reasons, the rapidly flowing blood 
in a large artery tends to pull the endothelial lining of the 
artery along with it. This force (viscous drag) is proportional 
to the shear rate (du/dy) of the layers of blood very close to 
the wall. For a flow regimen that obeys Poiseuille’s law,

	 τ = 4ηQ/πr3	 (6.20)

The greater the rate of blood flow (Q) is in the artery, the 
greater du/dy will be near the arterial wall, and the greater the 
viscous drag (τ) will be. Under physiological conditions, shear 
stress is 1 to 6 dynes/cm2 in veins and 10 to 70 dynes/cm2 in 
arteries. Also, shear stress is linked to biochemical changes in 
blood vessel function. Thus laminar flow with high shear can 
protect against atherosclerosis by reducing the synthesis of 
atherogenic genes and increasing the production of athero-
protective genes. Turbulent flow patterns, seen at vessel bifur-
cations and curvatures, are likely to increase synthesis of genes 
that promote inflammation, the cause of atherosclerotic 
plaque formation. For example, angiotensin II, an endoge-
nous substance, is implicated in inflammation that underlies 
atherosclerosis. Physiological shear stress may be atherprotec-
tive by causing a reduction (down regulation) of angiotensin 
type 1 receptors (AT

1
Rs) on the surface of endothelial cells. 

RHEOLOGICAL PROPERTIES OF BLOOD
The viscosity of a Newtonian fluid, such as water, may be 
determined by measuring the rate of flow of the fluid at a 
given pressure gradient through a cylindrical tube of known 
length and radius. As long as the fluid flow is laminar, the 
viscosity may be computed by substituting these values 
into Poiseuille’s equation. The viscosity of a given Newto
nian fluid at a specified temperature will be constant over  
a wide range of tube dimensions and flows. However, for 
a non-Newtonian fluid, the viscosity calculated by substi-
tuting into Poiseuille’s equation may vary considerably as a 
function of tube dimensions and flows. Therefore the term 
viscosity does not have a unique meaning in considering 
the rheological properties of a suspension such as blood.  
The terms anomalous viscosity and apparent viscosity are 
frequently applied to the value of viscosity obtained for 
blood under the particular conditions of measurement.

Rheologically, blood is a suspension of formed elements, 
principally erythrocytes, in a relatively homogeneous liq-
uid, the blood plasma. For this reason, the apparent vis-
cosity of blood varies as a function of the hematocrit ratio  
(ratio of volume of red blood cells to volume of whole 
blood). In Fig. 6.13 the upper curve represents the ratio of 
the apparent viscosity of whole blood to that of plasma over 
a range of hematocrit ratios from 0% to 80%, measured in 

Capillary tube
viscometer

Hind leg

8

10 30 90

Hematocrit ratio

7

6

5

4

3

2

1

0

50 70

R
el

at
iv

e 
vi

sc
os

ity

Fig. 6.13  The viscosity of whole blood, relative to that of plasma, 
increases at a progressively greater rate as the hematocrit ratio in-
creases. For any given hematocrit ratio, the apparent viscosity of 
blood is less when measured in a biological viscometer (such as 
the hind leg of a dog) than in a conventional capillary tube viscom-
eter. (Redrawn from Levy, M. N., & Share, L. (1953). The influence 
of erythrocyte concentration upon the pressure-flow relationships  
in the dog’s hind limb. Circulation Research, 1, 247–255.)

CLINICAL BOX
In certain types of arterial disease, particularly in patients 
with hypertension, the subendothelial layers tend to 
degenerate locally, and small regions of the endothelium 
may lose their normal support. The viscous drag on the 
arterial wall may cause a tear between a normally sup-
ported region and an unsupported region of the endothelial 
lining. Blood may then flow from the vessel lumen through 
the rift in the lining and dissect between the various layers 
of the artery. Such a lesion is called a dissecting aneu-
rysm. It occurs most commonly in the proximal portions  
of the aorta and is extremely serious. One reason for its 
predilection for this site is the high velocity of blood flow, 
with the associated large values of du/dy at the endothelial 
wall. The shear stress at the vessel wall also influences 
many other vascular functions, such as the permeability 
of the vascular walls to large molecules, the biosynthetic 
activity of the endothelial cells, the integrity of the formed 
elements in the blood, and the coagulation of the blood.
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a tube, 1 mm in diameter. The viscosity of plasma is 1.2 
to 1.3 times that of water. Fig. 6.13 (upper curve) shows 
that blood, with a normal hematocrit ratio of 45%, has an 
apparent viscosity 2.4 times that of plasma.

For a given hematocrit ratio, the apparent viscosity of 
blood depends on the dimensions of the tube used to mea-
sure viscosity. Fig. 6.14 demonstrates that the apparent vis-
cosity of blood diminishes progressively as tube diameter 
decreases below a value of about 0.3 mm. The diameters 
of the highest-resistance blood vessels, the arterioles, are 
considerably less than this critical value. This phenomenon 
therefore reduces the resistance to flow in the blood vessels 
that possess the greatest resistance.

The apparent viscosity of blood, when measured in liv-
ing tissues, is considerably less than when it is measured in 

a conventional capillary tube viscometer with a diameter 
greater than 0.3 mm. In the lower curve of Fig. 6.13, the 
apparent viscosity of blood was assessed by using the hind 
leg of an anesthetized dog as a biological viscometer. Over 
the entire range of hematocrit ratios, the apparent viscosity 
was less when measured in the living tissue than in the cap-
illary tube viscometer (upper curve), and the disparity was 
greater the higher the hematocrit ratio was.

The influence of tube diameter on apparent viscosity 
depends in part on the change in actual composition of the 
blood as it flows through small tubes. The composition changes 
because the red blood cells tend to accumulate in the faster axial 
stream in the blood vessels, whereas the blood component that 
flows in the slower marginal layers is mainly plasma.

To illustrate this phenomenon, a reservoir such as R
1
 in 

Fig. 6.6C was filled with blood possessing a given hemato-
crit ratio. The blood in R

1
 was constantly agitated to pre-

vent settling and was permitted to flow through a narrow 
capillary tube into reservoir R

2
. As long as the tube diam-

eter was substantially greater than the diameter of the red 
blood cells, the hematocrit ratio of the blood in R

2
 was not 

detectably different from that in R
1
. Surprisingly, however, 

the hematocrit ratio of the blood contained within the tube 
was found to be considerably lower than the hematocrit 
ratio of the blood in either reservoir.

In Fig. 6.15, the relative hematocrit is the ratio of the 
hematocrit in the tube to that in the reservoir at either 
end of the tube. For tubes of 300 μm diameter or greater, 
the relative hematocrit ratio was close to 1. However, as 
the tube diameter was reduced below 300 μm, the relative 
hematocrit ratio progressively diminished; for a tube diam-
eter of 30 μm, the relative hematocrit ratio was only 0.65.
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Fig. 6.14  The viscosity of blood, relative to that of water, in-
creases as a function of tube diameter up to a diameter of 
about 0.3 mm. (Redrawn from Fähræus, R., & Lindqvist, T. 
(1931). The viscosity of the blood in narrow capillary tubes. 
American Journal of Physiology, 96, 562–568.)
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Fig. 6.15  The relative hematocrit ratio of blood flowing from 
a feed reservoir through capillary tubes of various calibers, as 
a function of the tube diameter. The relative hematocrit is the 
ratio of the hematocrit of the blood in the tubes to that of the 
blood in the feed reservoir. (Redrawn from Barbee, J. H., & 
Cokelet, G. R. (1971). The Fahraeus effect. Microvascular Re-
search, 3, 6–16.)

CLINICAL BOX
In patients with severe anemia, blood viscosity is low. 
With greater hematocrit ratios, the relative viscosity 
increases (see Fig. 6.13). This effect is especially pro-
found at the upper range of erythrocyte concentration. A 
rise in hematocrit ratio from 45% to 70%, which occurs 
with polycythemia, increases the relative viscosity 
more than twofold, with a proportionate effect on the 
resistance to blood flow. The effect of such a change 
in hematocrit ratio on peripheral resistance may be 
appreciated when it is recognized that even in the most 
severe cases of essential hypertension, total periph-
eral resistance rarely increases by more than a factor of 
two. In essential hypertension, the increase in periph-
eral resistance is achieved by arteriolar vasoconstriction.
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This effect, called the Fåhræus-Lindqvist phenomenon, 
results from a disparity in the relative velocities of the red 
blood cells and plasma. The red blood cells tend to traverse the 
tube in less time than the plasma because the axial portions 
of the bloodstream contain a greater proportion of red blood 
cells and move with a greater velocity. Measurement of transit 
times through various organs has shown that red blood cells 
do travel faster than the plasma. Furthermore, the hematocrit 
ratios of the blood contained in the smallest vessels in various 
tissues are lower than those in blood samples withdrawn from 
large arteries or veins in the same animal (Fig. 6.16).

The physical forces causing the drift of the erythrocytes 
toward the axial stream and away from the vessel walls are 
not fully understood. One factor is the great flexibility of 
the red blood cells. At low flow (or shear) rates, compa-
rable with those in the microcirculation, flexible particles 
migrate toward the axis of a tube, whereas rigid particles 
do not. The concentration of flexible particles near the tube 
axis is enhanced by an increase in the shear rate.

The apparent viscosity of blood diminishes as the shear 
rate increases (Fig. 6.17), a phenomenon called shear thin-
ning. The greater tendency of the erythrocytes to accu-
mulate in the axial laminae at higher flow rates is partly 
responsible for this non-newtonian behavior. However, a 
more important factor is that at very slow rates of shear, 
the suspended cells tend to form aggregates, which would 
increase viscosity. As the flow is increased, this aggregation 
would decrease and so would the apparent viscosity (see 
Fig. 6.17).

The tendency for the erythrocytes to aggregate at low 
flows depends on the concentration in the plasma of the 
larger protein molecules, especially fibrinogen. For this 
reason, the changes in blood viscosity with shear rate 
are much more pronounced when the concentration of 
fibrinogen is high. Also, at low flow rates, leukocytes tend 
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Fig. 6.17  Decrease in the viscosity of blood (in centipoise) at in-
creasing rates of shear. The shear rate refers to the velocity of 
one layer of fluid relative to that of the adjacent layers and is direc-
tionally related to the rate of flow. (Redrawn from Amin, T. M., & 
Sirs, J. A. (1985). The blood rheology of man and various animal 
species. Quarterly Journal of Experimental Physiology, 70, 37–49.)
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Fig. 6.16  The hematocrit ratio (Hmicro) of the blood in various-
sized arterial and venous microvessels in the cat mesentery, 
relative to the hematocrit ratio (Hsys) in the large systemic ves-
sels. The hematocrit ratio is least in the capillaries and tiny 
venules. (Modified from Lipowsky, H. H., Usami, S., & Chien, 
S. (1980). In vivo measurements of “apparent viscosity” and 
microvessel hematocrit in the mesentery of the cat. Microvas-
cular Research, 19, 297–319.)
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to adhere to the endothelial cells of the microvessels and 
thereby increase the apparent viscosity.

The deformability of erythrocytes is also a factor in 
shear thinning, especially at high hematocrit ratios. The 
mean diameter of human red blood cells is about 8 μm, 
yet they are able to pass through openings with a diame-
ter of only 3 μm. When blood that is densely packed with 
erythrocytes is made to flow at progressively greater rates, 
the erythrocytes become increasingly deformed, diminish-
ing the apparent viscosity of the blood. The flexibility of 
human erythrocytes is enhanced as the concentration of 
fibrinogen in the plasma increase (Fig. 6.18). 

CLINICAL BOX
If red blood cells become hardened, as they are in cer-
tain spherocytic anemias, shear thinning may become 
much less prominent. When erythrocytes are extremely 
deformed, especially in sickle cell anemia, they tend 
to aggregate and completely block flow in small ves-
sels. The tissues supplied by those vessels frequently 
become infarcted.
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Fig. 6.18  The effect of the plasma fibrinogen concentration on 
the flexibility of human erythrocytes. (Redrawn from Amin, T. M., 
& Sirs, J. A. (1985). The blood rheology of man and various animal 
species. Quarterly Journal of Experimental Physiology, 70, 37–49.)

   	SUMMARY
	•	� The vascular system is composed of two major sub-

divisions in series—the systemic circulation and the 
pulmonary circulation.

	•	� Each subdivision consists of several types of vessels 
(e.g., arteries, arterioles, capillaries) are also aligned in 
series. In general, the vessels of a given type have a par-
allel arrangement.

	•	� The mean velocity (v) of blood flow in a given type of 
vessel is directly proportional to the total blood flow 
(Q

t
) pumped by the heart, and it is inversely propor-

tional to the cross-sectional area (A) of all the parallel 
vessels of that type; that is, v=Qt/A .

	•	� The laterally directed pressure in the bloodstream 
decreases as flow velocity increases; the decrement in lat-
eral pressure is proportional to the square of the velocity.

	•	� When blood flow is steady and laminar in vessels 
larger than arterioles, the flow (Q) is proportional to 

the pressure drop down the vessel (P
i
 − P

o
) and to the 

fourth power of the radius (r). Flow is inversely propor-
tional to the length (l) of the vessel and to the viscosity 
(η) of the fluid; that is, Q = π(P

i
 − P

o
)r4/8ηl (Poiseuille’s 

law).
	•	� For resistances aligned in series, the total resistance 

equals the sum of the individual resistances.
	•	� For resistances aligned in parallel, the reciprocal of the 

total resistance equals the sum of the reciprocals of the 
individual resistances.

	•	� Flow tends to become turbulent when flow velocity is 
high, when fluid viscosity is low, when tube diameter is 
large, or when the wall of the vessel is very irregular.

	•	� Blood flow is non-newtonian in very small vessels, so 
Poiseuille’s law is not applicable. The apparent viscosity 
of blood diminishes as shear rate (flow) increases and as 
the tube dimensions decrease. 

   	KEYWORDS AND CONCEPTS
Apparent viscosity
Essential hypertension
Laminar flow
Lateral pressure
Murmur
Newtonian fluid
Poiseuille’s equation
Poiseuille’s law
Reynolds number

Shear rate
Shear stress
Steady flow
Total pressure
Turbulent
Velocity
Viscosity
Volume flow
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History
A 70-year-old man complained of severe pain in his right 
leg whenever he walked briskly; the pain disappeared soon 
after he stopped walking. His doctor referred him to a vas-
cular surgeon, who carried out several hemodynamic tests. 
Angiography showed partial obstruction by large arterioscle-
rotic plaques about 3 cm distal to the origin of the right fem-
oral artery. The left femoral artery appeared to be normal. 
The mean arterial pressure in the left femoral artery with the 
patient at rest was 100 mm Hg, and the blood flow in this 
artery was 500 mL/min. The mean arterial pressure in the 
right femoral artery proximal to the obstruction was 100 mm 
Hg, and just distal to the obstruction, it was 80 mm Hg. The 
blood flow in this artery was 300 mL/min. The mean venous 
pressure was 10 mm Hg in the left and right femoral veins.
	1. �The resistance to blood flow in the vascular bed per-

fused by the right femoral artery was:
	 a.	� 0.03 mm Hg/mL/min.

	 b.	�0.30 mm Hg/mL/min.
	 c.	�3.00 mm Hg/mL/min.
	 d.	�3.33 mm Hg/mL/min.
	 e.	�33.3 mm Hg/mL/min.
	2.	�The resistance to blood flow (Rt) in the combined vas-

cular beds perfused by both femoral arteries was:
	 a.	�0.48 mm Hg/mL/min.
	 b.	�0.84 mm Hg/mL/min.
	 c.	�1.10 mm Hg/mL/min.
	 d.	�0.11 mm Hg/mL/min.
	 e.	�11.1 mm Hg/mL/min.
	3.	�The resistance to flow imposed by the arteriosclerotic 

obstruction in the right femoral artery amounted to:
	 a.	�0.066 mm Hg/mL/min.
	 b.	�0.660 mm Hg/mL/min.
	 c.	�0.15 mm Hg/mL/min.
	 d.	�1.50 mm Hg/mL/min.
	 e.	�15.0 mm Hg/mL/min.

CASE 6.1 
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The Arterial System

7

O B J E C T I V E S
	1.	� Explain how the pulsatile blood flow in the large arter-

ies is converted into a steady flow in the capillaries.
	2.	� Discuss arterial compliance and its relation to stroke 

volume and pulse pressure.

	3.	� Explain the factors that determine the mean, systolic, 
and diastolic arterial pressures and the arterial pulse 
pressure.

	4.	� Describe the common procedure for measuring the 
arterial blood pressure in humans.

 

THE HYDRAULIC FILTER CONVERTS 
PULSATILE FLOW TO STEADY FLOW
The principal functions of the systemic and pulmonary 
arterial systems are to distribute blood to the capillary beds 
throughout the body. The arterioles, which are the termi-
nal components of the arterial system, regulate the distri-
bution of flow to the various capillary beds. In the region 
between the heart and the arterioles, the aorta and pulmo-
nary artery, and their major branches constitute a system 
of conduits of considerable volume and distensibility. This 
system of elastic conduits and high-resistance terminals 
constitutes a hydraulic filter that is analogous to the resis-
tance-capacitance filters of electrical circuits.

Hydraulic filtering converts the intermittent output 
of the heart to a steady flow through the capillaries. This 
important function of the large elastic arteries has been 
likened to the Windkessels of antique fire engines. The 
Windkessel in such a fire engine contains a large volume 
of trapped air. The compressibility of the air trapped in the 
Windkessel converts the intermittent inflow of water to a 
steady outflow of water at the nozzle of the fire hose.

The analogous function of the large elastic arteries is 
illustrated in Fig. 7.1. The heart is an intermittent pump. 
The cardiac stroke volume is discharged into the arte-
rial system during systole. The duration of the discharge 
usually occupies about one third of the cardiac cycle. As 
shown in Fig. 4.13, most of the stroke volume is pumped 
during the rapid ejection phase. This phase constitutes 
about half of systole. Part of the energy of cardiac contrac-
tion is dissipated as forward capillary flow during systole. 

The remaining energy in the distensible arteries is stored 
as potential energy (see Fig. 7.1A–B). During diastole, 
the elastic recoil of the arterial walls converts this poten-
tial energy into capillary blood flow. If the arterial walls 
had been rigid, capillary flow would have ceased during 
diastole.

Hydraulic filtering minimizes the cardiac workload. 
More work is required to pump a given flow intermittently 
than steadily; the steadier the flow, the less is the excess 
work. A simple example illustrates this point.

Consider first that a fluid flows at the steady rate of 100 
mL/s through a hydraulic system that has a resistance of 
1 mm Hg/mL/s. This combination of flow and resistance 
would result in a constant pressure of 100 mm Hg, as 
shown in Fig. 7.2A. Neglecting any inertial effect, hydraulic 
work, W, may be defined as

	 W = ∫ t2
t1

PdV 	 (7.1)

that is, each small increment of volume, dV, pumped is 
multiplied by the pressure, P, that exists at that time. The 
products are integrated over the time interval, t

2
 – t

1
, to 

yield the total work. When flow is steady,

	 W = PV	 (7.2)

In the example in Fig. 7.2A, the work done in pump-
ing the fluid for 1 s would be 10,000 mm Hg/mL (or 1.33 
× 107 dyn-cm). Next, consider an intermittent pump that 
generates a constant flow of fluid for 0.5 s and then pumps 
nothing during the next 0.5 s. Hence flow is generated at 



124 CHAPTER 7  The Arterial System

the rate of 200 mL/s for 0.5 s, as shown in Fig. 7.2B and 
C. In panel B, the conduit is rigid, and the fluid is incom-
pressible. However, the system has the same resistance 
to flow as in panel A. During the pumping phase of the 
cycle (systole), the flow of 200 mL/s through a resistance of  

1 mm Hg/mL/s would produce a pressure of 200 mm Hg. 
During the filling phase (diastole) of the pump, the pres-
sure in this rigid system would be 0 mm Hg. The work done 
during systole would be 20,000 mm Hg/mL. This value is 
twice that required in the example shown in Fig. 7.2A.

Left
atrium

Left
ventricle

Aorta

Capillaries

Compliant arteries

Systole   Arterial blood flows through the
             capillaries throughout systole.

Diastole   Arterial blood continues to flow through
               the capillaries throughout diastole.

A When the arteries are normally compliant, a
substantial fraction of the stroke volume is
stored in the arteries during ventricular systole. 
The arterial walls are stretched.  

B During ventricular diastole the previously stretched
arteries recoil. The volume of blood that is displaced
by the recoil furnishes continuous capillary flow
diastole.   

Left
atrium

Left
ventricle

Aorta

Capillaries

Left
atrium

Left
ventricle

Aorta

Capillaries

Rigid arteries

Systole   A volume of blood equal to the entire
             stroke volume must flow through the
             capillaries during systole.

Diastole   Flow through the capillaries ceases
               during diastole.

C When the arteries are rigid, virtually none of the
stroke volume can be stored in the arteries.  

D Rigid arteries cannot recoil appreciably during
diastole. 

Left
atrium

Left
ventricle

Aorta

Capillaries

Fig. 7.1  (A to D) When the arteries are normally compliant, blood flows through the capillaries throughout the cardiac 
cycle. When the arteries are rigid, blood flows through the capillaries during systole, but flow ceases during diastole.
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If the system were very distensible, hydraulic filtering 
would be very effective and the pressure would remain vir-
tually constant throughout the entire cycle (see Fig. 7.2C). 
Of the 100 mL of fluid pumped during the 0.5 s of systole, 
only 50 mL would be emitted through the high-resistance 

outflow end of the system during systole. The remaining 
50 mL would be stored by the distensible conduit during 
systole, and it would flow out during diastole. Hence 
the pressure would be virtually constant at 100 mm Hg 
throughout the cycle. The fluid pumped during systole 
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A  Continuous flow pump

Pumped flow: 100 mL/s

W = P × V = 100 × 100 = 10,000 mm Hg • mL each s

W = P × V = 200 × 100 = 20,000 mm Hg • mL each s

W = P × V = 100 × 100 = 10,000 mm Hg • mL each s

Outflow = 100 mL/s for 1 s

R = 1

R = 1
 mm Hg

mL/s

R = 1
 mm Hg

mL/s

A The pump flow is steady, and pressure will remain constant regardless of the distensibility of the conduit.

P = 100 mm Hg

B  Intermittent pump Rigid tube

P = Downstroke: R × Q = 1 × 200 = 200 mm Hg
           Upstroke: R × Q = 1 ×     0 =     0 mm Hg

Pumped flow: Downstroke: 200 mL/s for 0.5 s
      Upstroke:         0 mL/s for 0.5 s

Pumped flow: Downstroke: 200 mL/s for 0.5 s
      Upstroke:         0 mL/s for 0.5 s

Outflow =

B  The flow (Q) produced by the pump is intermittent; it is steady for half the cycle and ceases for the remainder of the 
cycle. The conduit is rigid; therefore, the flow produced by the pump during its downstroke must exit through the 
resistance during the same 0.5 s that elapses during the downstroke. The pump must do twice as much work as the 
pump in A.

200 mL/s for 0.5 s
    0 mL/s for 0.5 s

C  Intermittent pump Compliant tube

P = constant at 100 mm Hg

Outflow = 100 mL/s for 1 s

C  The pump operates as in B, but the conduit is infinitely distensible. This results in perfect filtering of the pressure; 
that is, the pressure is steady, and the outflow through the resistance is also steady. The work equals that in A.

Fig. 7.2  (A to C) The relationships between pressure and flow for three hydraulic systems. In each, the overall 
flow is 100 mL/s and the resistance is 1 mm Hg/mL/s.
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would be ejected at only half the pressure that prevailed in 
Fig. 7.2B. Therefore the work would be only half as great. If 
filtering were nearly perfect, as in Fig. 7.2C, the work would 
be identical to that for steady flow (see Fig. 7.2A).

Naturally, the filtering accomplished by the systemic 
and pulmonic arterial systems is intermediate between the 
examples in Fig. 7.2B and C. The additional work imposed 
by the intermittent pumping, in excess of that for steady 
flow, is about 35% for the right ventricle and about 10% 
for the left ventricle. These fractions change, however, with 
variations in heart rate, peripheral resistance, and arterial 
distensibility.

The greater cardiac energy requirement imposed by 
a rigid arterial system is illustrated in Fig. 7.3. In a group 
of anesthetized dogs, the cardiac output pumped by the 
left ventricle was allowed to flow either through the nat-
ural route (the aorta) or through a stiff plastic tube to the 
peripheral arteries. The total peripheral resistance (TPR) 
values were virtually identical, regardless of which pathway 
was selected. The data (see Fig. 7.3) from a representative 
animal show that, for any given stroke volume, the myocar-
dial oxygen consumption (MV̇o2) was substantially greater 
when the blood was diverted through the plastic tubing 
than when it flowed through the aorta. This increase in 
MV̇o2 indicates that the left ventricle had to expend more 
energy to pump blood through a less compliant conduit 
than through a more compliant conduit. 

ARTERIAL ELASTICITY COMPENSATES FOR 
THE INTERMITTENT FLOW DELIVERED BY 
THE HEART
The elastic properties of the arterial wall are determined by 
the composition and mechanical properties of the vessel. 
Two important constituents of the arterial wall are elastic 
fibers, composed of elastin and microfibrils, and collagen. 
Elastin is elaborated by endothelial cells and is found in the 
tunica intima, whereas collagen is derived from myofibro-
blasts in the tunica adventitia.

The elastic properties of the arterial wall may be appre-
ciated by considering first the static pressure-volume 
relationship for the aorta. To derive the curves shown in 
Fig. 7.4, aortas were obtained at autopsy from individuals 
in different age groups. All branches of each aorta were 
ligated and successive volumes of liquid were injected into 
this closed elastic system. After each increment of vol-
ume, the internal pressure was measured. In Fig. 7.4, the 
curve that relates pressure to volume in the youngest age 
group (curve a) is sigmoidal. Although the curve is nearly 
linear, the slope decreases at the upper and lower ends.  
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At any point on the curve, the slope (dV/dP) represents 
the aortic compliance. Thus in young individuals, the aor-
tic compliance is least at very high and low pressures and  
greatest at intermediate pressures. This sequence of com-
pliance changes resembles the familiar compliance changes 
encountered in inflating a balloon. The greatest difficulty 
in introducing air into the balloon is experienced at the 
beginning of inflation and again at near-maximal volume, 
just before the balloon ruptures. At intermediate volumes, 
the balloon is relatively easy to inflate; that is, it is more 
compliant.

The previously described effects of the subject’s age 
on the elastic characteristics of the arterial system were 
derived from aortas removed at autopsy (see Fig. 7.4). 
Such age-related changes have been confirmed in liv-
ing subjects by ultrasound imaging techniques. These 
studies disclosed that the increase in the diameter of the 
aorta produced by each cardiac contraction is much less 
in elderly persons than in young persons (Fig. 7.5). The 
effects of aging on the elastic modulus of the aorta in 
healthy subjects are shown in Fig. 7.6. The elastic modu-
lus, E

p
, is defined as:

	 Ep = ΔP / (ΔD/D)	 (7.3)

where ΔP is the aortic pulse pressure, (Fig. 7.7), D is the 
mean aortic diameter during the cardiac cycle, and ΔD is 
the maximal change in aortic diameter during the cardiac 
cycle.

The fractional change in diameter (ΔD/D) of the aorta 
during the cardiac cycle reflects its change in volume 
(ΔV) as the left ventricle ejects its stroke volume into the 
aorta each systole. Thus E

p
 is inversely related to compli-

ance, which is the ratio of ΔV to ΔP. Consequently, the 
increase in elastic modulus with aging (see Fig. 7.6) and  
the decrease in compliance with aging (see Fig. 7.4) both 
reflect the stiffening (arteriosclerosis) of the arterial walls  
as individuals age. 
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Fig. 7.5  The pulsatile changes in diameter (ΔD), measured ul-
trasonically, in a 22-year-old man and a 63-year-old man. (Modi-
fied from Imura, T., Yamamoto, K., Kanamori, K., Mikami, T., & 
Yasuda, H. (1986). Noninvasive ultrasonic measurement of the 
elastic properties of the human abdominal aorta. Cardiovascu-
lar Research, 20, 208–214.)

90

Age (yr)

E
p 

(x
 1

0
5  

N
/m

2 )

5

4

3

2

1

0

80706050403020100

Fig. 7.6  The effects of age on the elastic modulus (Ep) of the 
abdominal aorta in a group of 61 human subjects. (Modified 
from Imura, T., Yamamoto, K., Kanamori, K., Mikami, T., &  
Yasuda, H. (1986). Noninvasive ultrasonic measurement of the 
elastic properties of the human abdominal aorta. Cardiovascu-
lar Research, 20, 208–214.)

CLINICAL BOX
Fig. 7.4 reveals that the pressure-volume curves 
derived from subjects in different age groups are dis-
placed downward, and the slopes diminish as a function 
of advancing age. Thus for any pressure above about 
80 mm Hg, the aortic compliance decreases with age. 
This manifestation of greater rigidity (arteriosclerosis) 
is caused by progressive changes in the collagen and 
elastin contents of the arterial walls. A reevaluation of 
the relation between physical factors and hypertension 
concluded that vascular wall stiffness may be a cause 
rather than, as formerly thought, a consequence of a 
pathological increase of arterial blood pressure. There 
is no ready solution for this problem. The role of large 
arteries in hypertension, compared with that of arteri-
oles, cannot be neglected. With age-dependent loss of 
compliance, the gradual change of stiffness from cen-
tral elastic to peripheral muscular arteries decreases, 
permitting conduction of the pressure wave to farther 
regions in the microcirculation and thereby cause end 
organ damage. The pulse wave velocity is increased in 
hypertension, an indication of greater arterial stiffness 
(see page 135).
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THE ARTERIAL BLOOD PRESSURE 
IS DETERMINED BY PHYSICAL AND 
PHYSIOLOGICAL FACTORS
The determinants of the pressure within the arterial sys-
tem of intact subjects cannot be evaluated precisely. 
Nevertheless, arterial blood pressure is routinely measured 
in patients, and it provides a useful clue to cardiovascular 
status. We therefore take a simplified approach to explain 
the principal determinants of arterial blood pressure. To 
accomplish this, the determinants of the mean arterial 
pressure, defined in the next section, are analyzed first. 
Systolic and diastolic arterial pressures are then considered 
as the upper and lower limits of the periodic oscillations 
around this mean pressure.

The determinants of the arterial blood pressure may be 
subdivided arbitrarily into physical and physiological fac-
tors (Fig. 7.8). The arterial system is assumed to be a static, 
elastic system. The only two physical factors are considered 
to be the blood volume within the arterial system and the  
elastic characteristics (compliance) of the system. The 
following physiological factors will be considered: (1) 
the cardiac output, which equals heart rate × stroke vol-
ume; and (2) the peripheral resistance. Such physiological  
factors operate through one or both of the physical factors.

Mean Arterial Pressure
The mean arterial pressure is the pressure in the large 
arteries, averaged over time. The mean pressure may be 
obtained from an arterial pressure tracing, by measuring 
the area under the pressure curve. This area is divided by 
the time interval involved, as shown in Fig. 7.7. The mean 
arterial pressure, Pa , can usually be determined satisfacto-
rily from the measured values of the systolic (P

s
) and dia-

stolic (P
d
) pressures, with the following empirical formula:

	 Pa ≅ Pd + 1
3

(Ps −Pd)	 (7.4)

The mean arterial pressure depends mainly on the mean 
blood volume in the arterial system and on the arterial 
compliance (see Fig. 7.8). The arterial volume, V

a
, in turn 

depends (1) on the rate of inflow, Q
h
, from the heart into the 

arteries (cardiac output); and (2) on the rate of outflow, Q
r
, 

from the arteries through the resistance vessels. This consti-
tutes the peripheral runoff. Expressed mathematically,

	 dVa /dt = Qh − Qr	 (7.5)

This equation is an expression of the law of conserva-
tion of mass. The equation states that the change in arterial 
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Fig. 7.8  Arterial blood pressure is determined directly by two major physical factors, the arterial blood vol-
ume and the arterial compliance. These physical factors are affected in turn by certain physiological factors, 
primarily the heart rate, stroke volume, cardiac output (heart rate × stroke volume), and peripheral resistance.
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blood volume per unit time (dV
a
/dt) represents the differ-

ence between the rate (Q
h
) at which blood is pumped into 

the arterial system by the heart and the rate (Q
r
) at which 

the blood leaves the arterial system through the resistance 
vessels.

If the arterial inflow exceeds the outflow, the arterial 
volume increases, the arterial walls are stretched, and the 
arterial pressure rises. The converse happens when the 
arterial outflow exceeds the inflow. When the inflow equals 
the outflow, the arterial pressure remains constant. 

Cardiac Output
The change in pressure in response to an alteration of 
cardiac output can be appreciated better by considering 
some simple examples. Under control conditions, let 
cardiac output be 5 L/min and let mean arterial pressure 
(Pa) be 100 mm Hg (Fig. 7.9A). From the definition of 
total peripheral resistance,

	 R =
(

Pa − Pra

)
/Qr	 (7.6)

where P
ra

 is right atrial pressure, if Pra (mean right atrial 
pressure) is negligible compared with Pa,

	 R ≅ Pa /Qr	 (7.7)

Therefore in the example, R is 100/5, or 20 mm Hg/L/min.
Now let cardiac output, Q

h
, suddenly increase to 10 L/min 

(see Fig. 7.9B). Pa will remain unchanged. Because the out-
flow, Q

r
, from the arteries depends on Pa and R, Q

r
 will also 

remain unchanged. Therefore Q
h
, now 10 L/min, will exceed 

Q
r
, still only 5 L/min. This will increase the mean arterial 

blood volume (Va). From Eq. 7.5, when Q
h
 > Q

r
, dVa/dt > 0; 

that is, volume is increasing.
Because Pa depends on the mean arterial blood volume, 

Va , and on the arterial compliance, C
a
, an increase in Va  

will raise the Pa. By definition,

	 Ca = dVa/dPa	 (7.8)

Therefore

	 dVa = CadPa	 (7.9)

and

	 dVa/dt = CadPa/dt	 (7.10)

From Eq. 7.5,

	 dPa/dt = (Qh − Qr) /Ca	 (7.11)

Hence Pa will rise when Q
h
 > Q

r
, it will fall when Q

h
 < 

Q
r
, and it will remain constant when Q

h
 = Q

r
.

In this example, Q
h
 suddenly increased to 10 L/min, 

and Pa continued to rise as long as Q
h
 exceeded Q

r
. Eq. 7.7 

shows that Q
r
 will not attain a value of 10 L/min until Pa 

reaches a level of 200 mm Hg. Thereafter, R will remain 
constant at 20 mm Hg/L/min. Hence as Pa approaches 
200, Q

r
 will approach the value of Q

h
, and Pa will rise very 

slowly. When Q
h
 begins to rise, however, Q

h
 exceeds Q

r
, 

and therefore Pa will rise sharply. The pressure—time trac-
ing in Fig. 7.10 indicates that, regardless of the value of C

a
, 

the slope gradually diminishes as pressure rises, and thus 
the final value is approached asymptotically.

Furthermore, the height to which Pa will rise does not 
depend on the elastic characteristics of the arterial walls. 
Pa must rise to a level such that the peripheral runoff will 
equal the cardiac output; that is, Q

r
 = Q

h
. Eq. 7.6 shows that 

Q
r
 depends only on the pressure gradient and the resistance 

to flow. Hence C
a
 determines only the rate at which the 

new equilibrium value of P
a
 will be approached, as illus-

trated in Fig. 7.10. When C
a
 is small (as in rigid vessels), a 

relatively slight increment in V
a
 would increase Pa greatly. 

This increment in Pa is caused by a transient excess of Q
h
 

over Q
r
. Hence Pa attains its new equilibrium level quickly. 

Conversely, when C
a
 is large, considerable volumes can 

be accommodated with relatively small pressure changes. 
Therefore the new equilibrium value of Pa is reached at a 
slower rate. 

Peripheral Resistance
Similar reasoning may now be applied to explain the 
changes in Pa  that accompany alterations in periph-
eral resistance. Let the control conditions be identical 
to those of the preceding example, that is, Q

h
 = 5, P

a
 = 

100, and R = 20 (see Fig. 7.9A). Then, let R suddenly 
be increased to 40 (see Fig. 7.9D). Pa  would not change 
appreciably. When Pa  = 100 and R = 40, Q

r
 would equal 

Pa/R, which would then equal 2.5 L/min. Thus the 
peripheral runoff would be only 2.5 L/min, even though 
cardiac output equals 5 L/min. If Q

h
 remains constant 

at 5 L/min, Q
h
 would exceed Q

r
 and Va  would increase;  

and therefore Pa  would rise. Pa  will continue to rise until  
it reaches 200 mm Hg (see Fig. 7.9). At this pressure 
level, Q

r
 = 200/40 = 5 L/min, which equals Q

h
. Pa  will 

remain at this new, elevated level as long as Q
h
 and R do 

not change.
It is evident, therefore, that the level of the mean arte-

rial pressure depends on cardiac output and peripheral 
resistance. This dependency applies regardless of whether 
the change in cardiac output is accomplished by an alter-
ation of heart rate or of stroke volume. Any change in heart 
rate that is balanced by a concomitant, oppositely directed 
change in stroke volume, will not alter Q

h
. Hence Pa will 

not be affected. 
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Qr must equal Qh, and therefore the mean blood volume (Va) in the arteries will remain       
constant from heartbeat to heartbeat.
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Fig. 7.9  The relationship of mean arterial blood pressure (Pa) to cardiac output (Qh), peripheral runoff (Qr), and 
peripheral resistance (R) under control conditions (A) in response to an increase in cardiac output (B) and (C), 
and in response to an increase in peripheral resistance (D) and (E).
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Pulse Pressure
Let us assume (see Fig. 7.8) that the arterial pressure, P

a
, 

at any moment depends on two physical factors: (1) the 
arterial blood volume, V

a
, and (2) the arterial compliance, 

C
a
. Hence the arterial pulse pressure (that is, the difference 

between systolic and diastolic pressures) is principally a 
function of the stroke volume and the arterial compliance. 

Stroke Volume
The effect of a change in stroke volume on pulse pressure 
may be analyzed when C

a
 remains virtually constant. C

a
 

is constant over any linear region of the pressure-volume 
curve (Fig. 7.11). Volume is plotted along the vertical axis, 
and pressure is plotted along the horizontal axis; the slope, 
dV/dP, equals the compliance, C

a
.

In an individual with such a linear P
a
:V

a
 curve, the arte-

rial pressure would oscillate around a mean value (Pa in 
Fig. 7.11). This value depends entirely on cardiac output 
and peripheral resistance, as explained previously. The 
mean pressure reflects a specific mean arterial blood vol-
ume, Va . The coordinates Pa and Va  define point A on the 
graph. During diastole, peripheral runoff from the arterial 
system occurs in the absence of the ventricular ejection of 
blood. Furthermore, P

a
 and V

a
 diminish to the minimal 

values P
1
 and V

1
 just before the next ventricular ejection. P

1
 

defines the diastolic pressure.
During the rapid ejection phase of systole, the volume 

of blood introduced into the arterial system exceeds the 
volume that exits through the arterioles. Arterial pressure 
and volume therefore rise from point A

1
 toward point A

2
 

in Fig. 7.11. The maximal arterial volume, V
2
, is reached 

at the end of the rapid ejection phase (see Fig. 4.13); this 
volume corresponds to the peak pressure, P

2
, which is the 

systolic pressure.

The pulse pressure is the difference between the systolic 
and diastolic pressures (see Fig. 7.11, P

2
 – P

1
), and it cor-

responds to some arterial volume increment, V
2
 – V

1.
 This 

increment equals the volume of blood discharged by the left 
ventricle during the rapid ejection phase, minus the volume 
that has run off to the periphery during this same phase of 
the cardiac cycle. When a healthy heart beats at a normal 
frequency, the volume increment during the rapid ejection 
phase is a large fraction (about 80%) of the stroke volume. 
It is this increment that raises the arterial volume rapidly 
from V

1
 to V

2
. Consequently, the arterial pressure will rise 

from the diastolic to the systolic level (see Fig. 7.11, P
1
 to 

P
2
). During the remainder of the cardiac cycle, peripheral 

runoff will exceed cardiac ejection. During diastole, the 
heart ejects no blood. Consequently, the arterial blood 
volume decrement will cause volumes and pressures to fall 
from point A

2
 back to point A

1
 in Fig. 7.11.

If stroke volume is suddenly doubled while heart rate 
and peripheral resistance remain constant, the mean arte-
rial pressure will be doubled, to point B in Fig. 7.11. Thus 
the arterial pressure will now oscillate with each heartbeat 
around this new value of the mean arterial pressure. A nor-
mal, vigorous heart will eject this greater stroke volume 
during a fraction of the cardiac cycle. This fraction approx-
imately equals the fraction that prevailed at the lower stroke 
volume. Therefore the arterial volume increment, V

4
 – V

3
, 

will be a large fraction of the new stroke volume. Hence 
the increment will be about twice as great as the previous 
volume increment (V

2
 – V

1
). If the P

a
:V

a
 curve were linear, 
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the greater volume increment would be reflected by a pulse 
pressure (P

4
 – P

3
) that was approximately twice as great as 

the original pulse pressure (P
2
 – P

1
). Inspection of Fig. 7.11 

reveals that when both mean and pulse pressures rise, the 
increment in systolic pressure (from P

2
 to P

4
) exceeds the 

rise in diastolic pressure (from P
1
 to P

3
). Thus an increase 

in stroke volume raises systolic pressure more than it raises 
diastolic pressure. 

Arterial Compliance
To assess how arterial compliance affects pulse pressure, 
the relative effects of a given volume increment (Fig. 7.12, 
V

2
 – V

1
) in a young person (curve A) and in an elderly per-

son (curve B) are compared. Let cardiac output and TPR 
be the same in both people; therefore Pa will be the same 
in both subjects. Fig. 7.12 shows that the same volume 

increment (V
2
 – V

1
) will cause a greater pulse pressure  

(P
4
 – P

1
) in the less distensible arteries of the elderly indi-

vidual than in the more compliant arteries of the young 
person (P

3
 – P

2
). Hence the workload on the left ventricle 

of the elderly person would exceed the workload in a young 
person, even if the stroke volumes, TPR values, and mean 
arterial pressures were equivalent.

Fig. 7.13 displays the effects of changes in arterial com-
pliance and in peripheral resistance, R

p
, on the arterial 

pressure in an isolated cat heart preparation. As the com-
pliance was reduced from 43 to 14 to 3.6 units, the pulse 
pressure increased significantly. Changes of pulse pressure 
are greater when compliance changes at constant R

p
 than 

when R
p
 changes at constant compliance. In this prepara-

tion, the stroke volume decreased as the arterial compli-
ance was diminished. This relationship accounts for the 
failure of the mean arterial pressure to remain constant 
at the different levels of arterial compliance. The effects of 
changes in peripheral resistance in this same preparation 
are described in the next section. 

Total Peripheral Resistance and Arterial  
Diastolic Pressure
It is often claimed that an increase in TPR affects the dia-
stolic arterial pressure more than it does the systolic arterial 
pressure. The validity of such an assertion deserves close 
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astolic pressures. (Modified from Elzinga, G., & Westerhof, N. 
(1973). Pressure and flow generated by the left ventricle against 
different impedances. Circulation Research, 32, 178–186.)

CLINICAL BOX
The arterial pulse pressure affords valuable clues about 
a person’s stroke volume, provided that the arterial com-
pliance is essentially normal. Patients who have severe 
congestive heart failure, or who have had a severe 
hemorrhage, are likely to have very low arterial pulse 
pressures, because their stroke volumes are abnor-
mally small. Conversely, individuals with large stroke 
volumes, as in aortic regurgitation, are likely to have 
increased arterial pulse pressures. For example, well-
trained athletes at rest tend to have low heart rates. 
The prolonged ventricular filling times in these subjects 
induce the ventricles to pump a large quantity of blood 
per heartbeat, and thus their pulse pressures are high.
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scrutiny. First, let TPR be increased in an individual with a 
linear P

a
:V

a
 curve, as depicted in Fig. 7.14A. If the subject’s 

heart rate and stroke volume remain constant, an increase 
in TPR will increase the Pa proportionately (from P

2
 to P

5
). 

If the volume increments (V
2
 – V

1
 and V

4
 – V

3
) are equal 

at both levels of TPR, the pulse pressures (P
3
 – P

1
 and P

6
 

– P
4
) will also be equal. Hence systolic (P

6
) and diastolic 

(P
4
) pressures will have been elevated by exactly the same 

amounts from their respective control levels (P
3
 and P

1
).

The combination of an increased resistance and dimin-
ished arterial compliance on arterial blood pressure are repre-
sented in Fig. 7.13 by a shift in direction from the top leftmost 
panel to the bottom rightmost panel. Both the mean pressure 
and the pulse pressure would be increased significantly. These 
results also coincide with the changes predicted by Pa. 

THE PRESSURE CURVES CHANGE IN 
ARTERIES AT DIFFERENT DISTANCES FROM 
THE HEART
The radial stretch of the ascending aorta brought about 
by left ventricular ejection initiates a pressure wave 
that is propagated down the aorta and its branches. The 
pressure wave travels much faster (∼4 to 12 m/s) than 
does the blood itself. It is this pressure wave that one 
perceives by palpating a peripheral artery (for example, 
in the wrist).

The velocity of the pressure wave varies inversely with 
the vascular compliance. Accurate measurement of the 
transmission velocity has provided valuable informa-
tion about the elastic characteristics of the arterial tree. 
In general, transmission velocity increases with age. This 
finding confirms the observation that the arteries become 
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Fig. 7.14  Effect of a change in total peripheral resistance (volume increment remaining constant) on pulse 
pressure when the pressure-volume curve for the arterial system is rectilinear (A) or curvilinear (B).

CLINICAL BOX
Chronic hypertension is characterized by a persistent  
elevation of TPR. It occurs more commonly in older than 
in younger persons. The Pa:Va curve for a hypertensive 
patient would therefore resemble that shown in Fig. 
7.14B. In this figure, the slope of the Pa:Va curve dimin-
ishes as pressure and volume are increased. Hence Ca is 
less at higher than at lower pressures. If cardiac output 
remains constant, an increase in TPR would increase Pa 
proportionately (from P2 to P5). For equivalent increases 
in TPR, the pressure elevation from P2 to P5 would be 
the same in panel A as in panel B (see Fig. 7.10). If the 
volume increment (see Fig. 7.14B, V4 − V3) at elevated 
TPR were equal to the control increment (V2 − V1), the 
pulse pressure (P6 − P4) in the hypertension range would 
greatly exceed that (P3 − P1) at normal pressure levels. 

In other words, a given volume increment produces a 
greater pressure increment (i.e., pulse pressure) when 
the arteries are more rigid than when they are more com-
pliant. Hence the rise in systolic pressure (P6 − P3) will 
exceed the increase in diastolic pressure (P4 − P1). These 
hypothetical changes in arterial pressure closely resem-
ble those observed in hypertensive patients. Diastolic 
pressure is indeed elevated in such persons, but usually 
not more than 10 to 40 mm Hg above the average normal 
level (about 80 mm Hg). Conversely, systolic pressures 
are often found to be elevated by 50 to 150 mm Hg above 
the average normal level (about 120 mm Hg). Thus an 
increase in peripheral resistance will usually raise systolic 
pressure more than it will raise the diastolic pressure.
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less compliant with advancing age (see Figs. 7.4 and 7.6). 
Furthermore, the PWV increases progressively as the 
pulse wave travels from the ascending aorta toward the 
periphery. This indicates that vascular compliance is less 
in the more distal than in the more proximal portions of 
the arterial system. In addition, there is greater overlap 
between the forward and reflected pulse waves because of 

the increasing resistance of the vessels as their diameter 
decreases.

The arterial pressure contour becomes distorted as the 
wave is transmitted down the arterial system. The changes 
in configuration of the pulse with distance are shown in 
Fig. 7.15. Aside from the lengthening delay in the onset of 
the initial pressure rise, three major changes occur in the 
arterial pulse contour as the pressure wave travels distally. 
First, the high-frequency components of the pulse, such as 
the incisura (the notch that appears at the end of ventricu-
lar ejection), are damped out and soon disappear. Second, 
the systolic portions of the pressure wave become narrow 
and elevated. In Fig. 7.15, the systolic pressure at the level 
of the knee was 39 mm Hg greater than that recorded in 
the aortic arch. Third, a hump may appear on the diastolic 
portion of the pressure wave. These changes in contour are 
pronounced in young individuals, but they diminish with 
age. In elderly patients, the pulse wave may be transmit-
ted virtually unchanged from the ascending aorta to the 
periphery.

An illustration of all these features as recorded in the 
human arterial tree is shown in Fig. 7.16. In the 24-year-
old subject, the arterial pulse propagates slowly and displays 
changes in the pulse pressure amplitude and contour, as 
seen in the canine model in Fig. 7.15. By contrast, the pulse 
pressure wave in the 68-year-old subject travels more rap-
idly than in the younger subject. Also, the pulse pressure 
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Fig. 7.15  Arterial pressure (mm Hg) curves recorded from var-
ious sites in an anesthetized dog. (From Remington, J. W., & 
O’Brien, L. J. (1970). Construction of aortic flow pulse from 
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wave is relatively unchanged as the pulse travels because 
there is more rapid wave reflection. Thus as arterial compli-
ance decreases with age, the reflected wave superimposes on 
the pulse pressure at an earlier time. Eventually, as seen in 
Fig. 7.16, the location of the reflected wave is evident as an 
increased central pulse pressure in the 68-year-old subject 
rather than as an inflection detected at various times during 
the pulse pressure recording in the 24-year-old subject.

The augmentation index (AIx) is the ratio of the 
reflected wave to the pulse pressure: (P

2
 − P

1
/pulse pres-

sure) × 100%. The AIx is a measure of reflected wave 
arrival during systole and is related to arterial stiffness. 
However, it is sensitive to heart rate and peripheral wave 
intensity, rendering it an imprecise method of defining 
arterial stiffness.

The damping of the high-frequency components of the 
arterial pulse is caused largely by the viscoelastic proper-
ties of the arterial walls. The mechanisms for the peaking 
of the pressure wave are complex. Several factors contrib-
ute to these changes, including reflection, tapering of the 
arteries, resonance, and pulse wave velocity (PWV). To 
evaluate arterial stiffness in situ, one measures PWV. The 
PWV is the speed at which pressure waves, produced by 
ventricular contraction, move along the arterial tree, such 
as along the path of the brachial artery to the ankle artery. 
The PWV is described by the Moens-Korteweg equation 
as follows:

	 PWV = (Eh/2ρri)
1/2	 (7.12)

where E is material stiffness, h is the thickness of the 
vessel wall, r

i
 is its internal radius and ρ is the density of 

the blood. That is, PWV is directly proportional to material 
stiffness and vessel wall thickness, but it is inversely pro-
portional to internal radius. 

BLOOD PRESSURE IS MEASURED BY 
A SPHYGMOMANOMETER IN HUMAN 
PATIENTS
In hospital intensive care units, arterial blood pressure can be 
measured directly by introducing a needle or catheter into a  
peripheral artery. Ordinarily, however, the blood pressure 
is estimated indirectly, with a sphygmomanometer. This 
instrument consists of an inextensible cuff that contains an 
inflatable bag. The cuff is wrapped around an extremity, usu-
ally the arm, so that the inflatable bag lies between the cuff 
and the skin, directly over the artery to be compressed. The 
artery is occluded by inflating the bag, by means of a rubber 
squeeze bulb, to a pressure in excess of the arterial systolic 
pressure. The pressure in the bag is measured by means of 
a mercury, or an aneroid, manometer. Pressure is released 
from the bag, at a rate of 2 or 3 mm Hg per heartbeat, with a 
needle valve in the inflating bulb (Fig. 7.17).

When blood pressure is determined from an arm, the sys-
tolic pressure may be estimated by palpating the radial artery 
at the wrist (palpatory method). When pressure in the bag 
exceeds the systolic level, no pulse is perceived. As the pres-
sure falls just below the systolic level (see Fig. 7.17A), a spurt 
of blood passes through the brachial artery under the cuff 
during the peak of systole, and a slight pulse is felt at the wrist.

The auscultatory method is a more sensitive, and  
therefore a more precise, method for measuring systolic 
pressure; it also permits estimation of the diastolic pres-
sure. The practitioner listens with a stethoscope applied to 
the skin of the antecubital space, over the brachial artery. 
While the pressure in the bag exceeds the systolic pressure, 
the brachial artery is occluded, and no sounds are heard 
(see Fig. 7.17B). When the inflation pressure falls just below 
the systolic level (see Fig. 7.17A, 120 mm Hg), small spurts 
of blood escape through the cuff and slight tapping sounds 
(called Korotkoff sounds) are heard with each heartbeat. 
The pressure at which the first sound is detected represents 
the systolic pressure. It usually corresponds closely with  
the directly measured systolic pressure.

As inflation pressure continues to fall, more blood escapes 
under the cuff per heartbeat, and the sounds become louder. 
As the inflation pressure approaches the diastolic level, the 
Korotkoff sounds become muffled. As the inflation pressure 
falls just below the diastolic level (see Fig. 7.17A, 80 mm 
Hg), the sounds disappear; this point identifies the diastolic 
pressure. The origin of the Korotkoff sounds is related to 
the spurts of blood that pass under the cuff and that meet a 
static column of blood; the impact and turbulence generate 
audible vibrations. Once the inflation pressure is less than 
the diastolic pressure, flow is continuous in the brachial 
artery, and the sounds are no longer heard (see Fig. 7.17C). 

CLINICAL BOX
The ankle-brachial index (ABI) is the ratio of systolic 
blood pressures at the ankle (dorsalis pedis artery) to 
that in the brachial artery. The ABI, which is obtained 
by simple measurements, is an indicator of peripheral 
artery disease. More recently, the ABI has been pro-
posed as a predictor of risk for cardiovascular and cere-
brovascular pathology. For example, subjects with a 
normal ABI ratio of 1.1 to 1.4 had a lower incidence of 
either coronary or cerebrovascular events than did sub-
jects having a ratio of ≤0.9. Another result of such mea-
surements indicates that as the rate of ABI increases 
with time, the incidence of cardiovascular morbidity and 
mortality also increases.
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   	SUMMARY
	•	� The arteries not only conduct blood from the heart to 

the capillaries but also store some of the ejected blood 
during each cardiac systole. Therefore blood can con-
tinue to flow through the capillaries during cardiac 
diastole.

	•	� The compliance of the arteries diminishes with age.
	•	� The less compliant the arteries, the more work the heart 

must do to pump a given cardiac output.
	•	� The mean arterial pressure varies directly with the car-

diac output and total peripheral resistance.
	•	� The arterial pulse pressure varies directly with the stroke 

volume, but inversely with the arterial compliance.
	•	� The contour of the systemic arterial pressure wave is 

distorted as it travels from the ascending aorta to the 

periphery. The high-frequency components of the wave 
are damped, the systolic components are narrowed and 
elevated, and a hump may appear in the diastolic com-
ponent of the wave.

	•	� When blood pressure is measured by a sphygmoma-
nometer in humans, systolic pressure is manifested by 
the occurrence of a tapping sound that originates in the 
artery distal to the cuff as the cuff pressure falls below 
peak arterial pressure. The diminished cuff pressure 
permits spurts of blood to pass through the compressed 
artery. Diastolic pressure is manifested by the disap-
pearance of the sound as the cuff pressure falls below 
the minimal arterial pressure, permitting flow through 
the artery to become continuous. 
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     A   Consider that the arterial blood pressure is being
      measured in a patient whose blood pressure is 120/80
      mm Hg. The pressure (represented by the oblique line) in
      a cuff around the patient’s arm is allowed to fall from
      greater than 120 mm Hg (point B) to below 80 mm Hg
      (point C ) in about 6 s.

B  When the cuff pressure exceeds the systolic arterial  
 pressure (120 mm Hg), no blood progresses through 
 the arterial segment under the cuff, and no sounds 
 can be detected by a stethoscope bell placed on the 
 arm distal to the cuff.

C  When the cuff pressure falls below the diastolic
arterial pressure, arterial flow past the region of the 
cuff is continuous, and no sounds are audible. When 
the cuff pressure is between 120 and 80 mm Hg, 
spurts of blood traverse the artery segment under the 
cuff with each heartbeat, and the Korotkoff sounds 
are heard through the stethoscope. 

C

B

Fig. 7.17  (A to C) Measurement of arterial blood pressure with a sphygmomanometer.
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History
A 33-year-old man complained about chest pain on exer-
tion. He was referred to a cardiologist who carried out a 
number of studies, including right- and left-sided cardiac 
catheterization (for hemodynamic information) and cor-
onary angiography (to image the status of the coronary 
arteries). Among the data that were obtained during these 
studies were the findings that the patient’s pulmonary 
artery and aortic pressures, in mm Hg, were as follows:

Pressures Pulmonary Artery Aorta

Systolic 30 120

Diastolic 15 80

Pulse 15 40

Mean 20 93

The hemodynamic and angiographic studies disclosed 
no serious abnormalities. The patient’s physicians rec-
ommended certain changes in lifestyle and diet, and the 

patient continued to do well for about 20 years. At this 
time, the physician found that the patient’s systemic arte-
rial blood pressure was 190 mm Hg systolic/100 mm Hg 
diastolic, and the mean arterial pressure was estimated 
to be 130 mm Hg. These and other findings led his physi-
cians to the diagnosis of essential hypertension.
	1.	� At the time of the initial examination, the patient’s 

mean aortic pressure (93 mm Hg) was so much higher 
than the mean pulmonary arterial pressure (20 mm Hg) 
because:

	 a.	� the systemic vascular resistance was much greater 
than the pulmonary vascular resistance.

	 b.	� the aortic compliance was much greater than the 
pulmonary arterial compliance.

	 c.	� the left ventricular stroke volume was much greater 
than the right ventricular stroke volume.

	 d.	� the total cross-sectional area of the pulmonary cap-
illary bed was much greater than the total cross- 
sectional area of the systemic capillary bed.

CASE 7.1 

Continued
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	 e.	� the duration of the rapid ejection phase of the left 
ventricle exceeded the duration of the rapid ejec-
tion phase of the right ventricle.

	2.	� When the patient became hypertensive, his arterial 
pulse pressure (90 mm Hg) became much greater 
than his prehypertension pulse pressure (40 mm Hg) 
because:

	 a.	� the systemic vascular resistance is much less than 
it was before he became hypertensive.

	 b.	� the duration of the reduced ejection phase of the left 
ventricle decreases as the arterial blood pressure 
rises.

	 c.	� the arterial compliance was diminished in part 
by virtue of the hypertension per se, and in part 
because of the effects of aging.

	 d.	� the total cross-sectional area of the systemic cap-
illary bed increases substantially in hypertensive 
subjects.

	 e.	� the aortic compliance becomes greater than the 
pulmonary arterial compliance.

CASE 7.1—cont’d
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The Microcirculation and Lymphatics

8

O B J E C T I V E S
	1.	� Describe the regulation of regional blood flow by the 

arterioles.
	2.	� Enumerate the physical and chemical factors that affect 

the microvessels.
	3.	� Explain the roles of diffusion, filtration, and pinocyto-

sis in transcapillary exchange.
 

	4.	� Describe the balance between hydrostatic and osmotic 
forces under normal and abnormal conditions.

	5.	� Describe the lymphatic circulation.

The entire circulatory system is geared to supply the body 
tissues with blood in amounts that are commensurate with 
their requirements for O

2
 and nutrients. The system also 

removes CO
2
 and other waste products for excretion by 

the lungs and kidneys. The exchange of gases, water, and 
solutes between the vascular and interstitial fluid (ISF) 
compartments occurs mainly across the capillaries. These 
vessels consist of a single layer of endothelial cells. The 
arterioles, capillaries, and venules constitute the micro-
circulation, and blood flow through the microcirculation 
is regulated by the arterioles, which are also known as the 
resistance vessels (see Chapter 9). The large arteries are 
solely blood conduits, whereas the veins are storage or 
capacitance vessels as well as blood conduits.

FUNCTIONAL ANATOMY

Arterioles Are the Stopcocks of the Circulation
The arterioles, which range in diameter from about 5 to 
100 μm, have a thick smooth muscle layer, a thin adven-
titial layer, and an endothelial lining (see Fig. 1.2). The 
arterioles give rise directly to the capillaries (5 to 10 μm in 
diameter) or in some tissues to metarterioles (10 to 20 μm 
in diameter), which then give rise to capillaries (Fig. 8.1).  
The metarterioles can serve either as thoroughfare chan-
nels to the venules, which bypass the capillary bed, or as 
conduits to supply the capillary bed. There are often cross 
connections between the arterioles and venules as well as 
in the capillary network. Arterioles that give rise directly to 
capillaries regulate flow through their cognate capillaries 

by constriction or dilation. The capillaries form an inter-
connecting network of tubes of different lengths, with an 
average length of 0.5 to 1 mm. 

Capillaries Permit the Exchange of Water, 
Solutes, and Gases
Capillary distribution varies from tissue to tissue. In met-
abolically active tissues, such as cardiac and skeletal mus-
cle and glandular structures, capillaries are numerous. In 
less active tissues, such as subcutaneous tissue or cartilage, 
capillary density is low. Also, all capillaries do not have the 
same diameter. It is necessary for the cells to become tem-
porarily deformed in their passage through these capillar-
ies, because some capillaries have diameters less than those 
of the erythrocytes. Fortunately, normal red blood cells are 
quite flexible, and they readily change their shape to con-
form to that of the small capillaries.

Blood flow in the capillaries is not uniform; it depends 
chiefly on the contractile state of the arterioles. The average 
velocity of blood flow in the capillaries is approximately 1 
mm per second; however, it can vary from zero to several 
millimeters per second in the same vessel within a brief 
period. Such changes in capillary blood flow may be ran-
dom or they may show rhythmical oscillatory behavior of 
different frequencies. This behavior is caused by contrac-
tion and relaxation (vasomotion) of the precapillary vessels. 
Vasomotion is partially an intrinsic contractile behavior of 
the vascular smooth muscle, and it is independent of exter-
nal input. Furthermore, changes in transmural pressure 
(intravascular minus extravascular pressure) influence the 
contractile state of the precapillary vessels. An increase in 
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transmural pressure, whether produced by an increase in 
venous pressure or by dilation of arterioles, results in con-
traction of the terminal arterioles at the points of origin of 
the capillaries. Conversely, a decrease in transmural pres-
sure elicits precapillary vessel relaxation (see myogenic 
response, Chapter 9).

Reduction of transmural pressure relaxes the terminal 
arterioles. However, blood flow through the capillaries 
cannot increase if the reduction in intravascular pressure 
is caused by severe constriction of the parent vasculature. 
Large arterioles and metarterioles also exhibit vasomo-
tion. However, in the contraction phase, they usually do 
not completely occlude the lumen of the vessel and arrest 
blood flow, which may occur when the terminal arteri-
oles contract (Fig. 8.2). Thus flow rate may be altered by 
contraction and relaxation of small arteries, arterioles, and 
metarterioles.

Because blood flow through the capillaries provides for 
exchange of gases and solutes between the blood and tis-
sues, the flow has been termed nutritional flow. Conversely, 
blood flow that bypasses the capillaries in traveling from 
the arterial to the venous side of the circulation has been 
termed nonnutritional, or shunt, flow (see Fig. 8.1).  
In some areas of the body (e.g., fingertips and ears), 

Metarteriole

Venule

AV shunt

Arteriole

Blood flow

Capillaries

Venule
Blood flow

Fig. 8.1  Composite schematic drawing of the microcirculation. 
The circular structures on the arteriole and venule represent 
smooth muscle fibers, and the branching solid lines represent 
sympathetic nerve fibers. The arrows indicate the direction of 
blood flow.

A

Micropipette

30 µm

B 5 µm

30 µm

Micropipette

Fig. 8.2  Arterioles of a hamster cheek pouch before (A) and after (B) injection of norepinephrine. Note the 
complete closure of the arteriole between the arrowheads and the narrowing of a branch arteriole at the 
upper right. Inset, Capillary with red blood cells during a period of complete closure of the feeding arteriole. 
Scale in (A) and (B), 30 μm; in inset, 5 μm. (Courtesy David N. Damon.)
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true arteriovenous shunts exist (see Fig. 12.1). However, 
in many tissues, such as muscle, evidence of anatomi-
cal shunts is lacking. Nevertheless, nonnutritional flow 
can occur, and the behavior has been termed physiologi-
cal shunting of blood flow. This shunting is the result of a 
greater flow of blood through previously open capillaries, 
along with either no change or an increase in the number 
of closed capillaries. In tissues that have metarterioles, 
shunt flow may be continuous from the arterioles to the 
venules during low metabolic activity, at which time many 
precapillary vessels are closed. When metabolic activity 
rises in such tissues and more precapillary vessels open, 
blood passing through the metarterioles is readily available 
for capillary perfusion.

The true capillaries are devoid of smooth muscle and are 
therefore incapable of active constriction. Nevertheless, the 
endothelial cells that form the capillary wall contain actin 
and myosin, and they can alter their shape in response to 
certain chemical stimuli. There is no evidence, however, 
that changes in endothelial cell shape regulate blood flow 
through the capillaries. Hence changes in capillary diameter 
are passive and are caused by alterations in precapillary and 
postcapillary resistance. 

The Law of Laplace Explains How Capillaries  
Can Withstand High Intravascular Pressures
The law of Laplace is illustrated in the following compar-
ison of wall tension in a capillary with that in the aorta 
(Table 8.1). The Laplace equation is:

	 T = ΔPr	 (8.1)

where T is tension in the vessel wall, ΔP is transmural pres-
sure difference (internal minus external), and r is radius of 
the vessel.

Wall tension is the force per unit length tangential to 
the vessel wall. This tension opposes the distending force 
(ΔPr) that tends to pull apart a theoretical longitudinal slit 

in the vessel (Fig. 8.3). Transmural pressure is essentially 
equal to intraluminal pressure, because extravascular pres-
sure is usually negligible. The Laplace equation applies to 
very thin-walled vessels, such as capillaries. Wall thickness 
must be considered when the equation is applied to thick-
walled vessels such as the aorta. This is done by dividing 
ΔPr (pressure × radius) by wall thickness (w). The equa-
tion now becomes:

	 σ (wall stress) = ΔPr/w	 (8.2)

Pressure in mm Hg (height of an Hg column) is con-
verted to dynes per square centimeter, according to the 
following equation:

	 P = hρg	 (8.3)

where h is the height of an Hg column in centimeters, ρ is 
the density of Hg in g/cm3, g is gravitational acceleration in 
cm/s2; and σ (wall stress) is force per unit area.

Thus at normal aortic and capillary pressures, the wall ten-
sion of the aorta is about 12,000 times greater than that of the 
capillary (see Table 8.1). In a person who is standing quietly, 
capillary pressure in the feet may reach 100 mm Hg. Under 
such conditions, capillary wall tension increases to 66.5 dynes/
cm, a value that is still only one three-thousandths that of the 

TABLE 8.1  Vessel Wall Tension in the Aorta and a Capillary

Aorta Capillary

r (radius) 1.5 cm 5 × 10−4 cm
h (height of Hg column) 10 cm Hg 2.5 cm Hg
ρ (density of Hg) 13.6 g/cm3 13.6 g/cm3

g (gravitational acceleration) 980 cm/s2 980 cm/s2

P (pressure) 10 × 13.6 × 980 = 1.33 × 105 dyne/cm2 2.5 × 13.6 × 980 = 3.33 × 104 dyne/cm2

w (wall thickness) 0.2 cm 1 × 10−4 cm
T = Pr (1.33 × 105) (1.5) = 2 × 105 dyne/cm (3.33 ×104) (5 × 10−4) = 16.7 dyne/cm
σ (wall stress) = Pr/w 2 × 105/0.2 = 1 × 106 dyne/cm2 16.7/1 × 10−4 = 1.67 × 105 dyne/cm2

P

T
r

Fig. 8.3  Diagram of a small blood vessel to illustrate the law of 
Laplace. T = ΔPr, where ΔP is transmural pressure difference, 
r is radius of the vessel, and T is wall tension as the force per 
unit length tangential to the vessel wall, tending to pull apart a 
theoretical longitudinal slit in the vessel.



142 CHAPTER 8  The Microcirculation and Lymphatics

wall tension in the aorta at the same internal pressure. However, 
σ (wall stress), which takes wall thickness into consideration, is 
only about tenfold greater in the aorta than in the capillary.

In addition to explaining the ability of capillaries to 
withstand large internal pressures, the preceding calcula-
tions also show that in dilated vessels, wall stress increases 
even when internal pressure remains constant.

The diameter of the resistance vessels is determined by 
the balance between the contractile force of the vascular 
smooth muscle and the distending force produced by the 
intraluminal pressure. The greater the contractile activity 
of the vascular smooth muscle of an arteriole, the smaller 
its diameter, until the small arterioles are completely 
occluded. This occlusion is caused by infolding of the 
endothelium and the consequent trapping of the cells in 
the vessel. With progressive reduction in the intravascular 
pressure, vessel diameter decreases, as does tension in the 
vessel wall. This constitutes the law of Laplace. 

THE ENDOTHELIUM PLAYS AN ACTIVE ROLE 
IN REGULATING THE MICROCIRCULATION
For many years, the endothelium was considered to be an 
inert, single layer of cells that served solely as a passive filter 
that (1) permitted water and small molecules to pass across 
the blood vessel wall and (2) retained blood cells and large 
molecules (proteins) within the vascular compartment. 
However, the endothelium is now recognized as a source 
of substances that elicit contraction and relaxation of the 
vascular smooth muscle (Fig. 8.4; also see Fig. 9.4).

As shown in Fig. 8.4, prostacyclin (prostaglandin I
2
, PGI

2
) 

can relax vascular smooth muscle via an increase in the 
cyclic adenosine monophosphate (cAMP) concentration. 
Prostacyclin is formed in the endothelium from arachidonic 
acid, and it may be released by the shear stress caused by the 
pulsatile blood flow. Prostacyclin formation is catalyzed by 
the enzyme prostacyclin synthase. The primary function of 
PGI

2
 is to inhibit platelet aggregation and adherence to the 

endothelium, thus preventing intravascular clot formation.

Of far greater importance in endothelially mediated 
vascular dilation is the formation and release of endothe-
lium-derived relaxing factor (EDRF) (see Fig. 8.4), which 
has been identified as nitric oxide (NO). Stimulation of the 
endothelial cells in vivo, in isolated arteries, or in culture 
by acetylcholine or several other agents (such as adenos-
ine triphosphate [ATP], adenosine diphosphate [ADP], 
bradykinin, serotonin, substance P, and histamine) pro-
duce and release NO. In blood vessels whose endothelium 
has been removed, these agents do not elicit vasodilation; 
some, including acetylcholine and ATP, can cause con-
striction. The NO (synthesized from l-arginine) activates 
guanylyl cyclase in the vascular smooth muscle. This pro-
cess raises the cyclic guanosine monophosphate (cGMP) 
concentration and increases the activity of cGMP-depen-
dent protein kinase (PKG), which in turn activates myo-
sin light-chain phosphatase (MLCP). Myosin light-chain 
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Fig. 8.4  Endothelially and nonendothelially mediated vasodila-
tion. Prostacyclin (PGI2) is formed from arachidonic acid (AA) 
by the action of cyclooxygenase (Cyc-Ox.) and prostacyclin 
synthase (PGI2 Syn.) in the endothelium and elicits relaxation 
of the adjacent vascular smooth muscle via increases in cyclic 
adenosine monophosphate (cAMP). Stimulation of the endo-
thelial cells with acetylcholine (ACh) or other agents (see text) 
results in the formation and release of an endothelium-derived 
relaxing factor (EDRF) identified as nitric oxide (NO). The NO 
stimulates guanylyl cyclase (G Cyc.) to increase cyclic guano-
sine monophosphate (cGMP) in the vascular smooth muscle to 
cause relaxation. The vasodilator agent nitroprusside (NP) acts 
directly on the vascular smooth muscle. Substances such as 
adenosine, hydrogen ions (H+), carbon dioxide (CO2), and po-
tassium ions (K+) can arise in the parenchymal tissue and elicit 
vasodilation by direct action on the vascular smooth muscle 
(see p. 164). ADP, Adenosine diphosphate; L-arg., l-arginine.

CLINICAL BOX
Syphilitic aortic aneurysm (rare because syphilis is now 
less common) and abdominal aneurysm (caused by ath-
erosclerotic degeneration of the aortic wall) are asso-
ciated with murmurs caused by the turbulence in the 
dilated segment of the aorta. The diseased part of the 
aorta is also under severe stress because of its larger 
radius and thinner wall. Unless treated, the aneurysm 
can rupture and cause sudden death. Treatment con-
sists of resection of the aneurysm and replacement 
with a synthetic polyester fiber (Dacron) graft.
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phosphatase induces relaxation by reducing the concen-
tration of phosphorylated myosin regulatory light-chain 
subunits (MLC

20
) in vascular smooth muscle (see Fig. 9.2).  

NO release can be stimulated by the shear stress of blood 
flow on the endothelium, but the physiological role of 
NO in the local regulation of blood flow remains to be 
elucidated. The drug nitroprusside also increases cGMP, 
causing vasodilation. Nitroprusside acts directly on the 
vascular smooth muscle; its action is not endothelially 
mediated (see Fig. 8.4). Vasodilator agents, such as ade-
nosine, H+, CO

2
, and K+, may be released from parenchy-

mal tissue and act locally on the resistance vessels (see Fig. 
8.4).

The endothelium can also synthesize endothelin, a very 
potent vasoconstrictor peptide (see Fig. 9.4A). Endothelin 
can affect vascular tone and blood pressure in humans, and 
it may be involved in such pathological states as atheroscle-
rosis, pulmonary hypertension, congestive heart failure, 
and renal failure. 

THE ENDOTHELIUM IS AT THE CENTER OF 
FLOW-INITIATED MECHANOTRANSDUCTION
Blood vessels are continuously subjected to cyclic changes 
of blood pressure and flow. Endothelial cells that form the 
inner lining of blood vessels are linked with the glycocalyx 
on their luminal surfaces (see Fig. 8.7) and with the base-
ment membrane on their abluminal surfaces (see Fig. 8.5). 
These interfaces are important signaling sites for transduc-
tion of the mechanical force (shear stress) imparted by the 
blood, into a signal for the regulation of endothelial cell 
function. The glycocalyx (composed of proteoglycans and 

glycoproteins) can extend up to 0.5 μm from the surfaces 
of endothelial cells. The fibrous network of the glycoca-
lyx serves as a filter at the vessel wall in addition to that of 
endothelial cells. Also, the glycocalyx serves as a mechano-
transducer of shear stress signals to the plasma membrane 
and cortical cytoskeletons of endothelial cells. For exam-
ple, shear stress causes flow-mediated release of vasodila-
tors, including NO and PGI

2
 (see Fig. 8.4 and Chapter 9). 

On the one hand, the ability of endothelial cells to release 
vasodilators is impeded when glycosaminoglycans in the 
glycocalyx are degraded enzymatically. On the other hand, 
when flow is laminar, the synthesis of glycocalyx compo-
nents is increased, becoming a counterforce that sustains 
the ability of endothelial cells to sense and react to flow 
patterns.

The basement membrane also functions in mechano-
transduction. Normally, the basement membrane under-
lying endothelial cells is rich in collagen and laminin. 
Integrins, a family of cell adhesion receptors, are found in 
the endothelial cell, where they anchor to the cytoskeleton 
and intracellular signaling molecules. In addition, inte-
grins bind to collagen (α2β1, α1β1) and laminin (α6β1, 
α6β4) found in the extracellular matrix of the basement 
membrane. The result of this binding is an endothelial 
cell phenotype that is slow to proliferate. Injury, such as 
that produced by turbulent flow, promotes the deposition 
of fibronectin and fibrinogen in the extracellular matrix, 
where they bind integrins (α5β1, αvβ3). Thus by having 
fibronectin and fibrinogen present to bind other integrins, 
the endothelial cell expresses a phenotype that proliferates 
and migrates. The change of matrix structure and composi-
tion can trigger a reaction cascade that changes endothelial 
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Fig. 8.5  Diagrammatic sketch of an electron micro-
graph of a composite capillary in cross section.
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A
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Fig. 8.6  (A) Cross-sectioned capillary in a mouse ventricular wall. The luminal diameter is approximately 4 μm. In this thin section, 
the capillary wall is formed by a single endothelial cell (Nu, endothelial nucleus), which forms a functional complex (arrow) with 
itself. The thin pericapillary space is occupied by a pericyte (PC) and a connective tissue (CT) cell (fibroblast). Note the numerous 
endothelial vesicles (V). (B) Detail of the endothelial cell in panel (A) showing plasmalemmal vesicles (V) attached to the endothelial 
cell surface. These vesicles are especially prominent in vascular endothelium and are involved in transport of substances across 
the blood vessel wall. Note the complex alveolar vesicle (*). BM, Basement membrane. (C) Junctional complex in a capillary of 
mouse heart. Tight junctions (TJs) typically form in these small blood vessels and appear to consist of fusions between apposed 
endothelial cell surface membranes. (D) Interendothelial junction in a muscular artery of monkey papillary muscle. Although tight 
junctions similar to those in capillaries are found in these large blood vessels, extensive junctions that resemble gap junctions (GJ) 
in the intercalated disks between myocardial cells often appear in arterial endothelium.
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cell function to initiate inflammation and, eventually, 
atherosclerosis. Thus the balance between atheroprotec-
tive and atherogenic forces on the endothelial cell can be 
changed by a transition from laminar to turbulent flow. 

THE ENDOTHELIUM PLAYS A PASSIVE ROLE 
IN TRANSCAPILLARY EXCHANGE
Solvent and solute move across the capillary endothelial 
wall by three processes: diffusion, filtration, and pinocy-
tosis. The permeability of the capillary endothelial mem-
brane is not the same in all body tissues. For example, 
liver capillaries are quite permeable, and albumin escapes 
from them at a rate several times greater than that from 
the less permeable muscle capillaries. Also, permeability 
is not uniform along the whole capillary; the venous ends 
are more permeable than the arterial ends, and permea-
bility is greatest in the venules. The greater permeability 
at the venous ends of the capillaries and in the venules is 
attributed to the greater number of pores in these regions 
of the microvessels.

The sites at which filtration occurs have been a con-
troversial subject for many years. Water flows through 
the capillary endothelial cell membranes through water- 
selective channels called aquaporins, a large family of 
intrinsic membrane proteins (28 to 30 kDa) that func-
tion as water channels. Each of these pore-forming pro-
teins consists of six transmembrane segments that form a 
monomer; this structure is incorporated into membranes 
as homotetramers. The aquaporins are permeable to H

2
O 

and other substances (glycerol, urea, Cl-) having diame-
ters of 3.4Å (0.34 nm) or less. Water also flows through 
apertures (pores) in the endothelial walls of the capillaries 
(Figs. 8.5 and 8.6). Calculations based on the transcapil-
lary movement of small molecules have led to the predic-
tion of capillary pores with diameters of about 4 nm in 
skeletal and cardiac muscle. In agreement with this pre-
diction, electron microscopy has revealed clefts between 
adjacent endothelial cells with gaps of about 4 nm (see 
Figs. 8.5 and 8.6). The clefts (pores) are sparse and rep-
resent only about 0.02% of the capillary surface area. In 
cerebral capillaries, there is a blood-brain barrier to many 
small molecules.

In addition to clefts, some of the more porous cap-
illaries (e.g., in kidney and intestine) contain fenestra-
tions (see Fig. 8.5) that are 20 to 100 nm wide, whereas 
in other sites (e.g., in the liver) the endothelium is dis-
continuous (see Fig. 8.5). Fenestrations and discontin-
uous endothelium permit passage of molecules that are 
too large to pass through the intercellular clefts of the 
endothelium.

Diffusion Is the Most Important Means of Water 
and Solute Transfer Across the Endothelium
Under normal conditions, only about 0.06 mL of water 
per minute moves back and forth across the capillary wall 
per 100 g of tissue. The fluid movement is a result of fil-
tration and absorption. However, about 300 mL of water 
diffuses per minute per 100 g of tissue. The difference is 
5000-fold.

When filtration and diffusion are related to blood flow, 
about 2% of the plasma passing through the capillaries 
is filtered. In contrast, the diffusion of water is 40 times 
greater than the rate at which it is brought to the capillar-
ies by blood flow. The transcapillary exchange of solutes is 
also governed primarily by diffusion. Thus diffusion is the 
key factor in promoting the exchange of gases, substrates, and 
waste products between the capillaries and the tissue cells. 
However, the net transfer of fluid across the capillary and 
venule endothelium is achieved mainly by filtration and 
absorption.

The process of diffusion is described by Fick’s law, as 
follows:

	 J = − DA dc/dx	 (8.4)

where J is the quantity of a substance moved per unit time 
(t), D is the free diffusion coefficient for a particular mol-
ecule (the value is inversely related to the square root of 
the molecular weight), A is the cross-sectional area of the 
diffusion pathway, and dc/dx is the concentration gradient 
of the solute.

Fick’s law is also expressed as follows:

	 J= −PS (Co – Ci)	 (8.5)

where P is the capillary permeability of the substance, S is 
capillary surface area, C

i
 is the concentration of the sub-

stance inside the capillary, and C
o
 is the concentration of 

the substance outside the capillary. Hence the PS product 
provides a convenient expression of available capillary sur-
face, because permeability is rarely altered under physio-
logical conditions. 

In pathological states such as with tissue inflammation, 
the enhanced permeability of the endothelium of the 
venules may be mainly attributed to transcellular pores 
that develop within the endothelial cells, and not to 
opening of the interendothelial cell pores.

CLINICAL BOX 
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Diffusion of Lipid-Insoluble Molecules Is 
Restricted to the Pores
The mean pore size can be calculated by measurement 
of the diffusion rate of an uncharged molecule whose 
free diffusion coefficient is known. Movement of sol-
utes across the endothelium is complex. The movement 
involves (1) corrections for attraction between solute and 
solvent molecules, (2) interactions between solute mole-
cules and pore configuration, and (3) the charge on the 
molecules relative to the charge on the endothelial cells. 
Solute movement is not simply a question of random 
thermal movements of molecules down a concentration 
gradient.

When the movement of solutes is compared with the 
movement of water across the intact endothelium, sol-
utes exhibit some degree of restriction based on molecular 
size. Molecules larger than about 60,000 molecular weight 
(MW) do not penetrate the endothelium, whereas those 
smaller than 60,000 MW penetrate at a rate that is inversely 
proportional to their size. This filtering effect appears to be 
a result of the restrictive size of the pore and a fiber matrix 
within it. However, the glycocalyx, a 0.5-μm layer lining 
the luminal side of the endothelium, may also serve as a 
molecular filter. The glycocalyx is shown in Fig. 8.7, where 
it appears as a clear area between the luminal endothelial 
membrane and the red blood cell that was moving through 
the capillary.

For small molecules, such as water, NaCl, urea, and glu-
cose, the capillary pores offer little restriction to diffusion 
(the reflection coefficient is low). Diffusion is so rapid that 

the mean concentration gradient across the capillary endo-
thelium is extremely small (Fig. 8.8). The only limit to the 
net movement of small molecules across the capillary wall 
is the rate at which blood flow transports the molecules to 
the capillaries (flow limited).

When transport across the capillary is flow limited, 
the concentration of a small solute molecule in the 
blood reaches equilibrium with its concentration in the 
interstitial fluid (ISF) near the origin of the capillary 
from the cognate arteriole. If an inert small molecule 
tracer is infused intraarterially, its concentration falls to 
negligible levels near the arterial end of the capillary (see 
Fig. 8.8A). If the flow is large, the small molecule tracer 
will be detectable farther downstream in the capillary. 
A somewhat larger molecule moves farther along the 
capillary before it reaches an insignificant concentra-
tion in the blood. The number of still larger molecules 
that enter the arterial end of the capillary and that can-
not pass through the capillary pores is the same as the 
number that leave the venous end of the capillary (see  
Fig. 8.8A).

Diffusion of large molecules across the capillaries 
becomes a limiting factor (diffusion limited). In other 
words, capillary permeability to a large molecule solute 
limits its transport across the capillary wall (see Fig. 8.8A). 
The diffusion of small, insoluble lipid molecules is so rapid 
that diffusion becomes limiting in blood-tissue exchange 
when the distances between the capillaries and parenchy-
mal cells are large (e.g., in the presence of tissue edema, or 
when capillary density is very low; see Fig. 8.8B). 
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Red cell
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cell surface Glycocalyx

Fig. 8.7  A single capillary in a hamster cheek pouch showing the glycocalyx. Micrograph was taken during 
normal blood flow. (Courtesy Charmaine Henry.)
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Lipid-Soluble Molecules Pass Directly Through 
the Lipid Membranes of the Endothelium and the 
Pores
Lipid-soluble molecules move very rapidly between blood and 
tissue. The degree of lipid solubility (oil-to-water partition 
coefficient) provides a good index of the ease of transfer of 
lipid molecules through the endothelium.

O
2
 and CO

2
 are both lipid soluble, and they pass read-

ily through the endothelial cells. The O
2
 supply of normal 

tissue at rest and during activity is not limited by diffusion 
or by the number of open capillaries, as indicated by cal-
culations based on (1) the diffusion coefficient for O

2
, (2) 

the capillary density and diffusion distances, (3) the blood 
flow, and (4) the tissue O

2
 consumption.

Measurements of Po
2
 and the saturation of blood in the 

microvessels indicate that, in many tissues, O
2
 saturation 

at the entrance of the capillaries has already decreased to 
about 80% as a result of diffusion of O

2
 from arterioles and 

small arteries. Also, CO
2
 loading and the resultant intravas-

cular shifts in the oxyhemoglobin dissociation curve occur 
in the precapillary vessels. Hence direct flux of O

2
 and 

CO
2
 occurs between adjacent arterioles, between venules, 

and possibly between arteries and veins (countercurrent 
exchange), in addition to gas exchange at the level of the 
capillaries. This countercurrent exchange of gas represents 
a diffusional shunt of gas around the capillaries, and at 
low blood flow rates the supply of O

2
 to the tissue may be 

limited. 

Capillary Filtration Is Regulated by the 
Hydrostatic and Osmotic Forces Across the 
Endothelium
The direction and magnitude of the movement of water across 
the capillary wall are determined by the algebraic sum of the 
hydrostatic and osmotic pressures that exist across the mem-
brane. An increase in intracapillary hydrostatic pressure 
favors movement of fluid from the vessel to the intersti-
tial space. Conversely, an increase in the concentration of 
osmotically active particles within the vessels favors move-
ment of fluid into the vessels from the interstitial space.

Hydrostatic Forces
The hydrostatic pressure (blood pressure) within the 
capillaries is not constant, and the forces depend on the 
arterial pressure, the venous pressure, and the precapillary 
and postcapillary vessel resistances. An increase in small 
artery and arterial pressure or in venous pressure elevates 
capillary hydrostatic pressure, whereas a reduction in each 
of these pressures has the opposite effect. An increase in 
arteriolar resistance or closure of arteries reduces capil-
lary pressure, whereas greater resistance in the venules and 
veins increases the capillary pressure. 

Hydrostatic Pressure Is the Principal Force in 
Capillary Filtration
Changes in the venous resistance affect capillary hydrostatic 
pressure more than do changes in arteriolar resistance. A 
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Fig. 8.8  Flow- and diffusion-limited transport from capillaries 
(Cap) to tissue. (A) Flow-limited transport. The smallest water- 
soluble inert tracer particles (black dots) reach negligible con-
centrations after passing only a short distance down the capil-
lary. Larger particles (blue circles) with similar properties travel 
farther along the capillary before reaching insignificant intra-
capillary concentrations. Both substances cross the interstitial 
fluid (ISF) and reach the parenchymal tissue (Cell). Because of 
their size, more of the smaller particles are taken up by the tis-
sue cells. The largest particles (black circles) cannot penetrate 
the capillary pores and hence do not escape from the capillary 
lumen except by pinocytotic vesicle transport. An increase in 
either the volume of blood flow or capillary density increases 
tissue supply for the diffusible solutes. Note that capillary per-
meability is greater at the venous end of the capillary (and es-
pecially in the venule, not shown) because of the larger number 
of pores in this region. (B) Diffusion-limited transport. When the 
distance between the capillaries and the parenchymal tissue is 
large as a result of edema or low capillary density, diffusion be-
comes a limiting factor in the transport of solutes from capillary 
to tissue, even at high rates of capillary blood flow.
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given change in venous pressure produces a greater effect 
on the capillary hydrostatic pressure than does the same 
change in arterial pressure, and about 80% of an increase 
in venous pressure is transmitted back to the capillaries.

Despite the fact that capillary hydrostatic pressure (P
c
) 

varies from tissue to tissue (even within the same tissue), 
average values, obtained from many direct measurements 
in human skin, are about 32 mm Hg at the arterial end of 
the capillaries and 15 mm Hg at the venous end of the cap-
illaries at the level of the heart (Fig. 8.9). When a person 
stands, the hydrostatic pressure is higher in the legs and 
lower in the head.

Tissue pressure, or more specifically ISF pressure (P
i
) 

outside the capillaries, opposes capillary filtration. It is P
c
 

− P
i
 that constitutes the hydrostatic driving force for fil-

tration. In the normal (nonedematous) state of the sub-
cutaneous tissue, P

i
 is close to zero or slightly negative  

(−1 to −4 mm Hg). Hence P
c
 represents essentially the 

hydrostatic driving force. 

Osmotic Forces
The key factor that restrains fluid loss from the capillaries 
is the osmotic pressure of the plasma proteins—usually 

termed colloid osmotic pressure or oncotic pressure (π
p
). 

The total osmotic pressure of plasma is about 6000 mm 
Hg, whereas the oncotic pressure is only about 25 mm Hg. 
However, this small oncotic pressure plays an important 
role in fluid exchange across the capillary wall, because 
the plasma proteins are essentially confined to the intra-
vascular space. Consequently, the electrolytes that are 
responsible for the major fraction of plasma osmotic 
pressure are practically equal in concentration on the two 
sides of the capillary endothelium. The relative permea-
bility of solute to water influences the actual magnitude 
of the osmotic pressure. The reflection coefficient (σ) is the 
relative impediment to the passage of a substance through 
the capillary wall. The reflection coefficient of water is 0, 
and that of albumin, to which the endothelium is almost 
impermeable, is 1. Filterable solutes have reflection coef-
ficients between 0 and 1. Also, the reflection coefficients 
for the same molecule may vary among tissues. Therefore 
movement of a given solute across the endothelial wall 
also varies with the tissue. The actual oncotic pressure (π) 
is defined by

	 π = RTC	 (8.6)
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Fig. 8.9  Schematic representation of 
the factors responsible for filtration 
and absorption across the capillary 
wall as well as the formation of lymph.
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where R is gas constant (0.082 L atm/mol/°K or 19.3 mm 
Hg/mol/°K), T is absolute temperature, and C is the solute 
(albumin) concentration.

Of the plasma proteins, albumin is the primary deter-
minant of oncotic pressure. The average albumin molecule 
(69,000 MW) is approximately half the size of the average 
globulin molecule (150,000 MW). The albumin molecule 
is present in almost twice the concentration as the glob-
ulins (4.5 versus 2.5 g/dL of plasma). Albumin also exerts 
a greater osmotic force than can be accounted for solely 
on the basis of the number of molecules dissolved in the 
plasma. Therefore it cannot be completely replaced by inert 
substances of appropriate molecular size, such as dextran. 
This additional osmotic force becomes disproportionately 
greater at high concentrations of albumin (as in plasma), 
and it is weak to absent in dilute solutions of albumin (as 
in ISF).

Albumin behaves the way it does because of its neg-
ative charge at normal blood pH and the attraction and 
retention of cations (principally Na+) in the vascular 
compartment (the Gibbs-Donnan effect). Furthermore, 
albumin binds a small number of Cl- ions, a change 
that increases its negative charge and hence its abil-
ity to retain more Na+ inside the capillaries. The small 
increase in electrolyte concentration of the plasma over 
that of the ISF produced by the negatively charged albu-
min enhances its osmotic force to that of an ideal solu-
tion containing a solute of 37,000 MW. If albumin did 
indeed have a molecular weight of 37,000, it would not 
be retained by the capillary endothelium, because of its 
small size. Hence it could not function as a counter-
force to capillary hydrostatic pressure. If, however, albu-
min did not have an enhanced osmotic force, it would 
require a concentration of about 12 g albumin/dL plasma 
to achieve a plasma oncotic pressure of 25 mm Hg. Such 
a high albumin concentration would greatly increase 
blood viscosity as well as the resistance to blood flow 
through the vascular system.

Some albumin escapes from the capillaries and enters 
the ISF, where it exerts an osmotic force of up to about 
30% of plasma oncotic pressure. This observation of 
a higher ISF oncotic pressure than previously thought 
prompted the conclusion that filtration occurs in dimin-
ishing amounts along the entire length of the capillary in 
skin and skeletal muscle during steady-state conditions. 
Abrupt reductions in capillary hydrostatic pressure can 
cause transient reabsorption of fluid from the ISF com-
partment. However, plasma proteins continue to leak 
out of the capillaries, and this leakage plus the removal 
of water from the ISF compartment by the lymphatics 
concentrates the ISF proteins and changes absorption to 
filtration. 

Balance of Hydrostatic and Osmotic Forces
The relationship between hydrostatic pressure and oncotic 
pressure, and the role of these forces in regulating fluid pas-
sage across the capillary endothelium, were expounded by 
Starling in 1896. This explanation constituted the Starling 
hypothesis and is expressed by the equation:

	 Qf = k [(Pc − Pi) − σ (πp − πi)]	 (8.7)

where Q
f
 is fluid movement across the capillary wall, P

c
 is 

capillary hydrostatic pressure, P
i
 is ISF hydrostatic pres-

sure, π
p
 is plasma oncotic pressure, π

i
 is ISF oncotic pres-

sure, k is the filtration constant for capillary membrane, 
and σ is reflection coefficient.

Filtration occurs when the algebraic sum is positive; 
absorption occurs when it is negative. Originally, it was 
proposed that filtration occurs at the arterial end of the 
capillary and that absorption occurs at the venous end, 
because of the gradient of hydrostatic pressure along the 
capillary. This may apply for the idealized capillary, as 
depicted in Fig. 8.9, but direct observations have revealed 
that many capillaries show only filtration, whereas others 
show only absorption. In some vascular beds (e.g., the 
renal glomerulus) hydrostatic pressure in the capillary is 
high enough to result in filtration along the entire length 
of the capillary. In other vascular beds (e.g., the intestinal 
mucosa), the hydrostatic and oncotic forces allow absorp-
tion along the whole capillary.

As discussed previously, capillary pressure is variable 
and depends on several factors. The principal factor 
relates to the contractile state of the precapillary vessels. 
In the normal steady-state, arterial pressure, venous 
pressure, postcapillary resistance, ISF hydrostatic and 
oncotic pressures, and plasma oncotic pressure are 
relatively constant. A change in precapillary resistance 
appears to be the determining factor with respect to fluid 
movement across the vascular wall. The hydrostatic and 
osmotic forces are nearly in equilibrium along the entire 
capillary because water moves so quickly across the cap-
illary endothelium. Hence filtration and absorption in 
the normal state occur at very small degrees of pressure 
imbalance across the capillary wall. Only a small per-
centage (about 2%) of the plasma flowing through the 
vascular system is filtered. Some is reabsorbed and the 
rest is returned to the circulating blood via the lym-
phatic system.

In the lungs, the mean capillary hydrostatic pressure is 
only 8 to 10 mm Hg, and the plasma oncotic pressure is 
25 mm Hg. Also, the lung ISF pressure is approximately 
15 mm Hg, and the oncotic pressure of the interstitial 
fluid is 16 to 20 mg Hg. Thus the net force favors reab-
sorption, yet pulmonary lymph is formed, and it consists 
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of fluid that is osmotically drawn out of the capillaries 
by the plasma protein that escapes through the capillary 
endothelium. 

The Capillary Filtration Coefficient Provides a 
Method to Estimate the Rate of Fluid Movement 
Across the Endothelium
The rate of fluid movement (Q

f
) across the capillary mem-

brane depends not only on the algebraic sum of the hydro-
static and osmotic forces across the endothelium (ΔP), but 
also on the area of the capillary wall available for filtra-
tion (A

m
), the distance across the capillary wall (Δx), the 

viscosity of the filtrate (η), and the filtration constant of 
the membrane (k). These factors may be expressed by the 
equation:

	 Qf = kAmΔp/ (ηΔx)	 (8.8)

The dimensions are units of flow per unit of pressure 
gradient across the capillary wall per unit of capillary sur-
face area. This expression, which describes the flow of fluid 
through a porous membrane, is essentially Poiseuille’s law 
for flow through tubes (see p. 115).

Because the thickness of the capillary wall and the vis-
cosity of the filtrate are relatively constant, they can be 
included in the filtration constant, k. If the area of the cap-
illary membrane is not known, the rate of filtration can be 
expressed per unit weight of tissue. Hence the equation can 
be simplified to:

	 Qf = ktΔp	 (8.9)

where k
t
 is the capillary filtration coefficient for a given tis-

sue and the units for Q
f
 are mL/min/100 g of tissue/mm Hg.

In any given tissue, the filtration coefficient per unit 
area of capillary surface, and hence capillary permeabil-
ity, is not changed by different physiological conditions, 
such as arteriolar dilation and capillary distention, or by 
such adverse conditions as hypoxia, hypercapnia, and 
reduced pH.

The filtration coefficient can be used to determine the 
relative number of open capillaries (total capillary surface 
area available for filtration in tissue) because capillary per-
meability is constant under normal conditions. For exam-
ple, increased metabolic activity of contracting skeletal 
muscle induces relaxation of precapillary resistance vessels 
with the opening of more capillaries (capillary recruitment), 
resulting in an increased filtering surface area.

Disturbances in Hydrostatic–Osmotic Balance
Changes in arterial pressure per se may have little effect on 
filtration because the change in pressure may be countered 
by adjustments of the precapillary resistance vessels (auto-
regulation; see p. 161), so that hydrostatic pressure in the 
open capillaries remains the same.

An increase in venous pressure alone, as occurs in the 
feet when someone stands up after lying down, would ele-
vate capillary pressure and enhance filtration. However, 
the increase in transmural pressure causes precapillary 

In pathological conditions such as left ventricular fail-
ure or stenosis of the mitral valve, pulmonary capillary 
hydrostatic pressure may exceed plasma oncotic pres-
sure. When it does, pulmonary edema, a condition that 
seriously interferes with gas exchange in the lungs, 
may occur.

CLINICAL BOX 

With capillary injury (toxins, severe burns), capillary 
permeability increases, as indicated by the filtration 
coefficient, and significant amounts of fluid and protein 
leak out of the capillaries into the interstitial space. The 
escaped protein enhances the oncotic pressure of the 
interstitial fluid, leading to additional fluid loss and dehy-
dration. One of the important therapeutic measures in 
the treatment of extensive burns is replacement of fluid 
and plasma proteins.

CLINICAL BOX 

With severe reduction in arterial pressure, as may occur 
in hemorrhage, there may be arteriolar constriction 
mediated by the sympathetic nervous system and a 
fall in venous pressure resulting from the blood loss. 
These changes lead to a decrease in capillary hydro-
static pressure. Furthermore, the low blood pressure 
in hemorrhage causes a decrease in blood flow (and 
hence O2 supply) to the tissue, with the result that vaso-
dilator metabolites accumulate and induce relaxation of 
arterioles. Precapillary vessel relaxation is also engen-
dered by the reduced transmural pressure (autoregula-
tion, see p. 161). As a consequence of these several 
factors, absorption dominates filtration and occurs at a 
larger capillary surface area. This process is one of the 
compensatory mechanisms employed by the body to 
restore blood volume (see p. 248).

CLINICAL BOX 
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vessel closure (myogenic mechanism; see p. 162) so that 
the capillary filtration coefficient actually decreases. This 
reduction in capillary surface available for filtration pro-
tects against the extravasation of large amounts of fluid 
into the interstitial space (edema).

A large amount of fluid can move across the capillary 
wall in a relatively short time. In a normal individual, the 
filtration coefficient (k

t
) for the whole body is about 0.0061 

mL/min/100 g of tissue/mm Hg. In a 70-kg man, a venous 
pressure elevation of 10 mm Hg for 10 minutes would 
increase filtration from capillaries by 342 mL. This would 
not lead to edema formation because the fluid is returned 
to the vascular compartment by the lymphatic vessels. 
When edema develops, it usually appears in the dependent 
parts of the body, where the hydrostatic pressure is greatest. 
However, its location and magnitude are also determined 
by the type of tissue. Loose tissues, such as the subcutane-
ous tissue around the eyes or the scrotum, are more prone 
to collect larger quantities of interstitial fluid than are firm 
tissues, such as muscle, or encapsulated structures, such as 
the kidney. 

Hypoxia-inducing Factor(s) and Angiogenesis
The supply of O

2
 to tissues can be regulated by changes 

in release of vasoactive substances linked to variations 
in metabolism (see Chapter 9). Alternatively, the deliv-
ery of O

2
 can be affected by changes in blood vessel 

synthesis and distribution. In either case, the relation 
between Po

2
 and its sensing by the tissues is of para-

mount importance. Hypoxia-inducible factors (HIF) 
are transcription regulators whose levels are modulated 
by an O

2
-sensitive system of proline and asparagine 

hydroxylases. This system illustrates how an environ-
mental stimulus can affect gene expression. These fac-
tors include HIF-1α, HIF-1β, and HIF-2α. Whereas 
HIF-1α is found in all cells of the organism, HIF-2α is 
not. The concentration of HIF-1α is inversely related 
to Po

2
. At normoxia, the hydroxylases are active with 

proline hydroxylation rendering HIF-1α subject to the 

addition of ubiquitin, thereby leading to its degradation 
by proteosomes. Asparaginyl hydroxylation interferes 
with coactivator formation as a transcription factor. As 
Po

2
 decreases, hydroxylation diminishes, allowing HIF-1α 

levels to rise and to form heterodimers with HIF-1β sub-
units found in the nucleus. The heterodimer binds to 
hormone response elements that regulate expression of 
genes implicated in adjustment to hypoxia. As a detector 
of Po

2
, HIF-1α regulates expression of genes for glyco-

lytic enzymes, erythropoietin, and vascular endothelial 
growth factor (VEGF). With a shift from oxidative to 
glycolytic metabolism, O

2
 consumption is reduced (and 

less ATP synthesized; see Chapter 4). Synthesis of eryth-
ropoietin by renal cortical cells is increased in hypoxia, 
and this stimulates the production of erythrocytes.

VEGFs, of which there are at least five, induce angiogen-
esis in response to hypoxia. Thus ischemic myocardium is 
able to develop collateral coronary vessels through VEGF 
action. VEGFs are essential for embryonic and fetal organ 
development, particularly that of the heart, which occurs 
in varied hypoxic conditions (see Chapter 12). In solid 
tumors, VEGF increases angiogenesis and allows tumor 
growth. Thus interference with HIF-1α function is a target 
of cancer chemotherapy.

The VEGFs also elicit vasodilation and increase endo-
thelial permeability. By causing vasodilation, VEGF permits 
perfusion of more capillaries, an effect that can be misin-
terpreted as altered permeability. Nevertheless, in vitro and 
in vivo studies show VEGF increases capillary permeability. 
Some of the increased permeability results from opening 
of tight junctions between endothelial cells and from for-
mation of fenestrations in them. These properties must be 
considered in the evaluation of VEGF causing angiogenesis 
in poorly perfused myocardium. 

Pinocytosis Enables Large Molecules to Cross 
the Endothelium
Some transfer of substances across the capillary wall can 
occur in tiny pinocytotic vesicles (pinocytosis). These 
vesicles (see Figs. 8.5 and 8.6) are formed when part of 
the surface membrane is pinched off. Substances taken up 
on one side of the capillary wall move by thermal kinetic 
energy across the endothelial cell and deposit their con-
tents at the other side. The amount of material that can 
be transported in this way is very small. However, pino-
cytosis may be responsible for the movement of large 
lipid-insoluble molecules (30 nm) between blood and 
interstitial fluid. The number of pinocytotic vesicles 
in endothelium varies with the tissue (muscle > lung > 
brain) and increases from the arterial to the venous end 
of the capillary. 

With prolonged standing, particularly when associated 
with some elevation of venous pressure in the legs 
(such as that caused by pregnancy) or with sustained 
rises in venous pressure (as seen in congestive heart 
failure), filtration is greatly enhanced and exceeds the 
capacity of the lymphatic system to remove the cap-
illary filtrate from the interstitial space (see also Fig. 
10.25).

CLINICAL BOX 



152 CHAPTER 8  The Microcirculation and Lymphatics

THE LYMPHATICS RETURN THE FLUID AND 
SOLUTES THAT ESCAPE THROUGH THE 
ENDOTHELIUM TO THE CIRCULATING BLOOD
The terminal vessels of the lymphatic system consist of a 
widely distributed closed-end network of highly permeable 
lymph capillaries that resemble blood capillaries. However, 
they often lack tight junctions between endothelial cells, and 
they possess fine filaments that anchor them to the surround-
ing connective tissue. These fine strands distort the lymphatic 
vessel to open spaces between the endothelial cells and to per-
mit the entrance of protein and large particles that are present 
in the interstitial fluid. The lymph capillaries drain into larger 
vessels that finally enter the right and left subclavian veins at 
their junctions with the respective internal jugular veins. Only 
cartilage, bone, epithelium, and tissues of the central nervous 
system are devoid of lymphatic vessels. The plasma capillary 
filtrate is returned to the circulation by virtue of tissue pres-
sure, facilitated by intermittent skeletal muscle activity, con-
tractions of the lymphatic vessels, and an extensive system 
of one-way valves. In this respect, they resemble the veins, 
although even the larger lymphatic vessels have thinner walls 
than do the corresponding veins, and they contain only a 
small amount of elastic tissue and smooth muscle.

The volume of fluid transported through the lym-
phatics in 24 hours is about equal to an animal’s total 
plasma volume. The proteins returned by the lymphat-
ics to the blood in a day are about one fourth to one 
half of the circulating plasma proteins. This is the only 
means by which protein (albumin) that leaves the vascu-
lar compartment can be returned to the blood, because 
diffusion back into the capillaries cannot occur against 
the large albumin concentration gradient. If the protein 
was not removed by the lymph vessels, it would accu-
mulate in the interstitial fluid. It would then act as an 
oncotic force to draw fluid from the blood capillaries 
to produce edema. In addition to returning fluid and 
protein to the vascular bed, the lymphatic system filters 
the lymph at the lymph nodes and removes foreign par-
ticles such as bacteria. The largest lymphatic vessel, the 
thoracic duct, in addition to draining the lower extrem-
ities, returns protein lost through the permeable liver 
capillaries. Substances absorbed from the gastrointesti-
nal tract, principally fat in the form of chylomicrons, are 
delivered to the circulating blood.

Lymph flow varies considerably; it is almost nil 
from resting skeletal muscle and increases during exer-
cise in proportion to the degree of muscular activity. It 
is increased by any mechanism that enhances the rate 
of blood capillary filtration, such as increased capillary 
pressure or permeability or decreased plasma oncotic 
pressure. 

   	SUMMARY
	•	� Blood flow through the capillaries is chiefly regulated by 

contraction and relaxation of the arterioles (resistance 
vessels).

	•	� The capillaries, which consist of a single layer of endo-
thelial cells, can withstand high transmural pressure by 
virtue of their small diameter. According to the law of 
Laplace, T (wall tension) = ΔP (transmural pressure dif-
ference) × r (radius of the capillary).

	•	� The endothelium is the source of an endothelium- 
derived relaxing factor (EDRF), identified as nitric oxide 

(NO), and of prostacyclin, both of which relax vascular 
smooth muscles.

	•	� Mechanical forces that act on the glycocalyx and on the 
basement membrane are transduced into signals that 
modify gene expression of endothelial cells whose mor-
phology and function are changed.

	•	� Movement of water and small solutes between the 
vascular and interstitial fluid compartments occurs 
through capillary pores mainly by diffusion but also by 
filtration and absorption.

The concentration of the plasma proteins may change in 
different pathological states and thus alter the osmotic 
force and movement of fluid across the capillary mem-
brane. The plasma protein concentration is increased in 
dehydration (e.g., water deprivation, prolonged sweat-
ing, severe vomiting, and diarrhea), and water moves 
by osmotic forces from the tissues to the vascular com-
partment. In contrast, the plasma protein concentration 
is reduced in nephrosis (a renal disease in which there 
is loss of protein in the urine), and edema may occur.

CLINICAL BOX 

When either the volume of interstitial fluid exceeds the 
drainage capacity of the lymphatics or the lymphatic 
vessels become blocked, as may occur in certain dis-
ease states such as elephantiasis (caused by filariasis, a 
worm infestation), interstitial fluid accumulates (edema) 
chiefly in the more compliant tissues (e.g., subcutane-
ous tissue).

CLINICAL BOX 
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	•	� Exchange of small lipid-insoluble molecules is flow 
limited because the rate of diffusion is about 40 times 
greater than the blood flow in the tissue. The larger the 
molecule, the slower is its diffusion. Large lipid-insoluble 
molecules are diffusion limited. Molecules larger than 
about 70,000 MW are essentially confined to the vascular 
compartment.

	•	� Lipid-soluble substances such as CO
2
 and O

2
 pass 

directly through the lipid membranes of the capillary, 
and the ease of transfer is directly proportional to the 
degree of lipid solubility of the substance.

	•	� Capillary filtration and absorption are described by the 
Starling equation:

Fluid Movement = k [(Pc − Pi) − σ (πp − π i)]

where P
c
 is capillary hydrostatic pressure, P

i
 is interstitial 

fluid hydrostatic pressure, π
i
 is interstitial fluid oncotic 

pressure, π
p
 is plasma oncotic pressure, k is capillary 

membrane filtration constant and σ is the reflection 
coefficient. Filtration occurs when the algebraic sum is 
positive; absorption occurs when it is negative.

	•	� Large molecules can move across the capillary wall in 
vesicles formed from the lipid membrane of the capil-
laries by a process called pinocytosis.

	•	� Fluid and protein that have escaped from the blood 
capillaries enter the lymphatic capillaries and are trans-
ported via the lymphatic system back to the blood vas-
cular compartment. 
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History
A 45-year-old man with a long history of alcoholism 
(averaging a liter of whiskey per day) was admitted to 
the hospital as an emergency because of vomiting of 
blood and fainting. In the past few months, he noted pro-
gressive anorexia, fatigue, jaundice, generalized itching, 
and abdominal swelling. Physical examination showed 
a semicomatose man with pallor, jaundice, and ascites. 
Blood pressure was 90 mm Hg systolic/40 mm Hg dia-
stolic, heart rate was 100 beats/min, and hematocrit was 
35%. Liver function tests indicated severe liver damage. 
The diagnosis was advanced cirrhosis of the liver. Imme-
diate treatment was transfusion with three units of blood. 
The following pressures were noted:
Mesenteric capillary hydrostatic pressure: 44 mm Hg
Plasma oncotic pressure: 23 mm Hg
Pressure in peritoneal cavity: 8 mm Hg
Peritoneal fluid oncotic pressure: 3 mm Hg
	1.	� The transcapillary pressure responsible for the ascites 

was (assume the filtration coefficient is 1.0 and the 
reflection coefficient is 0.7):

	 a.	� 5 mm Hg.
	 b.	� 15 mm Hg.

	 c.	� 19 mm Hg.
	 d.	� 22 mm Hg.
	 e.	� 36 mm Hg.
	2.	� After lost blood was replaced by transfusion, the treat-

ment for the patient’s condition was:
	 a.	� dialysis.
	 b.	� high-fat diet.
	 c.	� portal-caval shunt.
	 d.	� cholecystectomy.
	 e.	� erythromycin.
	3.	� The substance mainly responsible for the oncotic 

pressure of the patient’s plasma was:
	 a.	� sodium.
	 b.	� albumin.
	 c.	� chloride.
	 d.	� globulin.
	 e.	� potassium.

CASE 8.1 

History
A 25-year-old man suffered third-degree burns over the 
upper three quarters of his body in a fire in his home. 
Several hours elapsed before he reached the hospital. On 
admission, he was in a shocklike state. Blood pressure 
was 90 mm Hg systolic/70 mm Hg diastolic, heart rate 
was 110 mm Hg, and hematocrit was 55%. Blood anal-
ysis revealed a sodium level of 145 mEq/L, a potassium 
level of 4 mEq/L, a chloride level of 105 mEq/L, and an 
albumin level of 3.5 g/dL.
	1.	� The most effective treatment is an intravenous infu-

sion of:
	 a.	�saline.
	 b.	�whole blood.
	 c.	�5% glucose.
	 d.	�dextran.
	 e.	�plasma.

	2.	� After several months of treatment with extensive arti-
ficial skin grafts, the patient was able to walk and to 
resume an almost normal life. After prolonged stand-
ing, he noted slight ankle swelling but no ecchymoses 
in his feet. Capillaries in his feet did not rupture when 
he stood because:

	 a.	�arterioles reflexively constrict and prevent exposure 
of the capillaries to high pressure.

	 b.	�tissue pressure rises and opposes an increase in 
capillary pressure.

	 c.	�total capillary cross-sectional area is large enough to 
distribute the pressure and thereby compensate for 
the high intracapillary pressure.

	 d.	�capillary diameter is so small that the capillary wall 
tension is low.

	 e.	�capillaries constrict via a myogenic mechanism.

CASE 8.2 
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9

O B J E C T I V E S
	1.	� Indicate the intrinsic and extrinsic (neural and 

humoral) factors that regulate peripheral blood flow.
	2.	� Explain autoregulation of blood flow and the myogenic 

mechanism for local adjustments of blood flow.
	3.	� Elucidate metabolic regulation of blood flow.

	4.	� Explain the role of the sympathetic nerves in blood 
flow regulation.

	5.	� Describe vascular reflexes in the control of blood flow.
	6.	� Describe the role of humoral agents in the regulation 

of blood flow.
 

THE FUNCTIONS OF THE HEART AND LARGE 
BLOOD VESSELS
The principal function of the heart is to pump blood to the 
tissues of the body. However, the distribution of blood to 
the crucial regions of the body depends on the large and 
small arteries and arterioles. The regulation of peripheral 
blood flow is essentially under dual control: centrally, by the 
nervous system, and locally, in the tissues by the conditions 
in the immediate vicinity of the blood vessels. The relative 
importance of the central and local control mechanisms 
varies among tissues. In some areas of the body, such as the 
skin and the splanchnic regions, neural regulation of blood 
flow predominates; in other regions, such as the heart and 
the brain, local factors are dominant.

The small arteries and arterioles that regulate the blood 
flow throughout the body are called the resistance vessels. 
These vessels offer the greatest resistance to the flow of 
blood pumped to the tissues by the heart. As such, they 
are important in the maintenance of arterial blood pres-
sure. Smooth muscle fibers are the main component of 
the walls of the resistance vessels (see Fig. 1.2). Hence 
the vessel lumen can vary from complete obliteration by 
strong contraction of the smooth muscle with infold-
ing of the endothelial lining to maximal dilation by full 
relaxation of the smooth muscle. At any given time, some 
resistance vessels are closed by partial contraction (tone) 
of the arteriolar smooth muscle. If all the resistance vessels 
in the body dilated simultaneously, blood pressure would 
fall precipitously. Passive stretch of the microvessels by 
an increase in intravascular pressure decreases vascular 

resistance, whereas a decrease in intravascular pressure 
increases vascular resistance by recoil of the stretched vas-
cular muscle. 

CONTRACTION AND RELAXATION OF 
ARTERIOLAR VASCULAR SMOOTH MUSCLE 
REGULATE PERIPHERAL BLOOD FLOW
Vascular smooth muscle is responsible for the control of 
total peripheral resistance, arterial and venous tone, and 
the distribution of blood flow throughout the body. The 
smooth muscle cells are small, mononucleate, and spindle 
shaped. They are usually arranged in helical or circular lay-
ers around the large blood vessels and in a single circular 
layer around arterioles (Fig. 9.1A and B). Also, parts of 
endothelial cells project into the vascular smooth muscle 
layer (myoendothelial junctions) at various points along 
the arterioles (see Fig. 9.1C). These projections suggest a 
functional interaction between endothelium and adjacent 
vascular smooth muscle.

In general, the close association between action poten-
tials and contraction observed in skeletal and cardiac 
muscle cells cannot be demonstrated in vascular smooth 
muscle. Also, vascular smooth muscle lacks transverse 
tubules. Graded changes in membrane potential are often 
associated with changes in force. Contractile activity is gen-
erally elicited by neural or humoral stimuli, and the activity 
of smooth muscle varies in different vessels. For example, 
some vessels, particularly in the portal or mesenteric cir-
culation, contain longitudinally oriented smooth muscle. 



A

B

C

Fig. 9.1  (A) Low-magnification electron micrograph of an arteriole in cross section (inner diameter of approximately 40 μm) in cat 
ventricle. The wall of the blood vessel is composed largely of vascular smooth muscle cells (SM) whose long axes are directed 
approximately circularly around the vessel. A single layer of endothelial cells (E) forms the innermost portion of the blood vessel. 
Connective tissue elements (CT), such as fibroblasts and collagen, make up the adventitial layer at the periphery of the vessel; nerve 
bundles also appear in this layer (N). EN, Endothelial cell nucleus. (B) Detail of the wall of the blood vessel in (A). This field contains 
a single endothelial layer (E), the medial smooth muscle layer, with three smooth muscle cell profiles (SM1, SM2, SM3), and the 
adventitial layer, containing nerves (N) and connective tissue (CT). SMN, Smooth muscle nucleus. (C) Another region of the arteriole, 
showing the area in which the endothelial (E) and smooth muscle (SM) layers are apposed. A projection of an endothelial cell (be-
tween arrows) is closely applied to the surface of the overlying smooth muscle, forming a myoendothelial junction. Plasmalemmal 
vesicles (V) are prominent in both the endothelium and the smooth muscle cell (where such vesicles are known as caveolae [C]).
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This muscle is spontaneously active, and it displays action 
potentials that are correlated with the contractions and the 
electrical coupling between cells.

Vascular smooth muscle cells contain large numbers of 
thin actin filaments and small numbers of thick myosin fil-
aments. These filaments are aligned in the long axis of the 
cell, but they do not form visible sarcomeres with striations. 
Nevertheless, the sliding filament mechanism is believed to 
operate in this tissue, and phosphorylation of crossbridges 
regulates their rate of cycling. Compared with skeletal mus-
cle, the smooth muscle contracts very slowly, develops high 
forces, and maintains force for long periods. The adenosine 
triphosphate (ATP) use is diminished, and it operates over 
a considerable range of lengths under physiological condi-
tions. Cell-to-cell conduction occurs via gap junctions, as it 
does in cardiac muscle (see Chapters 3 and 4).

In smooth muscle, the interaction between myosin and 
actin, which leads to contraction, is controlled by the myo-
plasmic Ca++ concentration, as it is in cardiac and skeletal 
muscle. The molecular mechanism by which Ca++ regulates 
contraction in smooth muscle (Fig. 9.2) is fundamentally 
different, however, because smooth muscle does not use 
the Ca++-binding regulatory protein troponin. For smooth 

muscle crossbridges to be activated to cycle, the 20-kDa reg-
ulatory light chain of myosin (MLC

20
, a protein subunit of 

myosin) must be phosphorylated. MLC
20

 is phosphorylated 
by myosin light-chain kinase (MLCK) and dephosphor-
ylated by myosin light-chain phosphatase (MLCP). This 
requirement for phosphorylation aids regulation of contrac-
tion in smooth muscle in addition to that in cardiac and skel-
etal muscles, because both MLCK and MLCP are themselves 
regulated by other kinases. MLCK is activated by a complex 
between 4 Ca++ and the Ca++-binding messenger protein 
calmodulin (CaM), which is present in high abundance in 
smooth muscle cells. The concentration of Ca++/calmodulin, 
and thus the activation of MLCK, is driven by the cytoplas-
mic Ca++ concentration (i.e., Ca++ activation of contraction). 
However, the level of phosphorylation of MLC

20
 is also deter-

mined by MLCP. Inhibiting the activity of MLCP increases 
contraction, even when cytoplasmic Ca++ (and MLCK activ-
ity) does not change, because inhibition of MLCP increases 
phosphorylation of MLC

20
. Inhibition of MLCP activity thus 

increases the Ca++ sensitivity of contraction. Conversely, 
stimulation of MLCP activity decreases MLC

20
 phosphory-

lation and contraction, even at a constant level of Ca++, and 
thus decreases Ca++ sensitivity of contraction.
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Fig. 9.2  For smooth muscle actin-myosin crossbridges to cycle and generate force or shortening, the 20-kDa 
myosin regulatory light-chain subunit (MLC20) of myosin must be phosphorylated. Phosphorylation of MLC20 
is controlled by myosin light-chain kinase (MLCK) and myosin light-chain phosphatase (MLCP). MLCK activity 
is inhibited by protein kinase A (PKA). MLCP activity is inhibited by Rho-kinase and CPI-17 (17-kDa C-kinase 
potentiated protein phosphatase-1 inhibitor). Pi, Inorganic phosphate, released from MLC20-P by the phospha-
tase action of MLCP; PKA, cyclic adenosine monophosphate (AMP)–dependent protein kinase; PKG, cyclic 
guanosine monophosphate (GMP)–dependent protein kinase.
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MLCP is inhibited primarily by rho-kinase (a regulator 
of the cytoskeleton in many types of cells). Rho-kinase is 
activated in a signaling cascade that begins with activa-
tion of certain G protein–coupled receptors (GPCRs) on 
the surface membrane. Another protein, CPI-17 (17-kDa 
C-protein–potentiated inhibitor of protein phosphatase), 
which is activated by protein kinase C (PKC), also inhibits 
MLCP. Activity of MLCP may also be increased, particu-
larly by nitric oxide (NO), through cyclic GMP and protein 
kinase G (PKG), and by cyclic adenosine monophosphate 
(cAMP), acting through protein kinase A (PKA). The release 
of NO by endothelial cells, and subsequent stimulation of 
smooth muscle MLCP, constitutes a major mechanism by 
which endothelium may cause smooth muscle relaxation 
and arterial or venous dilation. In summary, regulation of 

smooth muscle contraction by neurotransmitters, circulat-
ing hormones, and autocoids often involves both changes 
in Ca++ activation of contraction (MLCK) and in Ca++ sen-
sitivity of contraction (MLCP) (see later). The contractile 
state of smooth muscle is thus governed finally by the ratio 
of Ca++-activated MLCK activity to MLCP activity because 
this ratio determines the level of phosphorylation of MLC

20
.

Cytoplasmic Ca++ Is Regulated to Control 
Contraction via Myosin Light-Chain Kinase
The cytoplasmic Ca++ concentration, and thus MLCK activ-
ity, is determined by the summation of the Ca++ that enters 
the cytosol (influx) and that leaving the cytosol (efflux) 
(Fig. 9.3). Ca++ enters the cytosol in two ways: (1) from 
the extracellular space via influx through voltage-operated 
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calcium channels (typically L-type, activated by depolar-
ization), receptor-operated calcium channels (ROCs, acti-
vated after the action of agonists on membrane receptors), 
and store-operated calcium channels (activated after deple-
tion of sarcoplasmic reticulum Ca++ stores); and (2) from 
the sarcoplasmic reticulum (SR) via activation of either 
ryanodine receptor channels (RyRs) or inositol-1,4,5 tri-
phosphate (IP

3
) receptor channels (IP

3
-stimulated) located 

on the SR. Ca++ ions leave the cytosol via ATP-driven cal-
cium transporters (i.e., Ca++ pumps) located on both the SR 
(termed SERCAs) and plasma membrane (termed PMCAs) 
as well as activation of the Na+/Ca++ exchangers on the 
plasma membrane, as in cardiac muscle (see Fig. 4.8). 

Contraction Is Controlled by Excitation-
Contraction Coupling and/or 
Pharmacomechanical Coupling
Cellular responses to agonist vary among different blood 
vessels as well as smooth muscle types. This diversity arises 
partly from differences in ion channels that may be pres-
ent (such as potassium and calcium channels important 
in excitation-contraction [E-C] coupling) and in agonist- 
specific receptors (such as those that bind angiotensin II, 
norepinephrine, serotonin, histamine, and acetylcholine) 
expressed on the plasma membrane of vascular smooth 
muscle. 

Excitation-Contraction Coupling in Vascular 
Smooth Muscle
The potential across the plasma membrane of vascular 
smooth muscle is an important determinant of cytoplas-
mic Ca++ level, and thus of the contractile state of vascular 
smooth muscle. The reason is that both entry of Ca++ into 
the cell and extrusion of Ca++ from the cell are voltage- 
dependent (involving voltage-dependent Ca++ channels 
and Na+/Ca++ exchanger [NCX]). Depolarization increases 
Ca++ influx and decreases Ca++ efflux. In many types of 
arteries, membrane potential is strongly influenced by the 
transmural pressure (i.e., the blood pressure) through the 
myogenic mechanism (discussed later in this chapter), with 
increases in pressure tending to cause depolarization and 
consequent entry of Ca++ through voltage-dependent Ca++ 
channels. Membrane potential is, however, always strongly 
influenced by K+ channels, with activation of K+ channels 
tending to hyperpolarize the membrane and inhibition of 
K+ channels tending to depolarize it. Some types of vas-
cular smooth muscle produce action potentials in which 
the depolarizing current is carried by voltage-dependent 
(L-type) Ca++ channels. The resting membrane potential 
of vascular smooth muscle is determined primarily by K+ 
permeability because of the relative abundant expression 

of K+ channels. Stimuli that open K+ channels can alter 
membrane potential by altering K+ efflux across the plasma 
membrane (because resting potassium concentration 
inside the cell, [K+]

i
, is greater than that outside the cell, 

[K+]
o
). Opening of K+ channels causes hyperpolarization 

(because of increased K+ efflux) of the membrane, whereas 
closure of K+ channels causes depolarization (because of 
decreased K+ efflux). L-type calcium channels are voltage- 
sensitive and are activated (i.e., opened) by membrane 
depolarization, resulting in influx of extracellular Ca++ and 
elevating intracellular Ca++ concentration. If the increase in 
Ca++ levels is sufficient, then the Ca++/calmodulin complex 
activates MLCK, promoting actin-myosin interaction and 
contraction. Thus changes in membrane potential alter 
extracellular Ca++ influx and efflux; modulate intracellular 
cytoplasmic Ca++; and affect vascular smooth muscle con-
traction, artery diameter, and vascular resistance. 

PHARMACOMECHANICAL COUPLING
Contraction of arteries and veins is very importantly mod-
ulated by hormones, neurotransmitters, and autocoids act-
ing on receptors located in the plasma membrane (Fig. 9.4). 
Most of these receptors are GPCRs. Pharmacomechanical 
(PM) coupling is a mechanism of contractile activation that 
causes little or no change in membrane potential (making it 
distinct from E-C coupling). PM coupling can result either 
in contraction (see Fig. 9.4A) or relaxation (see Fig. 9.4B). 
The three major components of PM coupling are (1) the 
GPCR itself, (2) the coupling complex, and (3) the second 
messenger (e.g., cAMP or IP

3
). G protein–coupled receptors 

are characterized by the ligands they bind (e.g., adrenergic 
[catecholamines], serotonergic [serotonin], cholinergic 
[acetylcholine]) and by the particular heterotrimeric G 
proteins to which they are coupled. Important G proteins 
coupled to GPCRs on vascular smooth muscle cells include 
Gα

q/11
, Gα

12/13
, Gα

s
, and Gα

i/o
. The G protein α subunits, and 

sometimes the G protein βγ subunits, activate specific effec-
tor molecules, such as kinases. In many cases, second mes-
senger molecules are ultimately generated that stimulate 
downstream cellular mechanisms (ion influx, Ca++ release, 
enzyme activation or inhibition). G protein–coupled recep-
tors are important regulators of cardiovascular function, 
with many drugs acting on them. (An estimated 40% of 
currently used drugs act on GPCRs in the cardiovascular 
system and elsewhere in the body.)

Control of Vascular Tone by Catecholamines
The catecholamines norepinephrine (NE) and epinephrine are 
key controllers of cardiovascular function. Norepinephrine 
is released from sympathetic nerve endings in the heart and 
blood vessels and acts locally, whereas epinephrine is released  
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from the adrenal medulla and circulates in the blood to act 
widely throughout the body. In general, the GPCRs that 
bind catecholamines are known as adrenoceptors because 
these receptors all bind the adrenal medullary hormones, 
epinephrine, and NE, although with varying affinities. The 
adrenoceptors are a large and diverse family of GPCRs, 
consisting of five major types (α

1
, α

2
, β

1
, β

2
, β

3
) and several 

subtypes, and a full discussion of their function and phar-
macology is reserved for pharmacology texts. In arteries and 
veins, NE binds most strongly to α

1
-adrenoceptors (α

1
-ARs), 

which are GPCRs located in the sympathetic neuroeffector 
junctions, on the smooth muscle cell membrane. These 
receptors couple to both Gα

q/11
 and Gα

12/13
 (see Fig. 9.4A), 

and their activation results in contraction (PM coupling). 
Gα

q/11
 activates phospholipase C (PLC), which catalyzes 

the production of diacylglycerol (DAG) and IP
3
 from PIP

2
 

(phosphatidylinositol 4,5-bisphosphate). DAG activates 
PKC, which in turn activates CPI-17, which inhibits MLCP. 
IP

3
 activates IP

3
 receptors (IP

3
Rs) on the SR membrane to 

release Ca++, which binds to CaM and activates MLCK. 
Thus phosphorylation of MLC

20
 is increased as a result of 

increased “Ca++ activation” of contraction, and as a result 
of increased Ca++ sensitivity of contraction. Release of NE 
from sympathetic nerve endings, and the subsequent con-
traction of vascular smooth muscle, is a major way in which 
vascular resistance and vascular capacitance (through con-
traction of small veins) are regulated. (Note that heart tis-
sue contains few α

1
-ARs, and there NE acts primarily on β

1
 

receptors, which are coupled to Ga
s
, increasing cAMP and 

strengthening cardiac contraction (see Figs. 5.23 and 5.28).  
Many vascular tissues contain few or no β

1
-ARs). Most of 

the arteries and veins of the body are innervated solely by 
fibers of the sympathetic nervous system; thus neurally 
released NE plays a major role in controlling vascular func-
tion through sympathetic nerve activity directed by the cen-
tral nervous system. The sympathetic nerve fibers release NE 
to exert a tonic vasoconstrictor effect on the blood vessels, 
as evidenced by the fact that cutting or freezing the sympa-
thetic nerves to a vascular bed (such as muscle) increases 
the blood flow. Activation of the sympathetic nerves either 
directly or reflexly enhances vascular resistance. (In contrast 
to the sympathetic nerves, the parasympathetic nerves tend 
to decrease vascular resistance. However, these nerves inner-
vate only a small fraction of the blood vessels in the body, 
mainly in certain viscera and pelvic organs.) 

Epinephrine is released from the adrenal medulla and 
circulates in the blood. Epinephrine acts most potently on 
β

2
-ARs on vascular smooth muscle and causes vasodilation 

through increases in cAMP (see Fig. 9.4B) and reduced 
Ca++ sensitivity of contraction. At very high concentrations 
in the plasma, however, epinephrine also binds to α

1
-ARs 

to cause contraction and vasoconstriction, overriding its 

effects mediated by the vascular β
2
-ARs. In the heart, both 

epinephrine and NE bind equally well to β
1
-ARs.

Control of Vascular Contraction by Other 
Hormones, Other Neurotransmitters, and 
Autocoids
Angiotensin II has many actions, most acting to increase 
arterial blood pressure. It is a direct vasoconstrictor, act-
ing primarily on AT

1
 receptors, which are coupled to both 

Gα
q/11

 and Gα
12/13

 (see Fig. 9.4A). Endothelin, a 21–amino 
acid peptide, acts primarily on ET

A
 receptors on vascular 

smooth muscle to cause vasoconstriction (see Fig. 9.4A). 
Endothelin is synthesized and released from endothelial 
cells. Vasopressin, or antidiuretic hormone (ADH), is a 
neurohypophysial hormone that is a potent constrictor. It 
is called into play to elevate blood pressure (and conserve 
fluid volume) particularly as a compensatory mechanism in 
hemorrhage. Vasopressin binds primarily to the V1

A
 recep-

tor, which is coupled to Gα
q/11

 and Gα
2/13

. Neuropeptide Y 
is a sympathetic neurotransmitter that is coreleased with 
NE from sympathetic nerve endings on vascular smooth 
muscle and binds primarily to the Y

1
 receptor, which is 

coupled to Gα
i/o

. Activation of Y
1
 thus can decrease cAMP 

and enhance contraction by decreasing the PKA-mediated 
inhibition of MLCP. 

INTRINSIC CONTROL OF PERIPHERAL  
BLOOD FLOW

Autoregulation and the Myogenic Mechanism 
Tend to Keep Blood Flow Constant
Blood flow is adjusted to the existing metabolic activity of 
the tissue. Furthermore, imposed changes in the arterial 
perfusion pressure at constant levels of tissue metabolism 
are met with vascular resistance changes that maintain 
a constant blood flow. This mechanism is commonly 
referred to as the autoregulation of blood flow, which 
is illustrated in Fig. 9.5. In the skeletal muscle prepara-
tion from which these data were derived, the muscle was 
completely isolated from the rest of the animal and was 
in a resting state. From a control pressure of 100 mm Hg, 
the pressure was abruptly increased or decreased, and the 
blood flows observed immediately after changing the per-
fusion pressure are represented by the closed circles in the 
figure. Maintenance of the altered pressure at each new 
level was followed within 30 to 60 seconds by a return 
of flow toward the control levels; the open circles repre-
sent these steady-state flows. Over the pressure range of 
20 to 120 mm Hg, the steady-state flow is relatively con-
stant. Calculation of resistance across the vascular bed 
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(pressure/flow) during steady-state conditions indicates 
that, with elevation of perfusion pressure, the resistance 
vessels have constricted, whereas with reduction of perfu-
sion pressure, they have dilated.

The reason for this constancy of blood flow in the pres-
ence of an altered perfusion pressure is not known. It is 
explained best by the myogenic mechanism. According 
to this mechanism, the vascular smooth muscle contracts in 
response to an increase in transmural pressure, and it relaxes 
in response to a decrease in transmural pressure. Therefore 
the initial flow increment is produced by an abrupt increase 
in perfusion pressure. This increase passively distends the 
blood vessels. The distention is followed by a return of flow 
to the previous control level by contraction of the vascular 
smooth muscles.

An example of a myogenic response is shown in Fig. 9.6. 
Arterioles isolated from the hearts of young pigs were can-
nulated at each end, and the transmural pressure (intra-
vascular pressure minus extravascular pressure) and flow 
through the arteriole could be adjusted to desired levels. 
With no flow through the arteriole, successive increases in 
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transmural pressure elicited progressive decreases in the 
vessel diameter (see Fig. 9.6A). This effect was independent 
of the endothelium, because the responses were identical in 
intact vessels and in vessels that were denuded of endothe-
lium (see Fig. 9.6B). Arterioles that were relaxed by direct 
action of nitroprusside on the vascular smooth muscle 
showed only a passive increase in diameter when transmu-
ral pressure was increased. In vascular smooth muscle hav-
ing spontaneous action potentials (arterioles, portal vein), 
the action potential frequency increases with stretch to 
cause greater Ca++ influx via electromechanical coupling. 
In vascular smooth muscle lacking spontaneous action 
potentials, stretch activates plasma membrane Ca++ chan-
nels to elevate intracellular Ca++. The nature of the Ca++ 
sensor that allows this process is not completely under-
stood, but it allows an increase in transmural pressure to 
activate membrane calcium channels. Indeed, membrane 
depolarization itself has been shown to activate phospholi-
pase C and thereby generate second messengers.

It would be expected that operation of a myogenic 
mechanism would be minimized, because blood pressure 
is reflexly maintained at a fairly constant level under nor-
mal conditions. However, when a person changes position 
(e.g., from lying to standing), a large change in transmu-
ral pressure occurs in the lower extremities. The precap-
illary vessels constrict in response to this imposed stretch. 
Consequently, flow ceases in most capillaries. After flow 
stops, capillary filtration diminishes until the increase in 
plasma oncotic pressure and the increase in interstitial 

fluid pressure balance the elevated capillary hydrostatic 
pressure that is produced by changing from a horizontal to 
a vertical position (see Chapters 8 and 10). 

The Endothelium Actively Regulates Blood Flow
Stimulation of the endothelium elicits a response of the under-
lying vascular smooth muscle. To demonstrate this response, 
transmural pressure is kept constant in an isolated arteriole. A 
perfusion fluid reservoir connected to one end of an arteriole 
is raised to increase intravascular pressure. A reservoir that is 
connected to the other end of the arteriole is lowered simulta-
neously by an equal distance. This maneuver increases the lon-
gitudinal pressure gradient along the vessel, and flow-mediated 
vasodilation occurs (Fig. 9.7A). If the arteriole is denuded of 
endothelium, the dilation of the vessel in response to increased 
flow is abolished (see Fig. 9.7B). The mechanism of flow- 
mediated vasodilation is ascribed to endothelial-derived 
hyperpolarization factor (EDHF), which comprises several 
soluble components released from endothelial cells in response 
to shear stress secondary to the increase in velocity of flow.

If arteriolar resistance did not increase with standing, 
the hydrostatic pressure in the lower parts of the legs 
would reach such high levels that large volumes of fluid 
would pass from the capillaries into the interstitial fluid 
compartment and produce edema.

CLINICAL BOX 

0.5

N
or

m
al

iz
ed

 d
ia

m
et

er

100

60

Time (min)

Tr
an

sm
ur

al
pr

es
su

re
(c

m
 H

2O
)

50

A
rt

er
io

la
r

di
am

et
er

(µ
m

)

Pressure gradient (cm H2O)

40200

0.6

0.7

0.8

0.9

1.0

60

Endothelium intact
Endothelium removed

50

0

70

161086420 1412

Lo
ng

itu
di

na
l

pr
es

su
re

 g
ra

di
en

t
(c

m
 H

2O
)

A B
Fig. 9.7  (A) Flow-induced vasodilation in an isolated cardiac arteriole at constant transmural pressure. Flow 
was increased progressively by increasing the pressure gradient in the long axis of the arteriole (longitudinal 
pressure gradient). (B) Flow-induced vasodilation is abolished by removal of the endothelium of the arteriole. 
(Redrawn from Kuo, L., Davis, M. J., & Chilian, W. M. (1990). Endothelium-dependent, flow-induced dilation 
of isolated coronary arterioles. American Journal of Physiology, 259, H1063–H1070.)



164 CHAPTER 9  The Peripheral Circulation and Its Control

The mechanism of EDHF’s action includes a hyperpo-
larization of the endothelial cell itself as well as of adjacent 
vascular smooth muscle. Hyperpolarization of the endo-
thelial cell is initiated by activation of small (K

Ca
 2.3) and 

intermediate (K
Ca

 3.1) conductance K+ channels from 
which K+ leaves the cell. The rise of extracellular K+ also 
stimulates the Na+,K+-ATPase, an action that contributes 
to endothelial cell hyperpolarization. The hyperpolariza-
tion is transmitted to adjacent vascular smooth muscle 
cells via myoendothelial cell gap junctions. The endothelial 
cell also releases soluble factors (NO, prostacyclin, H

2
O

2
, 

and epoxyeicosatrienoic acid) that cause hyperpolarization 
of vascular smooth muscle by activation of large conduc-
tance K

Ca
 channels (BK

Ca
). This action moves the mem-

brane potential farther from the threshold at which Ca++ 
entry occurs. EDHF becomes an increasingly important 
as a vasodilator in the microcirculation as vessel radius 
decreases. 

Tissue Metabolic Activity Is the Main Factor in 
the Local Regulation of Blood Flow
According to the metabolic mechanism, any interven-
tion that results in an O

2
 supply that is inadequate for 

the requirements of the tissue gives rise to the formation 
of vasodilator metabolites. These metabolites are released 
from the tissue, and they act locally to dilate the resistance 
vessels. When the metabolic rate of the tissue increases or 
the O

2
 delivery to the tissue decreases, more vasodilator 

substance is released and the metabolite concentration in 
the tissue increases.

Many substances have been proposed as mediators of 
metabolic vasodilation. Some of the earliest substances sug-
gested are lactic acid, CO

2
, and hydrogen ions. However, 

the decrease in vascular resistance induced by supernor-
mal concentrations of these dilator agents falls consider-
ably short of the dilation observed under conditions of 
increased metabolic activity.

Changes in O
2
 tension can evoke changes in the contrac-

tile state of vascular smooth muscle; an increase in Po
2
 elicits 

contraction, whereas a decrease in Po
2
 evokes relaxation. If 

significant reductions in the intravascular Po
2
 occur before 

the arterial blood reaches the resistance vessels (diffusion 
through the arterial and arteriolar walls (see Chapter 8), 
small changes in O

2
 supply or in consumption could elicit 

contraction or relaxation of the resistance vessels. However, 
direct measurements of Po

2
 at the resistance vessels indi-

cate that over a wide range of Po
2
 (11 to 343 mm Hg),  

there is no correlation between O
2
 tension and arterio-

lar diameter. Furthermore, if Po
2
 were directly responsi-

ble for vascular smooth muscle tension, one would not 
expect to find a parallelism between the duration of arte-
rial occlusion and the duration of the reactive hyperemia 

(Fig. 9.8). In response to either short occlusions (5 to 10 
seconds) or long occlusions (1 to 3 minutes), the venous 
blood becomes bright red (well-oxygenated) within 1 or 2 
seconds after release of the arterial occlusion. Hence the 
smooth muscle of the resistance vessels must be exposed 
to a high Po

2
 in each instance. Nevertheless, the longer 

occlusions result in longer periods of reactive hyperemia. 
These observations are more compatible with the release of 
a vasodilator metabolite from the tissue than with a direct 
effect of Po

2
 on the vascular smooth muscle.

Potassium ions, inorganic phosphate, and interstitial 
fluid osmolarity can also induce vasodilation. Because K+ 
and phosphate are released and osmolarity is increased 
during skeletal muscle contraction, these factors may con-
tribute to active hyperemia (i.e., increased blood flow 
caused by enhanced tissue activity). However, significant 
increases of phosphate concentration and osmolarity are 
not consistently observed during muscle contraction, and 
they may produce only transient increases in blood flow. 
Therefore they are not likely candidates as mediators of the 
vasodilation observed with muscular activity. Potassium 
release occurs with the onset of skeletal muscle contrac-
tion or with an increase in cardiac activity. This could 
be responsible for the initial decrease in vascular resis-
tance observed with increased cardiac work. However, K+ 
release is not sustained, despite continued arteriolar dila-
tion throughout the period of enhanced muscle activity. 
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Therefore some other agent must mediate the vasodilation 
associated with the greater metabolic activity of the tissue. 
Reoxygenated venous blood obtained from active cardiac 
and skeletal muscles under steady-state conditions of exer-
cise does not elicit vasodilation when infused into a test 
vascular bed. It is difficult to see how oxygenation of the 
venous blood could alter its K+ or phosphate content or its 
osmolarity and thereby destroy its vasodilator effect.

Adenosine, which is involved in coronary blood flow 
regulation, may also participate in the control of the resis-
tance vessels in skeletal muscle. Furthermore, nitric oxide 
(NO) and prostaglandins have a role in flow-induced dila-
tion of isolated perfused arterioles. In one study, wild-type 
(WT) mice and knockout (KO) mice (mice with deletion 
of the gene for encoding endothelial NO synthase) showed 
the same degree of arteriolar dilation to enhanced flow. In 
another, NG-nitro-l-arginine methyl ester, an inhibitor of 
NO synthase, partially reduced the increased flow response 
in WT mice, but it had no effect on the response in the 
KO mice. Indomethacin, an inhibitor of prostaglandin 
synthesis, elicited partial reduction of flow-induced dila-
tion in WT mice, but it abolished the response in KO mice. 
Combined administration of l-arginine and indomethacin 
abolished flow-induced dilation in the WT and in the KO 
mice.

Thus a number of candidates exist for the role of medi-
ator of metabolic vasodilation. The relative contribution of 
each of the various factors remains the subject for future 
investigation. Several factors may be involved in any given 
vascular bed, and different factors predominate in different 
tissues.

Metabolic control of vascular resistance by the release 
of a vasodilator substance is predicated on the existence of 
basal vessel tone. This tonic activity, or basal tone, of the 
vascular smooth muscle is readily demonstrable. However, 
in contrast to tone in skeletal muscle, it is independent of 
the nervous system. The factors responsible for basal tone 
in blood vessels are not known, but one or more of the 
following factors may be involved: (1) an expression of 
myogenic activity in response to the stretch imposed by the 
blood pressure, (2) the high O

2
 tension of arterial blood, 

(3) the presence of Ca++, or (4) some unknown factor in 
plasma, because addition of plasma to the bathing solution 
of isolated vessel segments evokes partial contraction of the 
smooth muscle.

If arterial inflow to a vascular bed is discontinued 
briefly, the blood flow, on release of the occlusion, imme-
diately exceeds the flow before occlusion. The period of 
reactive hyperemia only gradually returns to the control 
level. This response is illustrated in Fig. 9.8. Blood flow 
to the leg was stopped by clamping the femoral artery for 
15, 30, and 60 seconds. Release of the 60-second occlusion 

resulted in a peak blood flow that was 70% greater than 
the control flow, and the flow returned to the control level 
within about 110 seconds. When this same experiment is 
performed in humans by inflating a blood pressure cuff on 
the upper arm, dilation of the resistance vessels of the hand 
and forearm, immediately after release of the cuff, is evi-
dent from the bright red color of the skin and the fullness of 
the veins. Within limits, the peak flow and particularly the 
duration of the reactive hyperemia are proportional to the 
duration of the occlusion (see Fig. 9.8). If the extremity is 
exercised during the occlusion period, reactive hyperemia 
increases. These observations, and the close relationship 
that exists between metabolic activity and blood flow in a 
limb with no occlusions, are consonant with a metabolic 
mechanism in the local regulation of tissue blood flow.

When the vascular smooth muscle of the arterioles 
relaxes in response to vasodilator metabolites released by 
a decrease in the O

2
 supply/O

2
 demand ratio of the tis-

sue, resistance may diminish in the arteries that feed these 
arterioles. This results in a greater blood flow than is pro-
duced by arteriolar dilation alone. Two possible mecha-
nisms can account for this coordination of arterial and 
arteriolar dilation. First, vasodilation in the microvessels 
is propagated, and when initiated in the arterioles, it can 
propagate from arterioles back to arteries. Second, the 
metabolite-mediated dilation of the arterioles accelerates 
blood flow in the feeder arteries. This increases the shear 
stress on the arterial endothelium and thereby induces 
vasodilation. 

EXTRINSIC CONTROL OF PERIPHERAL 
BLOOD FLOW IS MEDIATED MAINLY BY THE 
SYMPATHETIC NERVOUS SYSTEM

Impulses That Arise in the Medulla Descend in 
the Sympathetic Nerves to Increase Vascular 
Resistance
Several regions in the medulla influence cardiovascu-
lar activity. Some of the effects of stimulation of the 
dorsal lateral medulla (pressor region) are vasoconstric-
tion, cardiac acceleration, and enhanced myocardial  
contractility. Caudal and ventromedial to the pressor 
region is a zone whose stimulation decreases the blood 
pressure. This depressor area exerts its effect by direct 
spinal inhibition and also by inhibition of the medullary 
pressor region. These areas constitute a center—not in 
an anatomical sense, in that a discrete group of cells is 
discernible, but in a physiological sense, in that the stim-
ulation of the pressor region produces the responses 
described previously. From the vasoconstrictor regions, 
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fibers descend in the spinal cord and synapse at differ-
ent levels of the thoracolumbar region (T1 to L2 or L3). 
Fibers from the intermediolateral gray matter of the 
cord emerge with the ventral roots, but they leave the 
motor fibers to join the paravertebral sympathetic chains 
through the white communicating branches. These 
preganglionic white (myelinated) fibers may pass up or 
down the sympathetic chains to synapse in the various 
ganglia. Postganglionic gray branches (unmyelinated)  
then join the corresponding segmental spinal nerves and 
accompany them to the periphery to innervate the arter-
ies and veins. Postganglionic sympathetic fibers from the 
various ganglia join the large arteries and accompany 
them as an investing network of fibers to the resistance 
vessels (small arteries and arterioles) and capacitance ves-
sels (veins).

The vasoconstrictor regions are tonically active, and 
reflexes or humoral stimuli that enhance this activity 
increase the frequency of impulses that reach the termi-
nal branches to the vessels. At this location, a constric-
tor neurotransmitter (norepinephrine) is released and 
elicits constriction (α-adrenergic effect) of the resistance 
vessels. Inhibition of the vasoconstrictor areas reduces 
their tonic activity. Hence the frequency of impulses in 
the efferent nerve fibers diminishes, resulting in vasodi-
lation. In this manner, neural regulation of the periph-
eral circulation is accomplished primarily by alteration 
of the frequency of impulses that pass down the vaso-
constrictor fibers of the sympathetic nerves to the blood 
vessels. The vasomotor regions may show rhythmic 
changes in tonic activity that are manifested as oscilla-
tions of arterial pressure. Some oscillations occur at the 
frequency of respiration (Traube-Hering waves), and 
they are caused by an increase in sympathetic impulses 
to the resistance vessels coincident with inspiration. 
Other oscillations occur at a lower frequency than that 
of respiration (Mayer waves). 

Sympathetic Nerves Regulate the Contractile 
State of the Resistance and Capacitance Vessels
The vasoconstrictor fibers of the sympathetic nervous 
system supply the arteries, arterioles, and veins. However, 
neural influence on the larger vessels is far less important 
than it is on the arterioles and small arteries. Capacitance 
vessels are more responsive to sympathetic nerve stimu-
lation than are resistance vessels; they reach the maximal 
constriction at a lower frequency of stimulation than 
do the resistance vessels. However, capacitance vessels 
respond less to vasodilator metabolites. NE is the neu-
rotransmitter released at the sympathetic nerve terminals 
in the blood vessels. Many factors, such as circulating 
hormones and in particular locally released substances, 

modify the liberation of norepinephrine from the vesicles 
of the nerve terminals.

The response of the resistance and capacitance ves-
sels to stimulation of the sympathetic fibers is illustrated 
in Fig. 9.9. At constant arterial pressure, sympathetic 
fiber stimulation reduces blood flow (constriction of  
the resistance vessels) and decreases blood volume of  
the tissues (constriction of the capacitance vessels). The 
abrupt decrease in tissue volume shown in the figure 
was caused by the movement of blood out of the capac-
itance vessels and out of the hindquarters of the cat, 
whereas the late, slow, progressive decline in volume (to 
the right of the arrow) was caused by the movement of 
extravascular fluid into the capillaries and hence away 
from the tissue. The loss of tissue fluid is a consequence 
of the lowered capillary hydrostatic pressure brought 
about by constriction of the resistance vessels. A new 
equilibrium of the forces responsible for filtration and 
absorption was established across the capillary wall 
(see p. 149).
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Fig. 9.9  Effect of sympathetic nerve stimulation (2 Hz) on 
blood flow and tissue volume in the hindquarters of the cat. 
The arrow denotes the change in slope of the tissue volume 
curve where the volume decrease caused by emptying of 
capacitance vessels ceases and loss of extravascular flu-
id becomes evident. (Redrawn from Mellander, S. (1960). 
Comparative studies on the adrenergic neuro-hormonal con-
trol of resistance and capacitance blood vessels in the cat. 
Acta Physiologica Scandinavica. Supplementum 50(176), 
1–86.)
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Approximately one third of the blood volume of a tis-
sue can be mobilized on stimulation of the sympathetic 
nerves at basal physiological frequencies. The basal tone 
is very low in capacitance vessels. When the veins are 
denervated, only small increases in volume are obtained 
with maximal doses of acetylcholine. Therefore the blood 
volume at basal tone is close to the maximal blood vol-
ume of the tissue. More blood can be mobilized from 
the skin than from the muscle capacitance vessels. This 
action depends in part on the greater sensitivity of the 
skin vessels to sympathetic stimulation, but also because 
basal tone is lower in skin vessels than in muscle vessels. 
Therefore in the absence of neural influence, the skin 
capacitance vessels contain more blood than do the mus-
cle capacitance vessels.

Blood is mobilized from capacitance vessels in 
response to physiological stimuli. In exercise, activation 
of the sympathetic nerve fibers constricts the veins and 
hence augments the cardiac filling pressure. In arterial 
hypotension, as induced by hemorrhage, the capac-
itance vessels constrict and thereby aid in overcom-
ing the associated decrease in central venous pressure. 
Furthermore, the resistance vessels constrict in hem-
orrhage shock, and thereby help to restore the arterial 
pressure (see Chapter 13). Also, extravascular fluid is 
mobilized by a greater reabsorption of fluid from the 
tissues into the capillaries in response to the lowered 
capillary hydrostatic pressure that is caused by the lower 
arterial pressure.

Neural and humoral stimuli can exert similar or dissim-
ilar effects on different segments of the vascular tree. In so 
doing, they can alter blood flow, tissue blood volume, and 
extravascular volume to meet the physiological require-
ments of the organism. 

The Parasympathetic Nervous System Innervates 
Blood Vessels Only in the Cranial and Sacral 
Regions of the Body
The efferent fibers of the cranial division of the parasympa-
thetic nervous system supply blood vessels of the head and 
viscera, whereas fibers of the sacral division supply blood 
vessels of the genitalia, bladder, and large bowel. Skeletal 

muscle and skin do not receive parasympathetic innerva-
tion. Because only a small proportion of the resistance ves-
sels of the body receive parasympathetic fibers, the effect of 
these cholinergic fibers on total vascular resistance is small. 

Epinephrine and Norepinephrine Are the Main 
Humoral Factors That Affect Vascular Resistance
Epinephrine and norepinephrine exert a profound effect 
on the peripheral blood vessels. In skeletal muscle, epi-
nephrine in low concentrations dilates resistance vessels 
(β-adrenergic effect), and in high concentrations, it pro-
duces constriction (α-adrenergic effect). In skin, only 
vasoconstriction is obtained with epinephrine, whereas in 
all vascular beds the primary effect of norepinephrine is 
vasoconstriction. When stimulated, the adrenal gland can 
release epinephrine and norepinephrine into the systemic 
circulation. However, under physiological conditions, the 
effect of catecholamine release from the adrenal medulla is 
less important than the norepinephrine released by sympa-
thetic nerve activation. 

The Vascular Reflexes Are Responsible for Rapid 
Adjustments of Blood Pressure
Areas of the medulla that mediate sympathetic and vagal 
effects are under the influence of neural impulses that arise 
in the baroreceptors, chemoreceptors, hypothalamus, cere-
bral cortex, and skin. These areas of the medulla are also 
affected by changes in the blood concentrations of CO

2
 and 

O
2
.

Arterial Baroreceptors
The baroreceptors (or pressoreceptors) are stretch receptors 
located in the carotid sinuses (slightly widened areas of the 
internal carotid arteries at their points of origin from the 
common carotid arteries) and in the aortic arch (Fig. 9.10). 
Impulses that arise in the carotid sinus travel up the sinus 
nerve to the glossopharyngeal nerve and, via the latter, to 
the nuclei tractus solitarii (NTS) in the medulla. The NTS 
is the site of central projection of the chemoreceptors and 
baroreceptors. Stimulation of the NTS inhibits sympathetic 
nerve impulses to the peripheral blood vessels (depressor 
effect), whereas lesions of the NTS produce vasoconstriction 
(pressor effect). Impulses arising in the pressoreceptors of 
the aortic arch reach the NTS via afferent fibers in the vagus 
nerves. The pressoreceptor nerve terminals in the walls of the 
carotid sinus and aortic arch respond to the stretch and defor-
mation of the vessel induced by the arterial pressure. The fre-
quency of firing is enhanced by an increase in blood pressure 
and diminished by a reduction in blood pressure. An increase in 
impulse frequency, as occurs with a rise in arterial pressure, 
inhibits the vasoconstrictor regions. This inhibition results 
in peripheral vasodilation and a lowering of blood pressure. 

Section of the sympathetic nerves to an extremity, as 
might occur during peripheral arterial surgery, abol-
ishes sympathetic vascular tone, thereby increasing 
limb flow. With time, vascular tone is regained by an 
increase in basal (intrinsic) tone.

CLINICAL BOX 
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Bradycardia, elicited by stimulation of the vagal nuclei in the 
medulla, contributes to a lowering of the blood pressure.

The carotid sinus and aortic baroreceptors are not equi-
potent in their effects on peripheral resistance in response 
to nonpulsatile alterations in blood pressure. Baroreceptors 
in the carotid sinus are more sensitive than are those in the 
aortic arch. Changes in pressure in the carotid sinus evoke 
greater alterations in systemic arterial pressure than do 
equivalent changes in aortic arch pressure. However, with 
pulsatile changes in blood pressure, the two sets of barore-
ceptors respond similarly.

The carotid sinus, with the sinus nerve intact, can be iso-
lated from the rest of the circulation and perfused by either 
a donor animal or an artificial perfusion system. Under these 
conditions, changes in the pressure within the carotid sinus 
are associated with reciprocal changes in the blood pressure 
of the experimental animal. The receptors in the walls of the 
carotid sinus display adaptation. Therefore they respond more 
to constantly changing pressures than to sustained constant 
pressures. This is illustrated in Fig. 9.11, which shows that at 
normal levels of mean blood pressure (about 100 mm Hg) a 
barrage of impulses from a single fiber of the sinus nerve is 

initiated in early systole by the pressure rise. Only a few spikes 
are observed during late systole and early diastole. At lower 
pressures, these phasic changes are even more evident, and the 
overall frequency of discharge is reduced. The blood pressure 
threshold for eliciting sinus nerve impulses is about 50 mm Hg. 
A maximal, sustained firing is reached at around 200 mm Hg.

Because the pressoreceptors show some degree of adap-
tation, their response at any level of mean arterial pressure 
is greater with a large than with a small pulse pressure. This 
is illustrated in Fig. 9.12, which shows the effects of damp-
ing pulsations in the carotid sinus on the frequency of firing 
in a sinus nerve fiber and on the systemic arterial pressure. 
When the pulse pressure in the carotid sinuses is reduced 
with an air chamber, but mean pressure remains con-
stant, the rate of electrical impulses recorded from a sinus 
nerve fiber decreases and the systemic arterial pressure 
increases. Restoration of the pulse pressure in the carotid 
sinus restores the frequency of sinus nerve discharge and 
systemic arterial pressure to control levels (see Fig. 9.12).

The increases in resistance that occur in the peripheral 
vascular beds in response to reduced pressure in the carotid 
sinus vary from one vascular bed to another and thereby 

Sinus nerve

Carotid body

Carotid sinus

Vagus nerve

Glossopharyngeal
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Internal carotid
artery

Superior cervical
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Common carotid
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External carotid
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Fig. 9.10  Diagrammatic representation of the carotid sinus and carotid body and their innervation in the dog. 
(Redrawn from Adams, W. E. (1958). The comparative morphology of the carotid body and carotid sinus. 
Springfield, IL: Charles C. Thomas.)
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produce a redistribution of blood flow. For example, in the 
dog the resistance changes elicited by altering carotid sinus 
pressure around the normal operating sinus pressure are 
greatest in the femoral vessels, less in the renal, and least in 
the mesenteric and celiac vessels. Furthermore, the sensi-
tivity of the carotid sinus reflex can be altered. Local appli-
cation of norepinephrine, or stimulation of sympathetic 
nerve fibers to the carotid sinuses, enhances the sensitiv-
ity of the receptors in the sinus. Hence a given increase in 
intrasinus pressure produces a greater depressor response. 
A decrease in baroreceptor sensitivity occurs in hyper-
tension, when the carotid sinus becomes stiffer and less 
deformable as a result of the high intraarterial pressure. 
Under these conditions, a given increase in carotid sinus 
pressure elicits a smaller decrement in systemic arterial 
pressure than it does at normal levels of blood pressure. 
In other words, the set-point of the baroreceptors is raised 
in hypertension, such that the threshold is increased and 
the receptors are less sensitive to change in transmural 
pressure.

As would be expected, denervation of the carotid sinuses 
can produce temporary, and in some instances prolonged, 
hypertension. The arterial baroreceptors play a key role in 
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Fig. 9.11  Relationship of phasic aortic blood pressure in the 
firing of a single afferent nerve fiber from the carotid sinus at 
different levels of mean arterial pressure.
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short-term adjustments of blood pressure, when relatively 
abrupt changes in blood volume, cardiac output, or periph-
eral resistance occur (as in exercise). However, long-term 
control of blood pressure—that is, over days, weeks, and  
longer—is determined by the fluid balance of the individual, 
namely, the balance between fluid intake and fluid output. 
By far the single most important organ in the control of 
body fluid volume, and hence of blood pressure, is the kid-
ney. With overhydration, excessive fluid intake is excreted, 

whereas with dehydration, there is a marked reduction in 
urine output. 

Cardiopulmonary Baroreceptors
In addition to the carotid sinus and aortic baroreceptors, 
there are cardiopulmonary receptors with vagal and sym-
pathetic afferent and efferent nerves. These cardiopul-
monary reflexes are tonically active, and they can alter 
peripheral resistance with changes in intracardiac, venous, 
or pulmonary vascular pressures. The receptors are located 
in the atria, ventricles, and pulmonary vessels.

The atria contain two types of receptors: those acti-
vated by the tension developed during atrial contraction  
(A receptors) and those activated by the stretch of the 
atria during atrial filling (B receptors). Stimulation of 
these atrial receptors sends impulses up vagal fibers to 
the vagal center in the medulla. Consequently, the sym-
pathetic activity is decreased to the kidney and increased 
to the sinoatrial (SA) node. These changes in sympathetic 
activity increase renal blood flow, urine flow, and heart 
rate.

Activation of the cardiopulmonary receptors can also 
lower blood pressure reflexly by inhibiting the vasocon-
strictor center in the medulla. Stimulation of the recep-
tors inhibits angiotensin, aldosterone, and vasopressin 
(ADH) release; and interruption of the reflex pathway has 
the opposite effects. Changes in urine volume elicited by 
changes in cardiopulmonary baroreceptor activation are 
important in the regulation of blood volume. For exam-
ple, a decrease in blood volume (hypovolemia), as occurs 
in hemorrhage, enhances sympathetic vasoconstriction in 
the kidney and increases secretion of renin, angiotensin, 
aldosterone, and ADH. The renal vasoconstriction (pri-
marily afferent arteriolar) reduces glomerular filtration 
and increases renin release from the kidney. Renin acts on 
a plasma substrate to form angiotensin I, a decapeptide. 
In turn, angiotensin I is metabolized to angiotensin II by 
angiotensin-converting enzyme. Angiotensin II increases 
aldosterone release from the adrenal cortex, which in 
turn enhances retention of NaCl. The enhanced release of 
ADH increases water reabsorption. The net result is reten-
tion of salt and water by the kidney and a sensation of 
thirst. Angiotensin II also causes vasoconstriction to raise  
systemic arteriolar tone. 

The Peripheral Chemoreceptors Are Stimulated 
by Decreases in Blood Oxygen Tension and pH 
and by Increases in Carbon Dioxide Tension
The peripheral chemoreceptors consist of small, highly 
vascular bodies in the region of the aortic arch (aortic 
bodies) and in the carotid bodies just medial to the carotid 

In some individuals the carotid sinus is quite sensitive 
to pressure. Hence tight collars or other forms of exter-
nal pressure over the region of the carotid sinus may 
elicit marked hypotension and fainting.

CLINICAL BOX 

CLINICAL BOX
Arterial blood pressure is maintained upon assuming 
an upright position because the tendency for blood to 
pool in peripheral vessels is opposed by the myogenic 
mechanism in arterioles (see Fig. 9.6), by compression 
of veins by contracting skeletal muscle (see Fig. 12.2), 
and by baroreceptor-mediated reflexes (see p. 167) that 
modulate the output of the autonomic nervous system. 
Orthostatic or postural hypotension occurs when arte-
rial blood pressure decreases (>10 to 20 mm Hg) when 
a person moves from a supine to an upright position. 
Malfunction of the autonomic nervous system can be 
one of several various causes of this disorder. Thus the 
increased heart rate (see Fig. 5.9) and vasoconstriction 
(see Fig. 9.9) arising from sympathetic nervous activity 
are less than optimal, and blood pressure falls in the 
upright position. Orthostatic hypotension can arise from 
primary autonomic failure in which either preganglionic 
or postganglionic sympathetic neurons degenerate. The 
reduction of transmitter release at the ganglionic syn-
apse or at the neuroeffector junction impairs the reflex 
adjustments needed to sustain arterial pressure. Medi-
cal management of orthostatic hypotension that results 
from primary autonomic failure includes increased salt 
and fluid consumption, physical exercises before rising, 
and elastic support stockings. In more severe cases, 
drugs that activate α-adrenergic receptors (midodrine) 
or cause fluid retention (fludrocortisone) are employed. 
Secondary autonomic failure can occur in subjects having 
peripheral neuropathies involving autonomic neurons, as 
in diabetes. Orthostatic hypotension is also caused by 
drugs used to treat hypertension (diuretics, drugs that 
block α-adrenergic receptors or Ca++ channels on ves-
sels). Adjustment of dose can alleviate the condition.
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sinuses (see Fig. 9.10). Although they are primarily con-
cerned with the regulation of respiration, the chemorecep-
tors reflexly influence the vasomotor regions to a minor 
degree. A reduction in arterial blood O

2
 tension (Pao

2
) 

stimulates the chemoreceptors. The consequent increase in 
the number of impulses in the afferent nerve fibers from 
the carotid and aortic bodies stimulates the vasoconstrictor 
regions. This action increases the tone of the resistance and 
capacitance vessels.

Stimulation of the peripheral chemoreceptors by increased 
arterial blood CO

2
 tension (Paco

2
) and reduced pH elicit a 

reflex response that is minimal compared with the direct effect  
of hypercapnia (high Paco

2
) and of H+ on the vasomotor 

regions in the medulla. When hypoxia and hypercapnia coex-
ist (asphyxia), the stimulation of the chemoreceptors is greater 
than the sum of the two gas stimuli when each acts alone. The 
effects of asphyxia on blood pressure, heart rate, and respira-
tion are shown in Fig. 9.13 (see also Figs. 5.14 and 5.15).

When the chemoreceptors are stimulated simulta-
neously with a pressure reduction in the baroreceptors, 

the chemoreceptors potentiate the vasoconstriction ob
served in the peripheral vessels. However, when the baro-
receptors and chemoreceptors are stimulated together  
(e.g., high carotid sinus pressure and low Paco

2
), the effects 

of the baroreceptors predominate. 

The Central Chemoreceptors Are Sensitive to 
Changes in Paco2
Increases of Paco

2
 stimulate chemosensitive regions of the 

medulla, thereby eliciting vasoconstriction and increased 
peripheral resistance. Paco

2
 below normal levels (as with 
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Fig. 9.13  Effects of stimulation of the isolated perfused carotid body chemoreceptors at constant carotid 
sinus perfusion pressure, through substitution of hypoxic hypercapnic blood (Po2, 31.1 mm Hg; Pco2, 84.9 
mm Hg; pH, 7.242) for arterial blood (Po2, 140.4 mm Hg; Pco2, 42.1 mm Hg; pH, 7.33) between arrows. Note 
that the bradycardia was transient. The increase in pulse interval (PI) indicates a decrease in heart rate. The 
enhanced respiratory response (bottom record) abolishes bradycardia and can produce tachycardia, especially 
with sustained stimulation of the carotid body receptors (see Figs. 5.16 and 5.17). BP, Mean arterial blood 
pressure; VT, tidal volume. (Redrawn from de Burgh Daly, M., Korner, P. I., Angell-James, J. E., Oliver, J. A. 
(1978). Cardiovascular and respiratory effects of carotid body stimulation in the monkey. Clinical and Experi-
mental Pharmacology & Physiology, 5, 511–524.)

Chemoreceptors with sympathetic afferent fibers are 
present in the heart. These cardiac chemoreceptors are 
activated by ischemia and transmit the precordial pain 
(angina pectoris) associated with an inadequate blood 
supply to the myocardium.

CLINICAL BOX 
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hyperventilation) decreases the degree of tonic activity of 
these areas in the medulla, thereby reducing peripheral resis-
tance. The chemosensitive regions are also affected by changes 
in pH. A lowering of blood pH stimulates, and a rise in blood 
pH inhibits, these areas. These effects of changes in Paco

2
 and 

blood pH possibly operate through changes in cerebrospinal 
fluid pH, as appears to apply to the respiratory center.

Oxygen tension has relatively little direct effect on 
the medullary vasomotor region. The primary effect of 
hypoxia is reflexly mediated via the carotid and aortic che-
moreceptors. Moderate reduction of Paco

2
 stimulates the 

vasomotor region, but severe reduction depresses vaso-
motor activity, in the same manner that other areas of the 
brain are depressed by very low O

2
 tensions. 

Other Vascular Reflexes
Hypothalamus
Optimal function of the cardiovascular reflexes requires 
the integrity of the pontine and hypothalamic struc-
tures. Furthermore, these structures are responsible for 
behavioral and emotional control of the cardiovascu-
lar system. Stimulation of the anterior hypothalamus 
decreases the blood pressure and heart rate, whereas 
stimulation of the posterolateral region of the hypothal-
amus increases the blood pressure and heart rate. The 
hypothalamus also contains a temperature-regulating 
center that affects the skin vessels. Stimulation by cold 
applications to the skin or by cooling of the blood per-
fusing the hypothalamus results in constriction of the 
skin vessels and heat conservation, whereas warm stim-
uli result in cutaneous vasodilation and enhanced heat 
loss (see Chapter 12). 

Cerebrum
The cerebral cortex can also exert a significant effect on 
blood flow distribution in the body. Stimulation of the 
motor and premotor areas can affect blood pressure; usu-
ally a pressor response is obtained. However, vasodilation 
and depressor responses may be evoked (e.g., blushing or 
fainting) in response to an emotional stimulus. 

Skin and Viscera
Painful stimuli can elicit either pressor or depressor 
responses, depending on the magnitude and location of the 

stimulus. Distention of the viscera often evokes a depressor 
response, whereas painful stimuli on the body surface usu-
ally evoke a pressor response. 

Pulmonary Reflexes
Inflation of the lungs reflexly induces systemic vaso-
dilation and a decrease in arterial blood pressure. 
Conversely, collapse of the lungs evokes systemic vaso-
constriction. Afferent fibers that mediate this reflex 
are carried by the vagus nerves. Their stimulation, by 
stretch of the lungs, inhibits the vasomotor areas. The 
magnitude of the depressor response to lung inflation 
is directly related to the degree of inflation and to the 
existing level of vasoconstrictor tone; the greater the 
vascular tone, the greater the hypotension produced by 
lung inflation. 

BALANCE BETWEEN EXTRINSIC AND 
INTRINSIC FACTORS IN REGULATION OF 
PERIPHERAL BLOOD FLOW
Dual control of the peripheral vessels by intrinsic and 
extrinsic mechanisms makes possible a number of vascu-
lar adjustments. Such regulations enable the body to direct 
blood flow to areas where the need is greater and away from 
areas where the need is less. The relative potency of extrin-
sic and intrinsic mechanisms is constant in some tissues, 
whereas in other tissues the ratio is changeable, depending 
on the state of activity of that tissue.

In the brain and the heart, both vital structures with 
very limited tolerance for a reduced blood supply, intrinsic 
flow-regulating mechanisms are dominant.

At high altitudes, the low Pao2 stimulates the periph-
eral chemoreceptors to increase the rate and depth of 
respiration. This is the main mechanism involved in an 
attempt to restore the oxygen supply to the body.

CLINICAL BOX 

Cerebral ischemia, which may occur because of exces-
sive pressure exerted by an expanding intracranial 
tumor, results in a marked increase in peripheral vaso-
constriction. The stimulation is probably caused by a 
local accumulation of CO2 and reduction of O2, and pos-
sibly by excitation of intracranial baroreceptors. With 
prolonged, severe ischemia, central depression eventu-
ally supervenes and blood pressure falls.

CLINICAL BOX 

Massive discharge of the vasoconstrictor region over 
the sympathetic nerves, which might occur in severe, 
acute hemorrhage, has negligible effects on the cerebral 
and cardiac resistance vessels, whereas skin, renal, and 
splanchnic blood vessels become greatly constricted.

CLINICAL BOX 
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In the skin the extrinsic vascular control is dominant. The 
cutaneous vessels not only participate strongly in a general 
vasoconstrictor discharge but also respond selectively through 
hypothalamic pathways to subserve the heat loss and heat 
conservation function required in body temperature regula-
tion. However, intrinsic control can be demonstrated by local 
changes of temperature that can modify or override the cen-
tral influence on resistance and capacitance vessels.

In skeletal muscle the interplay and changing balance 
between extrinsic and intrinsic mechanisms can be clearly 
seen. In resting skeletal muscle, neural control (vasoconstric-
tor tone) is dominant, as can be demonstrated by the large 
increment in blood flow that occurs immediately after sec-
tion of the sympathetic nerves to the tissue. In anticipation 
of exercise, and at the start of exercise, blood flow increases in 
the leg muscles. After the onset of exercise, the intrinsic flow- 
regulating mechanisms elicit vasodilation in the active muscles 

because of the local increase in metabolites. Vasoconstriction 
occurs in the inactive muscles as a manifestation of the gen-
eral sympathetic discharge associated with exercise. However, 
the constrictor impulses that reach the resistance vessels of the 
active muscles are overridden by the local metabolic effects 
that dilate them. Hence operation of this dual control mech-
anism provides increased blood flow where it is required and 
shunts it away from inactive areas.

Similar effects may be achieved with an increase in Paco
2
. 

Normally, the hyperventilation associated with exercise 
keeps Paco

2
 at normal levels. However, if Paco

2
 increased, a 

generalized vasoconstriction would occur, because of stimu-
lation of the medullary vasoconstrictor region by CO

2
. In the 

active muscles, where the CO
2
 concentration is highest, the 

smooth muscle of the arterioles would relax in response to 
the local Pco

2
. Factors affecting and affected by the vasomo-

tor region are summarized in Fig. 9.14. 
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input and output of the vasomotor region (VR). IX, 
Glossopharyngeal nerve; X, vagus nerve.
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   	SUMMARY
	•	� The arterioles, often referred to as the resistance vessels, 

are important in the regulation of blood flow through 
their cognate capillaries. The smooth muscle, which 
makes up a major fraction of the walls of the arterioles, 
contracts and relaxes in response to neural and humoral 
stimuli.

	•	� Most tissues show autoregulation of blood flow, a phe-
nomenon characterized by a constant blood flow in the 
face of a change in perfusion pressure. A logical expla-
nation of autoregulation is the myogenic mechanism 
whereby an increase in transmural pressure elicits a 
contractile response, whereas a decrease in transmural 
pressure elicits relaxation.

	•	� The striking parallelism between tissue blood flow and 
tissue O

2
 consumption indicates that blood flow is 

largely regulated by a metabolic mechanism. A decrease 
in the O

2
 supply/O

2
 demand ratio of a tissue releases 

one or more vasodilator metabolites that dilate arteri-
oles and thereby enhance the oxygen supply.

	•	� Neural regulation of blood flow is accomplished mainly 
by the sympathetic nervous system. Sympathetic nerves 
to blood vessels are tonically active; inhibition of the 
vasoconstrictor center in the medulla reduces peripheral 
vascular resistance. Stimulation of the sympathetic nerves 
constricts resistance and capacitance (veins) vessels.

	•	� Blood vessels in the head, viscera, and genitalia are 
supplied by the cranial and sacral divisions of the para-
sympathetic nervous system as well as by the sympa-
thetic nervous system. Parasympathetic activity usually 
induces vasodilation, but the effect is generally weak.

	•	� The baroreceptors (pressoreceptors) in the internal 
carotid arteries and aorta are tonically active and regulate 
blood pressure continuously. Stretch of these receptors 
by an increase in arterial pressure reflexly inhibits the 
vasoconstrictor center in the medulla and induces vasodi-
lation, whereas a decrease in arterial pressure disinhibits 
the vasoconstrictor center and induces vasoconstriction.

	•	� The carotid baroreceptors play a more prominent role than 
baroreceptors in the aorta, and both respond more vigor-
ously to pulsatile (stretch) than they do to steady (nonpul-
satile) pressure; they adapt to an imposed constant pressure.

	•	� Baroreceptors are also present in the cardiac chambers 
and large pulmonary vessels (cardiopulmonary barore-
ceptors); they have less influence on blood pressure but 
they participate in blood volume regulation.

	•	� Peripheral chemoreceptors (carotid and aortic bodies) 
and central chemoreceptors in the medulla oblongata 
are stimulated by a decrease in blood oxygen tension 
(Pao

2
) and an increase in blood carbon dioxide tension 

(Paco
2
). Stimulation of these chemoreceptors increases 

the rate and depth of respiration but also produces 
peripheral vasoconstriction.

	•	� Peripheral resistance, and hence blood pressure, can be 
affected by stimuli arising in the skin, viscera, lungs, and 
brain.

	•	� The combined effect of neural and local metabolic fac-
tors is to distribute blood to active tissues and divert 
it from inactive tissues. In vital structures such as the 
heart and brain and in contracting skeletal muscle, the 
metabolic factors predominate over the neural factors. 

   	KEYWORDS AND CONCEPTS
Active hyperemia
Angina pectoris
Angiotensin II
Aortic bodies
Baroreceptors
Basal tone
Calmodulin (CaM)
Hemorrhage shock

Myogenic mechanism
Norepinephrine
Orthostatic or postural hypotension
Pressor effect
Reactive hyperemia
Resistance vessels
Vasoconstrictor tone
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History
A 40-year-old man sees his physician because of pain 
in the calves of both legs when he walks moderate dis-
tances; the pain is especially noticeable when he walks 
uphill or when he climbs stairs. The onset of the pain 
was insidious and has progressively increased in fre-
quency and severity. He has had no other symptoms. 
He eats a normal diet, has two cocktails before dinner, 
and has smoked two packs of cigarettes per day for the 
past 22 years. Physical examination was essentially nor-
mal except for the presence of borderline hypertension 
with a brachial pressure of 140/90 mm Hg and for weak 
pulses in the dorsalis pedis and posterior tibial arteries in 
both legs. Measurement of blood pressure in the dorsa-
lis pedis artery gave a systolic pressure of 112 mm Hg. 
Arteriography revealed a narrowing of the major arteries 
of both lower legs. He was diagnosed as having thrombo-
angiitis obliterans, a severe progressive obstructive dis-
ease of large arteries.

	1.	� At rest the arterioles in the lower legs show:
	 a.	�myogenic constriction.
	 b.	�metabolic dilation.
	 c.	�autoregulation.
	 d.	�myogenic dilation.
	 e.	�metabolic constriction.
	2.	� From the blood pressure measurements you obtain an 

ankle-brachial index of (see Chapter 7) of:
	 a.	�1.24.
	 b.	�1.04.
	 c.	�0.96.
	 d.	�0.80.
	 e.	�0.64.
	3.	� His physician would probably recommend:
	 a.	�that he stops smoking.
	 b.	�a vasodilator drug.
	 c.	�bilateral sympathectomy of the lower extremities.
	 d.	�application of heat to the lower legs three to four 

times daily.
	 e.	�a vasoconstrictor drug.
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Control of Cardiac Output: Coupling 
of Heart and Blood Vessels

10

O B J E C T I V E S
	1.	� Describe the principal determinants of cardiac output.
	2.	� Describe the principal determinants of cardiac preload 

and afterload.

	3.	� Explain the mechanical coupling between the heart 
and blood vessels.

	4.	� Explain the effects of gravity on venous function and 
on arterial pressure.

 

Cardiac output (CO) is defined as the total flow of blood 
out of the left ventricle. It could be measured in the aorta, 
except for that portion of the total output that flows to the 
heart itself via the coronary circulation. Cardiac output is 
thus the total flow that is available to perfuse all the tis-
sues of the body. To meet the metabolic demands of the 
body, and maintain arterial pressure, cardiac output must 
be able to increase substantially. During severe exercise 
(see Chapter 13), cardiac output can increase fourfold to 
fivefold. In general, this is accomplished by increases in 
heart rate (up to threefold, in young adults) and increases 
in stroke volume (up to about 1.5-fold). In such exercise, 
this increase in cardiac output enables an increase in over-
all O

2
 consumption of approximately 12 times (untrained 

young male). Because total peripheral resistance during 
exercise decreases to a little as one third the resting value, 
the increase in cardiac output is essential to maintain the 
mean arterial pressure. Changes in both the heart and the 
systemic vasculature are required to produce the increased 
cardiac output.

FACTORS CONTROLLING CARDIAC OUTPUT
Four factors that control cardiac output are heart rate, 
myocardial contractility, preload, and afterload (Fig. 
10.1). Heart rate and myocardial contractility are strictly 
cardiac factors. They are characteristics of the cardiac tis-
sues, although they are modulated by various neural and 
humoral mechanisms. Preload and afterload, however, 
depend on the characteristics of both the heart and the 
vascular system. On the one hand, preload and afterload 

are important determinants of cardiac output. On the other 
hand, preload and afterload are themselves determined by 
the cardiac output and by certain vascular characteristics. 
Preload and afterload may be designated as coupling fac-
tors because they constitute a functional coupling between 
the heart and blood vessels.

To understand the regulation of cardiac output, one 
must appreciate the nature of the coupling between the 
heart and the vascular system. Graphic techniques have 
been developed to analyze the interactions between the 
cardiac and vascular components of the circulatory system. 
The graphic analysis involves two simultaneous functional 
relationships between cardiac output and central venous 
pressure (i.e., the pressure in the right atrium and thoracic 
venae cavae).

The cardiac function curve (CFC) defines one of these 
relationships. It is an expression of the well-known Frank-
Starling relationship (see Chapter 4), and it reflects the 
dependence of cardiac output on preload (i.e., on central 
venous, or right atrial, pressure). The cardiac function curve 
is a characteristic of the heart itself, and it has been studied 
in hearts that have been completely isolated from the rest 
of the circulatory system.

The vascular function curve defines the dependence 
of the central venous pressure on the cardiac output. 
This relationship depends only on certain vascular system 
characteristics, namely peripheral resistance, arterial and 
venous compliances, and blood volume. The vascular func-
tion curve is entirely independent of the characteristics of the 
heart, and it can be evaluated even if the heart was replaced 
by a mechanical pump. 
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THE CARDIAC FUNCTION CURVE RELATES 
CENTRAL VENOUS PRESSURE (PRELOAD) TO 
CARDIAC OUTPUT

Preload or Filling Pressure of the Heart
The greater the preload of the heart, the greater the car-
diac output. In the intact circulation, it will be the pressure 
in the great veins (i.e., the central venous pressure [CVP]) 
that constitutes the preload of the heart. In the whole heart, 
the stretch of the ventricles before systole will determine 
the strength of the subsequent contraction, by the cellular 
mechanisms discussed earlier (see Chapter 4). The cardiac 
output is the output of the left ventricle, but it is the preload 
of the right ventricle that ultimately actually determines the 
cardiac output. The reason is that, during periods when car-
diac output is constant, and within limits, the left ventricle 
will pump whatever volume of blood comes to it, from the 
right side of the heart. Thus it is the filling pressure on the 
right side of the heart that ultimately determines the out-
put on the left. The filling pressure on the right side of the 
heart is functionally equal to the central venous pressure. 
In the intact circulation, the preload is considered to be the 
CVP, which is approximately equal to the mean right atrial 
pressure (Pra), which, when the tricuspid valve is open, 
is approximately equal to the right ventricular pressure. 
The relationship between preload or filling pressure and 
stroke volume (or cardiac output) is shown in the cardiac 
function curve. Cardiac function curves are also known 
as “Starling curves” or ventricular function curves. Partial 
curves can be obtained in human subjects, through the use 
of intracardiac pressure and volume transducers. The car-
diac function curve is a manifestation of the Frank-Starling 
relationship or length-dependence of cardiac contraction. 

Cardiac Function Curve
The CFC will be derived by using left ventricular pressure-
volume (P-V) loops to illustrate the effect that varying 
preload has on the stroke volume (SV). In the CFC, stroke 

volume (or the proportional quantity, CO) is plotted as a 
function of filling pressure, or preload. For the left ventri-
cle, a measure of preload is the left ventricular end-diastolic 
pressure (LVEDP). In an experimental situation in which an 
isolated animal heart is used, the preload of the left ventricle 
may be varied by changing the height of a reservoir of blood 
that is connected to the left ventricle. Raising or lowering the 
reservoir increases or decreases the pressure in the left ven-
tricle and is one way in which preload can be changed in an 
experimental setting. In humans in an experimental setting, 
brief transient vena caval occlusion may be used to reduce, 
on one beat, the filling pressure of the left ventricle (by 
reducing the return of blood first to right ventricle and then 
subsequently to the left ventricle). This constitutes a reduc-
tion of the preload of the left ventricle. The effect of chang-
ing preload in this way on the left ventricular P-V loop in 
humans is shown in Fig. 10.2A. It can be seen that decreased 
preload is associated with markedly decreased end-diastolic 
volume, decreased end-systolic volume, and decreased arte-
rial blood pressure during the ejection period. The net effect 
is decreased stroke volume. Increased preload is associated 
with the opposite changes, and the net effect is increased 
stroke volume. Note that in this case, the end-systolic pres-
sure volume points (see Fig. 4.18, point F in the schematic 
P-V loop) all lie on a single line for the different P-V loops. 
When this occurs, it is an indication that the contractility of 
the left ventricle was the same for all the different preloads. 
(This line is known as the end-systolic pressure-volume rela-
tionship, or ESPVR, as explained previously in Chapter 4.) 
When the different stroke volumes are then plotted against 
the preload pressures at which they occurred (see Fig. 10.2B), 
the entire relationship yields the cardiac function curve, or 
CFC. An individual CFC describes the way that stroke vol-
ume changes with preload, at a constant contractility. The 
CFC shows that the effect of increased preload is to increase 
stroke volume or, when heart rate is factored in, to increase 
cardiac output. Of course, changes in contractility are cen-
tral to the physiological control of stroke volume and cardiac 
output, and the way in which changed contractility alters the 
cardiac function curve is explained later in this chapter (see 
Fig. 10.4A and B). A CFC obtained from measurements in 
75 patients in whom left ventricular end-diastolic pressure 
was varied (by various means other than transient vena caval 
occlusion) (Fig. 10.3) also verifies that the CFC is a feature of 
cardiac function in humans. 

Factors That Change the Cardiac Function Curve
Contractility
Increases in cardiac contractility, as produced by the 
actions of norepinephrine or epinephrine on the heart, 
are a primary way in which cardiac output is increased 
physiologically. These substances, acting to increase con-
tractility by the cellular mechanisms already presented 
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Fig. 10.1  The four factors that determine cardiac output.
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(see Chapters 4 and 5), have the effect of raising the 
peak pressure that can be developed at a given left ven-
tricular volume. Increases in contractility are reflected 
in an end-systolic pressure-volume relationship that is 
shifted upward and to the left (increased slope), and vice 
versa for decreases in contractility, as might occur with 
cardiac damage. Increases in contractility thus increase 
stroke volume by decreasing end-systolic volume (Fig. 
10.4A). At each preload, stroke volume is increased 
with increased contractility, and thus the entire cardiac 
function curve is increased upwardly (see Fig. 10.4B). 
Decreased contractility results in a decreased stroke vol-
ume at all preloads. With a change in contractility, the 
heart will be characterized by a completely new cardiac 
function curve, which still, however, reflects the Frank-
Starling relationship or the length-dependence of cardiac 
contraction. 

Afterload
Afterload is the load experienced by the left ventricle after 
the aortic valve opens (ending the isovolumic contrac-
tion phase). Afterload is thus related to the arterial blood 
pressure as well as to the hemodynamic properties of the 
arterial system (which will influence the dynamics of the 
arterial blood pressure during ejection of the stroke vol-
ume into the arterial system; see Chapter 7). Increases in 
afterload are represented on the left ventricular P-V loop 
as a higher pressure throughout the ejection phase (Fig. 
10.5A). When the diastolic arterial blood pressure is ele-
vated, the isovolumic contraction must then develop a 
higher pressure in the left ventricle (compared with nor-
mal basal state) before the aortic valve can be forced open. 
If ventricular contractility is constant, the end-systolic P-V 
relationship is not altered, and therefore the stroke volume 
is reduced, because the heart is not able to achieve a lower 

B

0

LV
 P

re
ss

ur
e 

(m
m

 H
g)

LV Volume (mL)A
0 15010050

40

80

120

160

S
tr

ok
e 

vo
lu

m
e

Preload (mm Hg)

Fig. 10.4  Effect of altered contractility on left 
ventricular (LV) pressure-volume loops (A) and 
cardiac function curves (B). Increasing left ven-
tricular contractility increases the slope of the 
end-systolic pressure volume relation, decreas-
es end-systolic volume, and increases stroke 
volume. Solid black lines represent the normal, 
basal state; dotted blue lines, decreased contrac-
tility; and solid blue lines, increased contractility. 
Filled circles in (B) represent the stroke volumes 
of the correspondingly colored pressure-volume 
loops in (A).

S
tr

ok
e 

vo
lu

m
e

Preload (mm Hg)A B

0

LV
 P

re
ss

ur
e 

(m
m

 H
g)

LV Volume (mL)

0 15010050

40

80

120

160
Fig. 10.5  Effect of altered afterload on left 
ventricular (LV) pressure-volume loops (A) and  
cardiac function curves (B). Increasing afterload 
results in decreased stroke volume, because of 
increased end-systolic volume. Black solid lines 
represent normal basal state; blue dotted lines, 
increased afterload; and solid blue lines, de-
creased afterload. Filled circles in (B) represent 
the stroke volumes of the correspondingly col-
ored pressure-volume loops in (A).



180 CHAPTER 10  Control of Cardiac Output: Coupling of Heart and Blood Vessels

end-systolic volume (it does not have an increased ability to 
“squeeze down” against the elevated pressure). Conversely, 
decreases in afterload result in increased stroke volume, 
because the heart is able to squeeze down more, achieving 
a lower end-systolic volume. A change in afterload places 
the left ventricle on a completely new function curve (see 
Fig. 10.5B), which still displays the length-dependence of 
cardiac contraction. 

Myocardial Compliance
Damaged or ischemic heart muscle is less compliant 
(stiffer) than normal heart muscle. In the absence of any 
other changes, the result is less filling during diastole and a 
reduced end-diastolic volume (Fig. 10.6A). If contractility 
is not changed, then the stroke volume will be markedly 
reduced and the left ventricle will operate on a new cardiac 
function curve (see Fig. 10.6B) that is depressed compared 
with the normal basal state. 

Cardiac Function Curves and Physiological Function
Heart rate (HR) is a major physiological determinant of 
cardiac output, because CO = HR × SV. Thus it is useful to 
plot cardiac output, rather than stroke volume, as a func-
tion of preload (Fig. 10.7). Increased heart rate, increased 
contractility, and decreased afterload are all factors that 
increase cardiac output at a given preload. Conversely, 
decreased heart rate, decreased contractility, increased 
afterload, and decreased compliance all decrease cardiac 
output at a given preload. Physiologically, the changes in 
cardiac function are rarely (if ever) as simple as can be 
achieved in isolated heart preparations, as illustrated in 
the simple schemes shown in Figs. 10.2, and 10.4 through 
10.6). For example, an increase in contractility produced 
by increased sympathetic drive to the heart (increased 
release of norepinephrine) tends to raise stroke volume as 
shown (see Fig. 10.4), but heart rate also increases, with 
a resultant greater cardiac output. Because mean arterial 
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pressure is the arithmetic product of cardiac output and 
total peripheral resistance, there is an increase in mean 
arterial pressure, which constitutes an increase in after-
load, an effect that tends to decrease stroke volume. Thus 
it is important to remember that physiologically, multiple 
changes usually occur simultaneously. Most importantly, 
the filling pressure of the heart is greatly influenced by 
conditions in the systemic blood vessels. The effect that 
factors in the systemic vasculature have on the filling 
pressure of the heart, and hence on cardiac output, are 
quantified with the vascular function curve, or VFC, as 
discussed next. 

THE VASCULAR FUNCTION CURVE RELATES 
CENTRAL VENOUS PRESSURE TO CARDIAC 
OUTPUT
The vascular function curve is independent of the 
Frank-Starling relationship, length-dependence of car-
diac contraction. The vascular function curve defines the 
changes in central venous pressure evoked by changes in 
cardiac output; that is, central venous pressure is the 
dependent variable (or response), and cardiac output is 
the independent variable (or stimulus). This situation 
contrasts with that in the cardiac function curve, in 
which central venous pressure (or preload) is the inde-
pendent variable and cardiac output is the dependent 
variable.

A simplified model of the circulation helps explain 
how cardiac output determines the level of central 
venous pressure (Fig. 10.8). The essential components 
of the cardiovascular system have been lumped into 
four elements. The right and left sides of the heart, as 
well as the pulmonary vascular bed, are considered sim-
ply a pump, much as that employed during open heart 
surgery. The high-resistance microcirculation is desig-
nated the peripheral resistance. Finally, the compliance 
of the system is subdivided into two components, the 
arterial compliance, C

a
, and the venous compliance, 

C
v
. As defined in Chapter 7, compliance (C) is the incre-

ment of volume (ΔV) accommodated per unit change of 
pressure (ΔP); that is:

	 C = ΔV/ΔP	 (10.1)
The venous compliance is about 20 times greater than 

the arterial compliance. In the example that follows, the 
ratio of C

v
 to C

a
 is set at 19:1 to simplify certain calcula-

tions. Thus if it was necessary to add x mL of blood to 
the arterial system to produce a 1–mm Hg increment in 
arterial pressure, it would be necessary to add 19x mL of  

blood to the venous system to raise venous pressure by the 
same amount.

To illustrate how central venous pressure varies 
inversely with cardiac output, let us first give our model 
certain characteristics that resemble those of an average 
adult (see Fig. 10.8A). Let the flow (Q

h
) generated by the 

heart (i.e., cardiac output) be 5 L/min; let mean arte-
rial pressure, P

a
, be 102 mm Hg; and let central venous 

pressure, P
v
, be 2 mm Hg. The peripheral resistance, 

R, is the ratio of pressure difference (P
a
 − P

v
) to flow 

(Q
r
) through the resistance vessels; this ratio equals 20 

mm Hg/L/min. An arteriovenous pressure difference of 
100 mm Hg is sufficient to force a flow (Q

r
) of 5 L/min  

through a peripheral resistance of 20 mm Hg/L/min. 
This flow (peripheral runoff) is precisely equal to the 
flow (Q

h
) generated by the heart. From heartbeat to 

heartbeat, the volume of blood in the arteries (V
a
) and 

the volume of blood in the veins (V
v
) remain constant, 

because the volume of blood transferred from the veins 
to the arteries by the heart equals the volume of blood 
that flows from the arteries through the resistance ves-
sels and into the veins.

Fig. 10.8B illustrates the status of the circulation at 
the very beginning of an episode of cardiac arrest, that 
is, Q

h
 = 0. Initially, the volumes of blood in the arteries 

(V
a
) and veins (V

v
) have not had time to change. The 

arterial and venous pressures depend on V
a
 and V

v
, 

respectively. Therefore these pressures are identical to 
the respective pressures in panel A (i.e., P

a
 = 102 and P

v
 

= 2). The arteriovenous pressure gradient of 100 mm 
Hg will force a flow (the peripheral runoff) of 5 L/min 
through the peripheral resistance of 20 mm Hg/L/min. 
Although cardiac output now equals 0 L/min, the flow 
through the microcirculation transiently equals 5 L/min. 
In other words, the potential energy stored in the arter-
ies by the previous pumping action of the heart causes 
blood to be transferred from arteries to veins. This 
transfer occurs initially at the control rate, even though 
the heart can no longer transfer blood from the veins 
into the arteries.

As time passes, the blood volume in the arteries pro-
gressively decreases, and the blood volume in the veins 
progressively increases. Because the vessels are elastic struc-
tures, arterial pressure falls gradually and venous pressure 
rises gradually. This process continues until the arterial and 
venous pressures become equal (see Fig. 10.8C). Once this 
condition is reached, the flow (Q

r
) from the arteries to the 

veins through the resistance vessels is zero, as is the cardiac 
output (Q

h
).

At zero flow equilibrium (see Fig. 10.8C), the pressure 
attained in the arteries and veins depends on the relative 
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Control state. The flow (Qr) across the peripheral 
resistance is equal to the flow (Qh) generated by the 
heart. The mean arterial pressure (Pa) is 102 mm Hg, 
the central venous pressure (Pv) is 2 mm Hg, and the 
peripheral resistance is 20 mm Hg/L/min.

At the very beginning of cardiac arrest (i.e.,
Qh = 0 L/min), Pa and Pv have not yet changed. 
Hence Qr is still 5 L/min through a resistance of 20 
mm Hg/L/min. Because of the disparity between Qh 
and Qr, Pa will begin to decrease rapidly, and Pv will 
begin to rise rapidly.

When the effects of cardiac arrest have attained the 
steady-state, Pa will have fallen to 7 mm Hg and Pv 
will have risen to the same value. Because Pa − Pv = 
0, flow across the resistance will cease (i.e., Qr = 0).

The heart is resuscitated, and it begins to pump at a 
constant value of Qh = 1 L/min. At the very beginning 
of resuscitation, Pa and Pv have not had time to 
change, and therefore Qr is still 0 L/min. Because Qh 
exceeds Qr by 1 L/min, Pa will rise rapidly and Pv will 
fall rapidly. A new equilibrium will be attained when 
Pa increases to 26 mm Hg and Pv falls to 6 mm Hg. 
When Pa − Pv = 20 mm Hg, the flow (Qr) through the 
resistance will be 1 L/min, which equals the cardiac 
output (Qh).

PumpVein Arteries

Cv Ca

Pv = 2 Pa = 102

Qh = 5 L/min Qh = 0 L/min

Pv = 2
Qr = 5 L/min

Pa = 102

Qr = 5 L/min

R = (102 − 2) / 5 = 20 mm Hg/L/min

Peripheral
resistance

Qh = 0 L/min

Pv = 7 Pa = 7

Qr = 0 L/min

Qh = 1 L/min

Pv = 7 Pa = 7

Qr = 0 L/min

A  Control state B  Beginning of cardiac arrest

C  Cardiac arrest: steady-state D  Beginning of cardiac resuscitation

Fig. 10.8  Simplified model of the cardiovascular system, consisting of a pump, arterial compliance (Ca), 
peripheral resistance, and venous compliance (Cv).
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compliances of these vessels. Had the arterial (C
a
) and 

venous (C
v
) compliances been equal, the decline in P

a
 

would have been equal to the rise in P
v
, because the dec-

rement in arterial volume equals the increment in venous 
volume (the principle of conservation of mass). P

a
 and P

v
 

would both have attained the average of P
a
 and P

v
 in Fig. 

10.8A and B—that is, P
a
 = P

v
 = (102 + 2)/2 = 52 mm Hg.

However, the veins are much more compliant than the 
arteries; the compliance ratio is approximately equal to 
the ratio (C

v
:C

a
 = 19) that we have assumed for the model. 

Hence the transfer of blood from arteries to veins at equi-
librium would induce a fall in arterial pressure that is 19 
times as great as the concomitant rise in venous pressure. 
As shown in Fig. 10.8C, P

v
 would increase by 5 mm Hg 

(from 2 to 7 mm Hg), whereas P
a
 would fall by 19 × 5 = 95 

mm Hg (from 102 to 7 mm Hg). This equilibrium pressure 
that prevails in the circulatory system in the absence of flow 
is often referred to as the mean circulatory pressure, or 
static pressure. The pressure in the static system reflects the 
total volume of blood in the system and the overall compli-
ance of the entire system.

The example of cardiac arrest in Fig. 10.8 provides the basis 
for understanding the vascular function curves. Two import-
ant points on the curve have already been derived, as shown in 
Fig. 10.9. One point (A) represents the normal operating sta-
tus (depicted in Fig. 10.8A). At that point, when cardiac out-
put was 5 L/min, P

v
 was 2 mm Hg. Then, when flow stopped 

(cardiac output = 0), P
v
 became 7 mm Hg at equilibrium; this 

pressure is the mean circulatory pressure, P
mc

.
The inverse relationship between central venous pres-

sure and cardiac output (see Fig. 10.9) simply denotes that 

when cardiac output is suddenly decreased, the peripheral 
runoff from arteries to veins is temporarily greater than the 
rate at which the heart pumps the blood from the veins 
back into the arteries. During that transient period, a net 
volume of blood is translocated from arteries to veins; 
hence P

a
 falls and P

v
 rises.

An example of a sudden increase in cardiac output, 
but with peripheral resistance remaining constant, illus-
trates how a third point, B, on the vascular function curve 
is derived. Consider that the arrested heart is suddenly 
restarted and that it immediately begins pumping blood 
from the veins into the arteries at a rate of 1 L/min (see 
Fig. 10.8D). When the heart first begins to beat, the arte-
riovenous pressure gradient is zero, and hence no blood 
flows from the arteries into the veins. When beating has 
just resumed, blood is being depleted from the veins at the 
rate of 1 L/min, and the arterial volume is being replaced 
at the same rate. Hence P

v
 begins to fall and P

a
 begins to 

rise. Because of the difference in compliances, P
a
 will rise 

19 times more rapidly than P
v
 will fall.

The resulting pressure gradient causes blood to flow 
through the resistance. If the heart maintains a constant 
output of 1 L/min, P

a
 continues to rise and P

v
 continues to 

fall until the pressure gradient becomes 20 mm Hg. This 
gradient forces a flow of 1 L/min through a resistance of 
20 mm Hg/L/min. This gradient is achieved by a 19–mm 
Hg rise (to 26 mm Hg) in P

a
 and a 1–mm Hg fall (to 6 mm 

Hg) in P
v
. This equilibrium value of P

v
 = 6 mm Hg for a 

cardiac output of 1 L/min also appears (see Fig. 10.9, point 
B) on the vascular function curve. The curve reflects a net 
transfer of blood from the venous to the arterial side of the 
circuit after the heart has been restarted, and consequently, 
P

v
 is reduced.
The reduction of P

v
 that can be achieved by an increase 

in cardiac output is limited. At some critical maximal value 
of cardiac output, sufficient fluid is translocated from the 
venous to the arterial side of the circuit to reduce P

v
 below 

the ambient pressure. In a system of very distensible vessels, 
such as the venous system, the vessels collapse when the 
intravascular pressure falls below the extravascular pressure. 
This venous collapse constitutes an impediment to venous 
return to the heart. Hence, in the example in Fig. 10.9,  
it limits the maximal value of cardiac output to 7 L/min,  
regardless of the capabilities of the pump. For readers 
interested in the mathematical derivation of these results, 
the basic equations are presented in the next section.

Mathematical Analysis of the Vascular Function 
Curve
From the definition of peripheral resistance (see Chapter 6):

	 R = (Pa − Pv) /Qr	 (10.2)
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Fig. 10.9  Changes in central venous pressure produced by 
changes in cardiac output. The mean circulatory pressure (or 
static pressure) (Pmc ) is the equilibrium pressure throughout the 
cardiovascular system when cardiac output is 0. Points B and A 
represent the values of venous pressure at cardiac outputs of 1 
and 5 L/min, respectively.
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where R is resistance, P
a
 is arterial pressure, P

v
 is venous 

pressure, and Q
r
 is blood flow through the resistance ves-

sels. At equilibrium, Q
r
 equals cardiac output, Q

h
. Assume 

that R = 20 and that Q
h
 had been 0 but that it had then 

been increased to a constant value of 1 L/min (Fig. 10.10, 
arrow 1). If we solve Eq. 10.2 for P

a
 when the system is in 

equilibrium (i.e., Q
r
 = Q

h
), then:

	 Pa = Pv + QrR = Pv + (1 × 20)	 (10.3)

Thus P
a
 increases to a value 20 mm Hg greater than P

v
. 

It continues to be 20 mm Hg above P
v
, as long as the pump 

output is maintained at 1 L/min and the peripheral resis-
tance remains at 20 mm Hg/L/min. We can calculate what 
the actual changes in P

a
 and P

v
 will be when Q

r
 attains a 

constant value of 1 L/min. The arterial volume increment 
needed to achieve the required level of P

a
 depends entirely 

on the arterial compliance, C
a
. For a rigid arterial system 

(low compliance), this volume is small; for a distensible sys-
tem, the volume is large. Whatever the magnitude, how-
ever, the change in volume represents the translocation of 
some quantity of blood from the venous to the arterial side 
of the circuit.

For a given total blood volume, any increment in arte-
rial volume (ΔV

a
) must equal the decrement in venous vol-

ume (ΔV
v
); that is:

	 ΔVa = − ΔVv	 (10.4)

From the definition of compliance:

	 Ca = ΔVa/ΔPa	 (10.5)

and

	 Cv = ΔVv/ΔPv	 (10.6)

By substitution into Eq. 10.4:

	 ΔPv/ΔPa = − Ca/Cv 	 (10.7)

Given that C
v
 is 19 times as great as C

a
, the increment in 

P
a
 is 19 times as great as the decrement in P

v
; that is:

	 ΔPa = − 19ΔPv	 (10.8)

To calculate the absolute values of P
a
 and P

v
, let ΔP

a
 

represent the difference between the prevailing P
a
 and the 

mean circulatory pressure (P
mc

); that is, let:

	 ΔPa = Pa − Pmc	 (10.9)

and let ΔP
v
 represent the difference between the prevailing 

P
v
 and the mean circulatory pressure. Then:

	 ΔPv = Pv − Pmc	 (10.10)

Substituting these values for ΔP
a
 and ΔP

v
 into Eq. 10.8:

	 Pa − Pmc = − 19 (Pv − Pmc)	 (10.11)

By solving Eqs. 10.3 and 10.11 simultaneously:

	 Pa = Pmc + 19	 (10.12)

and

	 Pv = Pmc − 1	 (10.13)

Hence, for a mean circulatory pressure of 7 mm Hg, P
a
 

increases to 26 mm Hg and P
v
 decreases to 6 mm Hg when 

Q
h
 increases from 0 to 1 L/min (see Fig. 10.10). These pres-

sure changes provide the required arteriovenous pressure 
gradient of 20 mm Hg.

If the pump output is abruptly increased to a constant 
level of 5 L/min (see Fig. 10.10, arrow 2) and peripheral 
resistance remains constant at 20 mm Hg/L/min, an addi-
tional volume of blood is translocated from the venous to 
the arterial side of the circuit. The blood progressively accu-
mulates in the arteries until P

a
 reaches a level of 100 mm Hg 

above P
v
, as shown by substitution into Eq. 10.3:

	 Pa = Pv + QrR = Pv + (5 × 20)	 (10.14)

By solving Eqs. 10.11 and 10.14 simultaneously, we 
find that P

a
 rises to a value of 95 mm Hg above P

mc
, and 

P
v
 falls to a value 5 mm Hg below P

mc
. In Fig. 10.10, there-

fore, P
v
 declines to 2 mm Hg and P

a
 rises to 102 mm Hg. 

The resulting pressure gradient of 100 mm Hg will force a 
cardiac output of 5 L/min through a constant peripheral 
resistance of 20 mm Hg/L/min.

CO = 0

Pa = 26

Pa = 102

Pv = 7
Pv = 6 Pv = 2

Pa = 7

120

100

80

60

40

20

0
7.5

5
2.5

0
1 2

CO = 1 CO = 5

Pa

Pv

Fig. 10.10  Changes in arterial (Pa ) and venous (Pv  ) pressures in 
the circulatory model shown in Fig. 10.8. The total peripheral 
resistance is 20 mm Hg/L/min, and the ratio of Cv to Ca is 19:1. 
The cardiac output (CO) is 0 to the left of arrow 1. It is increased 
to 1 L/min at arrow 1, and to 5 L/min at arrow 2.
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The following equation for P
v
 as a function of Q

r
 in the 

model is derived from Eqs. 10.2, 10.7, 10.9, and 10.10:

	 Pv =− (RCa/Ca + Cv)Qr + Pmc	 (10.15)

Eq. 10.15 has the form of a straight line and satisfies 
the relation y = mx + b. Note that the slope (m) depends 
only on R, C

a
 and C

v
. Note also that when Q

r
 = 0, then  

P
v
 = P

mc
; that is, at zero flow, P

v
 equals the mean circulatory 

pressure. 

VENOUS PRESSURE DEPENDS ON CARDIAC 
OUTPUT
Experimental and clinical observations have shown that 
changes in cardiac output do indeed evoke the alter-
ations in P

a
 and P

v
 that have been predicted previously 

for our simplified model. In an experiment on an anes-
thetized dog, for example, a mechanical pump was sub-
stituted for the right ventricle (Fig. 10.11). As the cardiac 
output, Q, was diminished in a series of small steps, P

a
 

fell and P
v
 rose.

Blood Volume
The vascular function curve is affected by variations in total 
blood volume. During circulatory standstill (i.e., zero car-
diac output), the mean circulatory pressure depends only 

on total vascular compliance and blood volume, as stated 
previously. Thus for a given vascular compliance, the mean 
circulatory pressure increases when the blood volume 
is expanded (hypervolemia), and it decreases when the 
blood volume is diminished (hypovolemia). This is illus-
trated by the y-axis intercepts in Fig. 10.12, in which the 
mean circulatory pressure is 5 mm Hg after hemorrhage 
and is 9 mm Hg after transfusion. These values compare 
with that of 7 mm Hg when the blood volume is normal 
(normovolemia).

Fig. 10.12 shows that the cardiac output at which P
v
 = 0 

varies directly with the blood volume. Therefore the max-
imal value of cardiac output becomes progressively more 
limited as the total blood volume is reduced. However, the 
pressure (P

v
 = 0) at which the veins collapse (denoted by 

the sharp change in slope of the vascular function curve) is 
not altered appreciably by changes in blood volume. This 
pressure depends only on the pressure surrounding the 
central veins.

Furthermore, the differences in P
v
 during hypervole-

mia, normovolemia, and hypovolemia in the static system 
are preserved at each level of cardiac output, such that the 
vascular function curves are parallel (see Fig. 10.12). To 
illustrate, consider the example of hypervolemia, in which 
the mean circulatory pressure is 9 mm Hg. In Fig. 10.12, 
both P

a
 and P

v
 would be 9 mm Hg, instead of 7 mm Hg, 
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Fig. 10.11  Changes in arterial (Pa ) and central venous (Pv  ) pres-
sures produced by changes in systemic blood flow (Qr  ) in a 
canine right-heart bypass preparation. Stepwise changes in 
Qr were produced by altering the rate of a mechanical pump. 
(From Levy, M. N. (1979). The cardiac and vascular factors 
that determine systemic blood flow. Circulation Research, 44, 
739–747.)

CLINICAL BOX
Similarly, a major coronary artery may suddenly become 
occluded in a human patient. The resultant acute myo-
cardial infarction (death of myocardial tissue) often 
diminishes cardiac output, which is attended by a fall in 
arterial pressure and a rise in central venous pressure.
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Fig. 10.12  Effects of increased blood volume (Transfusion 
curve) and of decreased blood volume (Hemorrhage curve) on 
the vascular function curve. Similar shifts in the vascular func-
tion curve are produced by increases and decreases, respec-
tively, in venomotor tone.
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when the cardiac output is zero. With a sudden increase 
in cardiac output to 1 L/min (see Fig. 10.10, arrow 1), if 
the peripheral resistance were still 20 mm Hg/L/min, an 
arteriovenous pressure gradient of 20 mm Hg would still 
be necessary for 1 L/min to flow through the resistance ves-
sels. This does not differ from the example for normovole-
mia. If we assume the same C

v
:C

a
 ratio of 19:1, the pressure 

gradient would be achieved by a 1–mm Hg decline in P
v
 

and a 19–mm Hg rise in P
a
. Hence a change in cardiac out-

put from 0 to 1 L/min would evoke the same 1–mm Hg 
reduction in P

v
. This change in P

v
 would apply, irrespective 

of the blood volume, as long as C
a
, C

v
, and the peripheral 

resistance were independent of the blood volume. Eq. 10.15 
also discloses that the slope of the vascular function curve 
remains constant as long as R, C

v
, and C

a
 do not change. 

Venomotor Tone
The effects of changes in venomotor tone on the vascular 
function curve closely resemble those of changes in blood 
volume. In Fig. 10.12, for example, the transfusion curve 
could just as well represent increased venomotor tone, 
whereas the hemorrhage curve could represent decreased 
tone. During circulatory standstill, for a given blood vol-
ume, the pressure within the vascular system will rise as the 
tension exerted by the smooth muscle within the vascular 
walls increases. It is principally the arteriolar and venous 
smooth muscles that are mainly under nervous or humoral 
control. The fraction of the blood volume located within 
the arterioles is very small, whereas the blood volume in 
the veins is large (see Table 1.1). Therefore, if the blood 
volume remains constant, only changes in venous tone 
can alter the mean circulatory pressure appreciably. Hence 
mean circulatory pressure rises with increased venomotor 
tone and falls with diminished tone.

Experimentally, the pressure attained shortly after 
abrupt circulatory standstill is usually above 7 mm Hg, 
even when blood volume is normal. The pressure change 
is attributable to the generalized venoconstriction elicited 
by cerebral ischemia, activation of the arterial and central 
chemoreceptors, and reduced excitation of the arterial 
baroreceptors. If resuscitation is not successful, this reflex 
response subsides as central nervous activity ceases. When 
blood volume is normal, the mean circulatory pressure 
usually approaches a value close to 7 mm Hg. 

Blood Reservoirs
Venoconstriction is considerably greater in certain regions 
of the body than in others. Large vascular beds that 
undergo appreciable venoconstriction constitute blood 
reservoirs. The vascular bed of the skin is one of the major 
blood reservoirs in humans. Blood loss evokes profound 
subcutaneous venoconstriction, which is responsible for 

the characteristic pale appearance of the skin in people 
who have lost a substantial amount of blood. The result-
ing diversion of blood away from the skin liberates several 
hundred milliliters of blood to be perfused through more 
vital regions. The vascular beds of the liver, lungs, and 
spleen are also important blood reservoirs. In the dog, the 
spleen is packed with red blood cells, and it can constrict 
to a small fraction of its normal size. During hemorrhage, 
this mechanism autotransfuses blood of high erythrocyte 
content into the general circulation. However, in humans 
the volume changes of the spleen are considerably smaller 
(see also Chapter 13). 

Peripheral Resistance
The changes in the vascular function curve induced by 
changes in arteriolar tone are shown in Fig. 10.13. The arte-
rioles contain only about 3% of the total blood volume (see 
Table 1.1). Changes in the contractile state of these vessels 
do not significantly alter the mean circulatory pressure, 
as stated previously. Thus the family of vascular function 
curves that represent different peripheral resistances con-
verges at a common point on the ordinate.

At any given cardiac output, P
v
 varies inversely with 

the arteriolar tone, all other factors remaining constant. 
Arteriolar constriction sufficient to double the peripheral 
resistance causes a twofold rise in P

a
. In the example shown 

in Fig. 10.10, a change in the cardiac output from 0 to 1 L/
min (arrow 1) caused P

a
 to rise from 7 to 26 mm Hg, an 

increment of 19 mm Hg. If peripheral resistance had been 
twice as great, the same change in cardiac output would 
have evoked twice as great an increment in P

a
.
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Fig. 10.13  Effects of arteriolar vasodilation and vasoconstric-
tion on the vascular function curve.
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To achieve this greater rise in P
a
, twice as great an incre-

ment in blood volume would be required on the arterial side 
of the circulation, if the arterial compliance remained con-
stant. Given a constant total blood volume, this larger arte-
rial volume signifies a corresponding reduction in venous 
volume. Hence the decrement in venous volume would be 
twice as great when the peripheral resistance was doubled.

If venous compliance remained constant, a twofold 
reduction in venous volume would be reflected by a two-
fold decline in P

v
. Therefore an increase in cardiac output 

from 0 L/min to 1 L/min (see Fig. 10.10, arrow 1) would 
have caused a 2–mm Hg decrement in P

v
, to a level of 5 

mm Hg. Similarly, greater increases in cardiac output 
would have evoked proportionately greater decrements in 
P

v
 under conditions of increased peripheral resistance than 

when the levels of resistance were normal.
This relationship between the peripheral resistance and 

the decrement in P
v
, together with the failure of periph-

eral resistance to affect the mean circulatory pressure, 
accounts for the clockwise rotation of the vascular function 
curves with increased peripheral resistance (see Fig. 10.13). 
Conversely, arteriolar vasodilation is associated with a coun-
terclockwise rotation from the same vertical axis intercept. A 
higher maximal level of cardiac output is attainable when the 
resistance vessels are dilated than when they are constricted. 

CARDIAC OUTPUT AND VENOUS RETURN 
ARE CLOSELY ASSOCIATED
Except for small, transient disparities, the heart is unable 
to pump any more blood than is delivered to it through 
the venous system. Similarly, because the circulatory sys-
tem is a closed circuit, the venous return must equal the 
cardiac output over any appreciable time interval. The flow 
around the entire closed circuit depends on the capabil-
ity of the pump, the characteristics of the circuit, and the 
total volume of fluid in the system. Cardiac output and 
venous return are simply two terms for the flow around the 
closed circuit. Cardiac output is the volume of blood being 
pumped by the heart per unit time; venous return is the 
volume of blood returning to the heart per unit time. At 
equilibrium, these two flows are equal.

The techniques of circuit analysis are applied here in an 
effort to gain some insight into the control of flow around 
the vascular circuit. Acute changes in cardiac contractil-
ity, peripheral resistance, or blood volume may transiently 
affect cardiac output and venous return disparately. Except 
for such brief disparities, however, such factors simply alter 
flow around the entire circuit. Whether one thinks of that 
flow as cardiac output or as venous return is irrelevant. 
Many writers have ascribed a reduction in cardiac output 
during some intervention, such as hemorrhage, to a decrease 

in venous return. Such an explanation, however, may be an 
example of circular reasoning. Hemorrhage reduces flow 
around the entire circuit, for reasons to be elucidated. To 
attribute the reduction in cardiac output to a curtailment of 
venous return is equivalent to ascribing the decrease in total 
blood flow to a decrease in total blood flow! 

THE HEART AND VASCULATURE ARE 
COUPLED FUNCTIONALLY
In accordance with Starling’s law of the heart, cardiac output 
depends intimately on the right atrial (or central venous) 
pressure. Furthermore, right atrial pressure is approximately 
equal to right ventricular end-diastolic pressure, because the 
normal tricuspid valve constitutes a low-resistance junction 
between the right atrium and right ventricle. In the discus-
sion that follows, graphs of cardiac output as a function of 
central venous pressure (P

v
) are called cardiac function 

curves. Extrinsic regulatory influences may be expressed as 
shifts in such curves, as indicated previously (see Fig. 5.23).

A typical cardiac function curve is plotted on the same 
coordinates as a normal vascular function curve in Fig. 
10.14. The cardiac function curve is plotted according to the 
usual convention; that is, the variable (P

v
) plotted along 
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Fig. 10.14  Typical vascular and cardiac function curves plotted 
on the same coordinate axes. Note that to plot both curves on 
the same graph, it is necessary to reverse the x and y axes for 
the vascular function curves shown in Figs. 10.9, 10.12, and 
10.13. The coordinates of the equilibrium point, at the inter-
section of the cardiac and vascular function curves, represent 
the stable values of cardiac output and central venous pres-
sure at which the system tends to operate. Any perturbation 
(e.g., when venous pressure is suddenly increased to point A) 
institutes a sequence of changes in cardiac output and venous 
pressure that restore these variables to their equilibrium values 
(points B through D; see text for explanation).
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the abscissa is the independent variable (stimulus), and the 
variable (cardiac output) that is plotted along the ordinate 
is the dependent variable (response). In accordance with 
the Frank-Starling mechanism, the cardiac function curve 
reveals that a rise in P

v
 causes an increase in cardiac output.

Conversely, the vascular function curve describes an 
inverse relationship between cardiac output and P

v
; that 

is, a rise in cardiac output causes a reduction in P
v.
 P

v
 is 

the dependent variable (or response), and cardiac output 
is the independent variable (or stimulus) for the vascular 
function curve. By convention, P

v
 should be scaled along 

the y-axis, and cardiac output should be scaled along the 
x-axis. Note that this convention is observed for the vascu-
lar function curves displayed in Figs. 10.9, 10.12, and 10.13.

However, to include the vascular function curve on the 
same set of coordinate axes with the cardiac function curve 
(see Fig. 10.14), it is necessary to violate the plotting con-
vention for one of these curves. We have arbitrarily violated 
the convention for the vascular function curve. Note that the 
vascular function curve in Fig. 10.14 reflects how P

v
 (scaled 

along the x-axis) varies in response to a change of cardiac out-
put (scaled along the y-axis).

The equilibrium point of a system represented by a 
given pair of cardiac and vascular function curves is defined 
by the intersection of these two curves. The coordinates of 
this equilibrium point represent the values of cardiac out-
put and P

v
 at which such a system tends to operate. Only 

transient deviations from such values for cardiac output 
and P

v
 are possible, as long as the given cardiac and vascu-

lar function curves accurately describe the system.
The tendency for the cardiovascular system to oper-

ate around such an equilibrium point may best be illus-
trated by examining its response to a sudden perturbation. 
Consider the changes elicited by a sudden rise in P

v
 from 

the equilibrium point to point A in Fig. 10.14. Such a 
change might be induced by rapid injection, during ven-
tricular diastole, of a given volume of blood on the venous 
side of the circuit. The injection of the volume of blood 
would be accompanied by the withdrawal of an equal vol-
ume from the arterial side, so that the total blood volume 
would remain constant.

As defined by the cardiac function curve in Fig. 10.14, 
this elevated P

v
 would increase cardiac output (A to B) 

during the very next ventricular systole. The increased 
cardiac output, in turn, would result in the net transfer of 
blood from the venous to the arterial side of the circuit, 
with a consequent reduction in P

v
. In one heartbeat, the 

reduction in P
v
 would be small (B to C) because the heart 

would transfer only a tiny fraction of the total venous blood 
volume over to the arterial side. Because of this reduction 
in P

v
, the cardiac output during the very next beat dimin-

ishes (C to D) by an amount dictated by the function curve. 

Because point C is still above the intersection point, the 
heart will pump blood from the veins to the arteries at a 
rate greater than that at which the blood will flow across 
the peripheral resistance from arteries to veins. Hence P

v
 

will continue to fall. This process will continue, in dimin-
ishing steps, until the point of intersection is reached. Only 
one specific combination of cardiac output and venous 
pressure (denoted by the coordinates of the point of inter-
section) will simultaneously satisfy the requirements of the 
cardiac and vascular function curves.

Myocardial Contractility
Combinations of cardiac and vascular function curves help 
explain the effects of alterations in ventricular contrac-
tility. In Fig. 10.15, the lower cardiac function curve rep-
resents the control state, whereas the upper curve reflects 
an increased contractility. This pair of curves is analogous 
to the family of ventricular function curves shown in Fig. 
5.23. The enhancement of ventricular contractility might 
be achieved by electrical stimulation of the cardiac sym-
pathetic nerves. If the effects of such stimulation were 
restricted to the heart, the vascular function curve would 
be unaffected. Therefore one vascular function curve 
would suffice, as shown in Fig. 10.15.

During the control state, the equilibrium values for car-
diac output and P

v
 are designated by point A. Cardiac sym-

pathetic nerve stimulation would abruptly raise cardiac 
output to point B, because of the enhanced contractility, 
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Fig. 10.15  Enhancement of myocardial contractility, as by 
cardiac sympathetic nerve stimulation, causes the equilibrium 
values of cardiac output and venous pressure (Pv) to shift from 
the intersection (point A) of the control vascular and cardiac 
function curves (solid lines) to the intersection (point D) of the 
same vascular function curve with the cardiac function curve 
(dashed line) that represents enhanced myocardial contractility. 
See text for explanation of points B and C.
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before P
v
 would change appreciably. However, this high car-

diac output would increase the net transfer of blood from 
the venous to the arterial side of the circuit. Consequently, 
P

v
 would begin to fall (point C). Cardiac output would 

continue to fall until a new equilibrium point (D) was 
reached. This point is located at the intersection of the vas-
cular function curve with the new cardiac function curve. 
The new equilibrium point (D) lies above and to the left of 
the control equilibrium point (A). This shift reveals that 
sympathetic stimulation evokes a greater cardiac output at 
a lower level of P

v
.

Such a change accurately describes the true response. 
In the experiment depicted in Fig. 10.16, the left stellate 
ganglion was stimulated between the two arrows. During 
stimulation, aortic flow (cardiac output) rose quickly to 
a peak value. The flow then fell gradually to a steady-state 
value, which was significantly greater than the control level. 
The increased aortic flow was accompanied by reductions 
in right and left atrial pressures (P

RA
 and P

LA
). The initial, 

abrupt rise in cardiac output in this experiment represents 
the shift from A to B in Fig. 10.15, whereas the subsequent, 

more gradual reductions in cardiac output and atrial pres-
sure in the experiment represent the progressive shift from 
B to D. 

Blood Volume
Changes in blood volume affect the vascular function curve 
in the manner shown in Fig. 10.12. To understand the cir-
culatory alterations evoked by a given change in blood 
volume, the appropriate cardiac function curve should be 
plotted along with the vascular function curves that repre-
sent the control and experimental states.

Fig. 10.17 illustrates the response to a blood transfusion. 
Equilibrium point B, which denotes the values for cardiac 
output and P

v
 after transfusion, lies above and to the right 

of the control equilibrium point, A. Thus the transfusion 
increases both cardiac output and P

v
. Hemorrhage has the 

opposite effect. Mechanistically, the change in ventricu-
lar filling pressure (central venous pressure), evoked by a 
given change in blood volume, alters cardiac output. This 
is accomplished by changing the sensitivity of the contrac-
tile proteins to the prevailing level of intracellular Ca++, 
as explained in Chapter 4. Pure increases or decreases in 
venomotor tone elicit responses analogous to those evoked 
by augmentations or reductions, respectively, of the total 
blood volume, for reasons discussed later. 

Peripheral Resistance
Predictions concerning the effects of changes in peripheral 
vascular resistance are complex because both the cardiac 
and vascular function curves shift. With increased periph-
eral resistance (Fig. 10.18), the vascular function curve is 
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Fig. 10.16  During electrical stimulation of the left stellate gan-
glion (containing cardiac sympathetic nerve fibers), aortic blood 
flow increased whereas pressures in the left atrium (PLA) and 
right atrium (PRA) diminished. These data conform to the conclu-
sions derived from Fig. 10.15, in which the equilibrium values 
of cardiac output and venous pressure are observed to shift 
from point A to point D during cardiac sympathetic nerve stim-
ulation. (Redrawn from Sarnoff, S. J., Brockman, S. K., Gilmore, 
J. P., Linden, R. J., & Mitchell, J. H. (1960). Regulation of ven-
tricular contraction. Influence of cardiac sympathetic and vagal 
nerve stimulation on atrial and ventricular dynamics. Circulation 
Research, 8, 1108–1122.)
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curve is shifted to the right. Therefore cardiac output and ve-
nous pressure are both increased, as denoted by the transloca-
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rotated counterclockwise. However, it converges to the 
same P

v
-axis intercept as does the control curve (see Fig. 

10.13); the directions of rotation differ in Figs. 10.13 and 
10.18 because the axes were switched for the vascular func-
tion curves in the two figures. The cardiac function curve is 
also shifted downward because (1) as peripheral resistance 
increases, arterial pressure (afterload) tends to rise; and (2) 
at any given P

v
, the heart is able to pump less blood against 

a greater afterload. Because the cardiac and vascular func-
tion curves are both displaced downward, the new equilib-
rium point, B, falls below the control point, A.

Whether point B falls directly below point A or lies to 
the right or left of it depends on the magnitude of the shift 
in each curve. For example, if a given increase in peripheral 
resistance shifts the vascular function curve more than it 
does the cardiac function curve, the equilibrium point B 
will fall below and to the left of A; that is, both cardiac out-
put and P

v
 will diminish. Conversely, if the cardiac function 

curve is displaced more than the vascular function curve, 
point B will fall below and to the right of point A; that is, 
cardiac output will decrease but P

v
 will rise somewhat. 
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Fig. 10.18  An increase in peripheral resistance shifts the cardi-
ac and vascular function curves downward. At equilibrium the 
cardiac output is less (point B) when the peripheral resistance 
is high than when it is normal (point A).

CLINICAL BOX
“Heart failure” is the general term that refers to 
those conditions in which the heart is not able to 
provide adequate blood flow to the tissues of the 
body. Heart failure may be acute or chronic. Acute 
heart failure may be caused by toxic quantities of 
drugs and anesthetics or by certain pathological con-
ditions, such as a sudden coronary artery occlusion. 
Chronic heart failure may occur in such conditions as 

essential hypertension and ischemic heart disease. 
In these various forms of heart failure, myocardial 
contractility is impaired. Consequently, the cardiac 
function curve is shifted downward and to the right, 
as shown in Fig. 10.19.

In acute heart failure, blood volume does not change 
immediately. Therefore the equilibrium point of the 
cardiac and vascular function curves will shift from 
the intersection of the normal curves (see Fig. 10.19, 
point A) to the intersection of the normal vascular func-
tion curve, with a cardiac function curve that denotes 
impaired contractility (point B or C).

In chronic heart failure, both the cardiac function 
and vascular function curves shift. The vascular func-
tion curve shifts because of an increase in blood volume 
caused in part by fluid retention by the kidneys. The 
fluid retention is related to the concomitant reduction in 
glomerular filtration rate and to the greater secretion of 
aldosterone by the adrenal cortex. The resulting hyper-
volemia is reflected by a rightward shift of the vascu-
lar function curve, as shown in Fig. 10.19. Hence with 
moderate degrees of heart failure, Pv is elevated but 
cardiac output is approximately normal (point D). With 
more severe degrees of heart failure, Pv will be still 
higher but cardiac output will be subnormal (point E).
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Fig. 10.19  With moderate or severe heart failure, the cardiac 
function curves are shifted to the right. Before any change in 
blood volume, cardiac output decreases and central venous 
pressure rises (from control equilibrium point A to point B or 
C). After the increase in blood volume that usually occurs in 
heart failure, the vascular function curve is shifted to the right.  
Hence central venous pressure may be elevated with no re
duction in cardiac output (point D) or (in severe heart failure) 
with some diminution in cardiac output (point E).
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THE RIGHT VENTRICLE REGULATES NOT 
ONLY PULMONARY BLOOD FLOW BUT ALSO 
CENTRAL VENOUS PRESSURE
The interrelations between cardiac output and central 
venous pressure are complicated and perplexing. The sim-
plified circulation model includes just one pump and only 
the systemic circulation. The interrelations are much more 
complex when the systemic and pulmonary circulations 
and the left and right ventricles are included in the analy-
sis. However, the systemic and pulmonary vascular systems 
are important components of the cardiovascular systems 
in mammals, and therefore the more complete model does 
merit analysis.

Fig. 10.20 shows a more complete, but still oversimpli-
fied, cardiovascular system model that contains two pumps 
in series (the left and right ventricles) and two vascular beds 
in series (the systemic and pulmonary vasculatures). The 
series arrangement requires that the flows pumped by the 
two ventricles be virtually equal to each other over any 
substantial period. Otherwise, the blood would ultimately 
accumulate in one or the other of the vascular systems. 
Because the cardiac function curves for the two ventricles 
differ substantially, the filling (atrial) pressures for the two 
ventricles must differ appropriately to ensure equal stroke 
volumes (see Fig. 5.21).

Two basic tenets about ventricular function are (1) 
the left ventricle is the pump that forces blood through 
the systemic vasculature, and (2) the right ventricle is the 
pump that forces blood through the pulmonary vascula-
ture. Although these assertions are essentially correct, it is 

instructive to examine right ventricular function in more 
detail.

Consider the effect on the circulatory system model 
shown in Fig. 10.20 if the right ventricle suddenly ceases 
to function as a pump and instead serves as a passive, 
low-resistance conduit between the systemic veins and the 
pulmonary arteries. In such a circulatory system, the only 
pump would then be the left ventricle. The left ventricle 
would now be required to pump blood through two vas-
cular resistances in series, namely the systemic and pul-
monary resistances. We shall consider the resistance of the 
right ventricle itself to be negligible.

Normally, pulmonary resistance is about 10% as great 
as systemic resistance. The total resistance would be 10% 
greater than the systemic resistance alone (see Chapter 6) 
because the two resistances are in series with each other. In 
a normal cardiovascular system, a 10% increase in systemic 
vascular resistance would increase mean arterial pressure 
(and hence left ventricular afterload) by approximately 
10%. This would not affect left ventricular function dras-
tically. However, when the 10% increase in total resistance 
is achieved by adding a small resistance (i.e., the pulmo-
nary resistance) downstream of the systemic resistance, and 
that resistance is separated from the systemic resistance by 
a large compliance (the combined systemic venous and pul-
monary arterial compliance), the 10% increase in total resis-
tance then affects the cardiovascular system drastically.

The simulated effects of inactivating the pumping 
action of the right ventricle in a hydraulic analog of the 
circulatory system are shown in Fig. 10.21. In the model,  
the right and left ventricles generate cardiac outputs that vary 
directly with their respective filling pressures. Under con-
trol conditions, the output of the right ventricle (5 L/min)  
is equal to that of the left ventricle. The right ventricular 
pumping action causes the pressure in the pulmonary 
artery to exceed the pressure in the pulmonary veins by an 
amount that will force fluid through the pulmonary vascu-
lar resistance at a rate of 5 L/min.

When the right ventricle ceases pumping (arrow 1), 
the systemic venous and pulmonary arterial systems 
become a common passive conduit with a large compli-
ance. Pulmonary arterial pressure decreases (not shown), 
and systemic venous pressure rises to a common value (5 
mm Hg in Fig. 10.21). At this low pressure, however, fluid 
flows from the pulmonary arteries to the pulmonary veins 
at a greatly reduced rate. At the same time, the left ven-
tricle initially pumps fluid from the pulmonary veins to 
the systemic arteries at the control rate of 5 L/min. Hence 
pulmonary venous pressure drops precipitously. Left ven-
tricular (cardiac) output also drops abruptly because pul-
monary venous pressure is the preload for the left ventricle. 
This effect, in turn, results in a rapid reduction in systemic 

LV

RV

Rp Rs

Pulmonary veins Systemic arteries 

Pulmonary arteries Systemic veins

Fig. 10.20  Simplified cardiovascular system model that con-
sists of left (LV) and right (RV) ventricles, systemic (Rs ) and pul-
monary (Rp ) vascular resistances, systemic arterial and venous 
compliances, and pulmonary arterial and venous compliances. 
Arrows indicate direction of blood flow.
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arterial pressure. In summary, cessation of right ventricu-
lar pumping causes marked reductions in cardiac output, 
in systemic arterial pressure, and in pulmonary venous 
pressure as well as a modest rise in systemic venous pres-
sure (see Fig. 10.21).

Most of the hemodynamic problems induced by inacti-
vating the right ventricle can be reversed by increasing the 
fluid (blood) volume of the system (see Fig. 10.21, arrow 2). 
If fluid is added until pulmonary venous pressure is raised 
to its control value, cardiac output and systemic arterial 
pressure are restored to normal, but systemic venous pres-
sure is abnormally elevated. In a human subject, such a rise 

in systemic venous pressure may lead to the accumulation 
of fluid (edema) in the dependent regions of the body; such 
edema is characteristic of right heart failure.

Severe contractile failure of the right ventricle is the 
equivalent of overstressing the left ventricle by adding in 
series a relatively small (10%) hydraulic resistance (pulmo-
nary vascular resistance) to the normal systemic vascular 
resistance. Ordinarily, increasing the systemic vascular 
resistance itself by 10% does not seriously stress the cardio-
vascular system. However, when the 10% additional resis-
tance is downstream of the systemic venous bed (which has 
a very large compliance), it may diminish cardiac output 
drastically. The main compensatory response of the body is 
to increase blood volume, in part by renal retention of fluid 
and electrolytes. However, this compensatory response 
may lead to severe peripheral edema.

With these findings in mind, we might reassess the 
principal function of the right ventricle as follows: From 
the viewpoint of providing sufficient flow of blood to all 
the tissues in the body, the left ventricle alone is adequate 
to carry out this function. The operation of two ventricles 
in series is not essential to provide adequate blood flow to 
the tissues. The crucial function of the right ventricle is there-
fore to prevent the rise in systemic venous (and pulmonary 
arterial) pressure that would be required to force the normal 
cardiac output through the pulmonary vascular resistance. 
Preventing the abnormal rise in systemic venous pressure 
also prevents extensive dependent edema. 
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Fig. 10.21  The changes in cardiac output, systemic arterial 
pressure (Psa ), systemic venous pressure (Psv  ), and pulmonary 
venous pressure (Ppv  ) evoked by simulated right ventricular 
failure and by simulated fluid infusion in the circulatory model 
shown in Fig. 10.20. At arrow 1, the pumping action of the right 
ventricle was discontinued (simulated right ventricular [RV] 
failure), and the right ventricle served only as a low-resistance 
conduit. At arrow 2, fluid volume was expanded, and the right 
ventricle continued to serve only as a conduit. (Modified from 
Furey, S. A., Zieske, H. A., & Levy, M. N. (1984). The essential 
function of the right ventricle. American Heart Journal, 107, 
404–410.)

CLINICAL BOX
Any change in contractility that affects the two ventri-
cles disparately alters the distribution of blood volume 
in the two vascular systems. For example, if a coronary 
artery to the left ventricle becomes occluded suddenly, 
left ventricular contractility is impaired and left ventric-
ular failure ensues. Instantaneously, left atrial pressure 
does not change perceptibly and the left ventricle begins 
to pump a diminished flow. If the right ventricle is not 
affected by the acute coronary artery occlusion, the right 
ventricle initially continues to pump the normal flow. The 
disparate right and left ventricular outputs result in a pro-
gressive increase in left atrial pressure and a progressive 
decrease in right atrial pressure. Therefore left ventric-
ular output increases toward the normal value and the 
right ventricular output falls below the normal value. This 
process continues until the outputs of the two ventricles 
become equal again. At this new equilibrium, the outputs 
of the two ventricles are subnormal. The elevated left 
atrial pressure is accompanied by an equally elevated pul-
monary venous pressure, which can have serious clinical 

Continued
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HEART RATE HAS AMBIVALENT EFFECTS ON 
CARDIAC OUTPUT
Cardiac output is the product of stroke volume and heart rate. 
The preceding analysis of the control of cardiac output was, 
in reality, restricted to the control of stroke volume, and the 
role of heart rate was neglected. The effect of changes in heart 
rate on cardiac output are now considered. The analysis is 
complex, because a change in heart rate alters the other three 
factors (preload, afterload, and contractility) that determine 
stroke volume (see Fig. 10.1). An increase in heart rate, for 
example, would decrease the duration of diastole. Hence ven-
tricular filling would be diminished; that is, preload would be 
reduced. If the proposed increase in heart rate did alter car-
diac output, the arterial pressure would change; that is, after-
load would be changed. Finally, the rise in heart rate would 
increase the net rate of Ca++ influx into the myocardial cells, 
enhancing myocardial contractility (see Chapter 4).

Heart rate has been varied by artificial pacing in many 
types of experimental preparations and in humans. The 
effects on cardiac output have usually resembled the exper-
imental results shown in Fig. 10.22. In this experiment on 

an anesthetized dog, the stroke volume progressively dimin-
ished as the atrial pacing frequency was gradually increased 
(see Fig. 10.22A). Presumably, the curtailment of stroke vol-
ume was induced by the abridged time for ventricular filling.

The change in cardiac output induced by a change in heart 
rate is influenced markedly by the actual level of the heart rate. 
In the experiment shown in Fig. 10.22, for example, as the pac-
ing frequency was increased within the range of 50 to 100 beats 
per minute (beats/min), an increase in heart rate augmented 
the cardiac output (Q

h
). Over this lower frequency range, 

the reduction in stroke volume evoked by a given increase in 
heart rate (HR) was proportionately less than the increase in 
heart rate itself. Consequently, because Q

h
 = SV × HR, a given 

increment in HR would exceed the induced decrement in SV. 
Hence the induced Q

h
 would exceed the initial Q

h
.

Over the frequency range from about 100 to 200 beats/
min, however, cardiac output was not affected apprecia-
bly by changes in pacing frequency (see Fig. 10.22B). As 
the pacing frequency was increased, the stroke volume 
decreased in proportion to the increase in heart rate. 
Finally, at excessively high pacing frequencies (above 200 
beats/min), increments in heart rate decreased the cardiac 
output. Therefore the induced decrement in SV must have 
exceeded the increment in HR over this high range of pac-
ing frequencies. Although the relationship of Q

h
 to HR is 
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Fig. 10.22  The changes in stroke volume (A) and cardiac output 
(B) induced by changing the rate of atrial pacing in an anesthe-
tized dog. (Redrawn from Kumada, M., Azuma, T., & Matsuda K. 
(1967). The cardiac output-heart rate relationship under different 
conditions. Japanese Journal of Physiology, 17, 538–555.)

consequences. The high pulmonary venous pressure can 
increase lung stiffness and lead to respiratory distress 
by increasing the mechanical work of pulmonary ventila-
tion. Furthermore, the high pulmonary venous pressure 
elevates the hydrostatic pressure in the pulmonary cap-
illaries, and hence may lead to transudation of fluid from 
the pulmonary capillaries to the pulmonary interstitium 
or into the alveoli themselves (pulmonary edema). The 
last of these consequences may be lethal.

CLINICAL BOX—cont’d

CLINICAL BOX
In humans, right heart failure may be caused by occlu-
sive disease predominantly of the coronary vessels to 
the right ventricle; these vessels are affected much less 
commonly than are the vessels to the left ventricle. The 
major hemodynamic effects of acute right heart fail-
ure are pronounced reductions in cardiac output and in 
arterial blood pressure, and the principal treatment con-
sists of infusion of blood or plasma. Bypass of the right 
ventricle is not infrequently implemented surgically for 
patients with certain congenital cardiac defects, such as 
severe narrowing of the tricuspid valve and maldevel-
opment of the right ventricle. The effects of acute right 
heart failure or of right ventricular bypass are direction-
ally similar to those predicted by the model study (see 
Fig. 10.21).
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characteristically that of an inverted U, the relationship 
varies quantitatively among subjects and among physio-
logical states in any given subject.

The reason for the observed correlations between cardiac 
output and heart rate should be interpreted very cautiously. 
During physical exercise, for example, cardiac output and heart 
rate often rise proportionately, and stroke volume may change 
very little (see Chapter 13). One is tempted to conclude that 
the increase in cardiac output must be caused by the observed 
increase in heart rate, because the correlation between cardiac 
output and heart rate is striking. However, Fig. 10.22 empha-
sizes that, over a wide range of heart rates, a change in heart 
rate has little influence on cardiac output. Several studies on 
exercising subjects have confirmed that, even during exer-
cise, changes in pacing frequency over a substantial frequency 
range do not alter cardiac output very much.

The principal increase in cardiac output during exercise 
must therefore be ascribed to (1) the pronounced reduc
tion in peripheral vascular resistance, (2) the positive ino-
tropic effect of the increased sympathetic neural activity on 
the ventricular myocardium, and (3) the auxiliary pumping 
action of the contracting skeletal muscles. These factors are 
combined with the directional effects on blood flow brought 

about by the venous valves (as explained later in this chap-
ter). The attendant changes in heart rate are not inconse-
quential, however. If the heart rate cannot increase normally 
during exercise, the augmentation of cardiac output and the 
capacity for exercise may be severely limited. The increase 
in heart rate plays a permissive role in augmenting cardiac 
output, even if it is not proper to assign HR to a primary, 
causative role. The mechanisms responsible for raising heart 
rate in precise proportion to the increase in cardiac output 
are undoubtedly neural in origin, but the specific compo-
nents of the reflex arcs have not yet been elucidated. 

ANCILLARY FACTORS AFFECT THE VENOUS 
SYSTEM AND CARDIAC OUTPUT
The relationships between central venous pressure and car-
diac output have been explained in an oversimplified fash-
ion, and the described effects have been evoked by changes in 
isolated variables. However, because many feedback control 
loops regulate the cardiovascular system, an isolated change in 
a single variable rarely occurs. A change in blood volume, for 
example, reflexly alters cardiac function, peripheral resistance, 
and venomotor tone. Several auxiliary factors also regulate 
cardiac output. Such ancillary factors may be considered to 
modulate the more basic factors that we have considered here.

Gravity
Gravitational forces may affect cardiac output profoundly. 
It is not unusual for some soldiers standing at attention 
to faint because cardiac output is reduced. Gravitational 
effects are exaggerated in airplane pilots during pullouts 
from dives. The centrifugal force in the footward direc-
tion may be several times greater than the force of gravity. 
Such individuals characteristically black out momentarily 
during the maneuver, as blood is drained from the cephalic 
regions and pooled in the lower parts of the body.

The explanation for the reduction in cardiac output under 
such conditions is often specious. It is frequently argued that 
when an individual is standing, the forces of gravity impede 
venous return from the dependent regions of the body. This 
statement is incomplete, however, because it ignores the facil-
itative counterforce on the arterial side of the same circuit.

In this sense the vascular system resembles a U tube. To 
comprehend the action of gravity on flow through such a 
system, the models depicted in Figs. 10.23 and 10.24 are 
analyzed. In Fig. 10.23, for example, all the U tubes repre-
sent rigid cylinders of constant diameter. With both limbs 
of the U tube oriented horizontally (see Fig. 10.23A), the 
flow depends only on the pressures at the inflow and out-
flow ends of the tube (P

i
 and P

o
, respectively), the viscosity  

of the fluid, and the length and radius of the tube, in accor-
dance with Poiseuille’s equation (see Chapter 6). With a  
constant cross section, the pressure gradient is uniform; 

CLINICAL BOX
The characteristic relationship between cardiac output 
and heart rate explains the urgent need for treatment of 
patients who have excessively slow or excessively fast 
heart rates. Profound bradycardias (slow rates) may occur 
as the result of a very slow sinus rhythm in patients with 
sick sinus syndrome or as the result of a slow idioventricu-
lar rhythm in patients with complete atrioventricular block. 
In either rhythm disturbance, the capacity of the ventricles 
to fill during a prolonged diastole is limited (often by the 
noncompliant pericardium). Hence cardiac output usually 
decreases substantially because the very slow heart rate 
cannot be overcome by a sufficiently great stroke volume. 
Consequently, these rhythm disturbances often require 
installation of an artificial pacemaker.
At the other end of the heart rate spectrum, excessively 
high heart rates in patients with supraventricular or ven-
tricular tachycardias often require emergency treatment 
because their cardiac outputs may be critically low. In 
such patients, the filling time is so restricted at very 
high heart rates that small additional reductions in filling 
time elicit disproportionately severe reductions in filling 
volume. Reversion of the tachycardia to a more normal 
rhythm can usually be accomplished pharmacologically. 
However, cardioversion, which delivers a strong electric 
current across the thorax or directly to the heart through 
an implanted device, may be required in emergencies.
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hence the pressure midway down the tube (P
m

) equals the 
average of the inflow and outflow pressures.

When the U tube is oriented vertically (see Fig. 10.23B–D),  
hydrostatic forces must be taken into consideration. In 
tube B, both limbs are open to atmospheric pressure, and 
both ends are located at the same hydrostatic level; hence 
there is no flow. The pressure at the midpoint of the tube 
is simply ρhg. The pressure depends on the density of the 
fluid, ρ; the height of the U tube, h; and the acceleration of 
gravity, g. In the example in Fig. 10.23, the length of the U 
tube is such that the midpoint pressure is 80 mm Hg.

Now consider tube C, which is oriented the same as is 
tube B but in which a 100–mm Hg pressure difference is 
applied across the two ends. The flow precisely equals that 
in tube A, because the pressure gradient, tube dimensions, 
and fluid viscosity are all the same. Gravitational forces are 
precisely equal in magnitude, but opposite in direction, in 
the two limbs of the U tube. Because the flow is the same as 
that in A, there is a pressure drop of 50 mm Hg at the mid-
point as a result of the viscous losses that result from flow. 
Furthermore, gravity tends to increase pressure by 80 mm 
Hg at the midpoint, just as in tube B. The actual pressure at 
the midpoint of tube C is the result of the viscous loss and 
hydrostatic gain, or 130 mm Hg in this example.

In tube D, a pressure gradient of 100 mm Hg is applied 
to the same U tube, but the tube is oriented in the oppo-
site direction. Gravitational forces are so directed that the 

pressure at the midpoint tends to be 80 mm Hg less than 
that at the end of the U tube. Viscous losses still produce 
a 50–mm Hg pressure drop at the midpoint, relative to P

i
. 

With this orientation, pressure at the midpoint of the U 
tube is 30 mm Hg below ambient pressure. Flow is the same 
as in tubes A and C, for the reasons stated in relation to C.

In a system of rigid U tubes, gravitational effects do not 
alter the rate of fluid flow. However, experience shows that 
gravity does affect the cardiovascular system. The reason is 
that the vessels are distensible rather than rigid. To explain the 
gravitational effects, the pressures in a set of U tubes with dis-
tensible components (at the bends in the tubes of Fig. 10.24) 
are examined. In tubes A and B in Fig. 10.24, the pressure 
distributions resemble those in tubes A and C, respectively, 
in Fig. 10.23. In Fig. 10.24, because the pressure is higher at 
the bend of tube B than at the bend of tube A, and because the 
segments are distensible in this region, the distention at the 
bend in tube B exceeds that at the bend in tube A. The extent 
of the distention depends on the compliance of these tube 
segments. Because flow varies directly with the tube diame-
ter, the flow through tube B exceeds the flow through tube A 
for a given pressure difference applied at the ends.

Orienting a U tube with its bend downward actually 
increases, rather than diminishes, the flow. How then is the 
observed impairment of cardiovascular function explained 
when the body is similarly oriented? The explanation is that 
the cardiovascular system is a closed circuit of constant fluid 
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Fig. 10.24  In U tubes with distensible sections at the bends, 
even when inflow (Pi) and outflow (Po) pressures are the same, 
the resistance to flow, and the fluid volume contained within 
each tube, varies with the orientation of the tube. Pm, Pressure 
at the midpoint of the tube.
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Fig. 10.23  Pressure distributions in rigid U tubes with constant in-
ternal diameters, all with the same dimensions. For a given inflow 
pressure (Pi = 100) and outflow pressure (Po = 0), the pressure at 
the midpoint (Pm) depends on the orientation of the U tube, but 
the flow through the tube is independent of the orientation.
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(blood) volume, whereas the U tube is an open conduit that is 
supplied by a fluid source of unlimited volume. In the depen-
dent regions of the cardiovascular system, the distention occurs 
more on the venous than on the arterial side of the circuit, 
because the venous compliance is so much greater than the 
arterial compliance. Such venous distention is readily observed 
on the back of the hands when the arms are allowed to hang 
down. The hemodynamic effects of such venous distention 
(venous pooling) resemble those caused by the hemorrhage of 
an equivalent volume of blood from the body. When an adult 
person shifts from a supine position to a relaxed standing posi-
tion, 300 to 800 mL of blood is pooled in the legs. This change 
may reduce cardiac output by about 2 L/min.

The compensatory adjustments to the erect position 
are similar to the adjustments to blood loss. For example, 
the diminished baroreceptor excitation reflexly speeds the 
heart, strengthens the cardiac contraction, and constricts 
the arterioles and veins. The baroreceptor reflex has a 
greater effect on the resistance vessels than on the capac-
itance vessels. Warm, ambient temperatures interfere with 
the compensatory vasomotor reactions, and the absence of 
muscular activity exaggerates the effects.

When the U tube is rotated so that the bend is directed 
upward (see Fig. 10.24, tube C), the effects are opposite to 
those that take place in tube B. The pressure at the bend of 
tube C would tend to be −30 mm Hg, just as in tube D in 
Fig. 10.23. However, the distensible segment of tube C col-
lapses because the ambient pressure exceeds the internal pres-
sure. Flow then ceases, and therefore the pressure decrease 
associated with viscous flow does not occur. In U tube C, when 
flow stops, the pressure at the top of each limb is 80 mm Hg 
less than at the bottom (the hydrostatic pressure difference). 
Hence in the left (or inflow) limb, the pressure begins to rise 
rapidly from a negative value. If the tube remained collapsed 
at the bend, the pressure to the left of the collapsed segment 
would rapidly approach 20 mm Hg. However, as soon as this 
pressure exceeds the ambient pressure (0 mm Hg), the col-
lapsed tubing is forced open, and flow begins. With the onset 
of flow, however, pressure at the bend again drops below the 
ambient pressure. Thus the tubing at the bend flutters; that is, 
it fluctuates between the open and closed states.

When an arm is raised, the cutaneous veins in the hand 
and forearm collapse, for the reasons described previously. 
Fluttering does not occur, because the deeper veins are 
protected from collapse by being tethered to surround-
ing structures. This protection allows these deeper veins to 
accommodate the flow that is ordinarily carried by the col-
lapsed superficial veins. The analogy would be to add a rigid 
tube (which represents the deeper veins) in parallel with the 
collapsible tube (which represents the superficial veins) at 
the bend of tube C in Fig. 10.24. The collapsible tube would 
no longer flutter but it would remain closed. All flow would 
occur through the rigid tube, just as in tube D in Fig. 10.23. 

Muscular Activity and Venous Valves
When a person who is recumbent stands but remains 
at rest, the pressure rises in the veins in the dependent 
regions of the body. The venous pressure in the legs 
increases gradually, and it does not reach an equilibrium 
value until almost 1 minute after standing. The slowness 
of this rise in P

v
 is attributable to the venous valves, which 

permit flow only toward the heart. When the person 
stands, the valves prevent blood in the veins from actu-
ally falling toward the feet. Hence the column of venous 
blood is supported at numerous levels by these valves; 
temporarily, the venous column consists of many dis-
continuous segments. However, blood continues to enter 
the column from many venules and small tributary veins, 
and the pressure continues to rise. As soon as the pressure 
in one segment exceeds that in the segment just above it, 
the intervening valve is forced to open. Ultimately, all the 
valves are open and the column is continuous. This state 
resembles that in the outflow limbs of the U tubes shown 
in Figs. 10.23 and 10.24.

Precise measurement reveals that the final level of P
v
 in 

the feet during quiet standing is only slightly greater than 
that in a static column of blood extending from the right 
atrium to the feet. This finding indicates that the pres-
sure drop caused by blood flow from the foot veins to the 
right atrium is very small. This very low resistance justifies 
regarding all the veins as a common venous compliance in 
the circulatory system model illustrated in Fig. 10.8.

CLINICAL BOX
Many of the drugs used to treat hypertension also 
interfere with the reflex adaptation to standing. Simi-
larly, astronauts exposed to weightlessness lose their 
adaptations after a few days in space and experience 
difficulties when they first return to earth. When indi-
viduals with impaired reflex adaptation stand, their 
blood pressure may drop substantially. This response, 
called orthostatic hypotension, may cause lightheaded-
ness or fainting.

CLINICAL BOX
The superficial veins in the neck are ordinarily partially 
collapsed when a normal individual is upright. Blood 
returns to the heart from the head mainly through the 
deeper cervical veins. However, when central venous 
pressure is abnormally elevated, the superficial neck 
veins are distended and do not collapse even when 
the subject sits or stands. Such cervical venous disten-
tion is an important clinical sign of congestive heart 
failure.
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When an individual who has been standing quietly 
begins to walk, the venous pressure in the legs decreases 
appreciably (Fig. 10.25). Blood is forced from the veins 
toward the heart because of the intermittent venous 
compression exerted by the contracting leg muscles and 
because of the presence of the venous valves (see Fig. 
12.2). Hence muscular contraction lowers the mean 
venous pressure in the legs, and it serves as an auxiliary 
pump. Furthermore, it prevents venous pooling and 
lowers capillary hydrostatic pressure, thereby reducing 
the tendency for edema fluid to collect in the feet during 
standing. 

Respiratory Activity
The normal, periodic activity of the respiratory muscles 
causes rhythmic variations in vena caval blood flow. Thus 
respiration constitutes an auxiliary pump to promote 
venous return. Coughing, straining at stool, and other 

activities that require respiratory muscle exertion may 
affect cardiac output substantially.

The changes in blood flow in the superior vena cava 
during the normal respiratory cycle are shown in Fig. 
10.26. During normal respiration, the reduction in intra-
thoracic pressure is transmitted to the lumina of the intra-
thoracic blood vessels. Central venous pressure is reduced 
during inspiration, increasing the pressure gradient 
between extrathoracic and intrathoracic veins. The conse-
quent acceleration of venous return to the right atrium is 
displayed in Fig. 10.26 as an increase in superior vena caval 
blood flow, from 5.2 mL/second (s) during expiration to 11 
mL/s during inspiration.

An exaggerated reduction in intrathoracic pressure 
achieved by a strong inspiratory effort against a closed 
glottis (called Müller maneuver) does not increase venous 
return proportionately. The extrathoracic veins collapse 
near their entry into the chest when their internal pressures 
fall below the ambient level. As the veins collapse, flow into 
the chest momentarily stops. The cessation of flow raises 
pressure upstream, thereby forcing the collapsed segment 
to open again. The process is repetitive; the venous seg-
ments adjacent to the chest alternately open and close.

During normal expiration, flow into the central veins 
decelerates. However, the mean rate of venous return 
during normal respiration exceeds the flow during a brief 
period of apnea (cessation of respiration). Hence normal 
inspiration apparently facilitates venous return more than 
normal expiration impedes it. This effect must be partly 
attributable to the valves in the veins of the extremities 
and neck. These valves prevent any reversal of flow during 
expiration. Thus the respiratory muscles and venous valves 
constitute an auxiliary pump for venous return.
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the foot veins of 18 people during quiet standing, walking, and 
running. (From Stick, C., Jaeger, H., & Witzleb, E. (1992). Mea-
surements of volume changes and venous pressure in the hu-
man lower leg during walking and running. Journal of Applied 
Physiology, 72, 2063–2068.)
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(Modified from Brecher, G. A. (1956). Venous return. New York, 
NY: Grune & Stratton.)

CLINICAL BOX
This auxiliary pumping mechanism is not very effective in 
people with varicose veins in their legs. The valves in such 
veins do not operate properly, and therefore when the leg 
muscles contract, the blood in the leg veins is forced in 
the retrograde as well as in the antegrade direction. Thus, 
when an individual with varicose veins stands or walks, 
the venous pressure in the ankles and feet is excessively 
high. The consequent high capillary pressure leads to the 
accumulation of edema fluid in the ankles and feet.
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Sustained expiratory efforts increase intrathoracic 
pressure and thereby impede venous return. Straining 
against a closed glottis (termed Valsalva maneuver) reg-
ularly occurs during coughing, defecation, and heavy 
lifting. Intrathoracic pressures in excess of 100 mm Hg 
have been recorded in trumpet players, and pressures 
over 400 mm Hg have been observed during paroxysms 
of coughing. Such pressure increases are transmitted 
directly to the lumina of the intrathoracic arteries. After 
coughing ceases, the arterial blood pressure may fall 
precipitously because of the preceding impediment to 
venous return. 

Artificial Respiration
In most forms of artificial respiration (mouth-to-mouth 
resuscitation, mechanical respiration), lung inflation is 
achieved by applying endotracheal pressures above atmo-
spheric pressure, and expiration occurs by passive recoil 
of the thoracic cage. Thus lung inflation is accompanied 
by an appreciable rise in intrathoracic pressure. Vena 
caval flow decreases sharply during the phase of positive- 
pressure lung inflation (indicated by the progressive rise in 
endotracheal pressure in the central portion of Fig. 10.27). 
When negative endotracheal pressure (indicated by the 
abrupt decrease in endotracheal pressure in the right side 
of Fig. 10.27) is used to facilitate deflation, vena caval flow 
accelerates more than when the lungs are allowed to deflate 
passively (near the left border of Fig. 10.27). 

CLINICAL BOX
The intense, brief increases in intrathoracic pressure 
induced by coughing constitute an auxiliary pumping 
mechanism for the blood, despite the concurrent ten-
dency to impede venous return momentarily. During 
certain diagnostic procedures, such as coronary angi-
ography and electrophysiological testing, patients 
are at increased risk for ventricular fibrillation. Such 
patients have been trained to cough rhythmically on 
command. If ventricular fibrillation does occur, sub-
stantial arterial blood pressure increments are gen-
erated by each cough, and enough cerebral blood 
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flow may be promoted to sustain consciousness 
and to preserve the viability of the cerebral tissues. 
The cough raises the intravascular pressure equally 
in intrathoracic arteries and veins. Blood is propelled 
through the extrathoracic tissues, however, because 
the increased pressure is transmitted to the extratho-
racic arteries but not to the extrathoracic veins. The 
venous valves prevent transmission of the intratho-
racic pressure to the extrathoracic veins.
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   	SUMMARY
	•	� Two important relationships between cardiac output 

(CO) and central venous pressure (P
v
) prevail in the 

cardiovascular system. One applies to the heart and the 
other to the vascular system.

	•	� With respect to the heart, CO varies directly with P
v
 

(or preload) over a very wide range of P
v
. This relation-

ship is represented by the cardiac function curve and 
expresses the Frank-Starling mechanism.

	•	� With respect to the vascular system, P
v
 varies inversely 

with CO. This relationship is represented by the vas-
cular function curve, and it reflects the fact that as CO 
increases, for example, a greater fraction of the total 
blood volume resides in the arteries and a smaller vol-
ume resides in the veins.

	•	� The principal mechanism that governs the cardiac func-
tion curve is the change in the affinity of the contractile 
proteins for calcium. This effect is evoked by changes in 
the cardiac filling pressure (preload).

	•	� The principal factors that govern the vascular func-
tion curve are the arterial and venous compliances, 

the peripheral vascular resistance, and the total blood 
volume.

	•	� The equilibrium values of CO and P
v
 that prevail under 

a given set of conditions are determined by the intersec-
tion of the cardiac and vascular function curves.

	•	� At very low and very high heart rates, the heart is unable 
to pump an adequate CO. At very low rates, the incre-
ment in filling during diastole cannot compensate for the 
small number of cardiac contractions per minute. At very 
high rates, the large number of contractions per minute 
cannot compensate for the inadequate filling time.

	•	� Gravity influences CO because the veins are so compli-
ant, and substantial quantities of blood tend to pool in 
the veins of the dependent portions of the body.

	•	� Respiration changes the pressure gradient between the 
intrathoracic and extrathoracic veins. Hence respira-
tion serves as an auxiliary pump, which may alter the 
mean level of CO and may induce rhythmic changes in 
stroke volume during the various phases of the respira-
tory cycle. 

   	KEYWORDS AND CONCEPTS
Acute heart failure
Arterial compliance, C

a

Cardiac function curve (CFC)
Cardiac output
Central venous pressure
Chronic heart failure
Congestive heart failure
Equilibrium point
Hydrostatic pressure difference
Hypervolemia
Hypovolemia
Left ventricular failure
Mean circulatory pressure

Myocardial infarction (death of myocardial tissue)
Normovolemia
Peripheral resistance
Peripheral runoff
Preload, afterload, and contractility
Pulmonary edema
Right heart failure
Systemic and pulmonary vasculatures
Vascular function curve
Valsalva maneuver
Venous compliance, C

v

Venous return
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History
A 44-year-old woman with severe cardiac failure caused 
by coronary artery disease was treated by cardiac trans-
plantation. She recovered very well, and 1 month after 
surgery her cardiovascular function was entirely normal, 
even though her new heart was entirely denervated. 
About 3 months after surgery, she developed a bleed-
ing duodenal ulcer and was estimated to have lost about 
600 mL of blood in 1 hour. After hospitalization for acute 
blood loss, her physician treated her with diet and anti-
biotics, and her ulcer was cured in about 2 weeks. The 
patient was healthy for 3 years, but then her strength and 
energy gradually diminished. Her physician determined 
that the cardiac transplant was slowly being rejected, 
and he began to treat her with a new drug that specifi-
cally increases myocardial contractility. Occasionally the 
patient experienced brief periods of tachycardia with a 
rate of 250 beats/min; the electrocardiogram indicated 
that the tachycardia originated in the AV junction.
	1.	� The acute blood loss from her duodenal ulcer can be 

expected to:
	 a.	�decrease central venous pressure and increase car-

diac output.
	 b.	�increase central venous pressure and decrease 

mean arterial pressure.
	 c.	�decrease central venous pressure and decrease car-

diac output.
	 d.	�increase mean arterial pressure and decrease car-

diac output.
	 e.	�decrease central venous pressure and increase aor-

tic pulse pressure.
	2.	� Administration of a drug that acts specifically to 

improve myocardial contractility would:
	 a.	�decrease central venous pressure and increase car-

diac output.

	 b.	�decrease central venous pressure and decrease 
mean arterial pressure.

	 c.	�increase central venous pressure and increase aortic 
pulse pressure.

	 d.	�decrease central venous pressure and decrease car-
diac output.

	 e.	�increase central venous pressure and increase arte-
rial compliance.

	3.	� Strapping the patient to a tilt-table and tilting her to the 
vertical, head-up position would:

	 a.	�increase the pressure in a foot vein and increase the 
central venous pressure.

	 b.	�decrease the pressure in a foot vein and decrease 
the cardiac output.

	 c.	�decrease the central venous pressure and increase 
the mean arterial pressure.

	 d.	�decrease the pressure in a foot vein and decrease 
the arterial pulse pressure.

	 e.	�increase the pressure in a foot vein and decrease the 
cardiac output.

	4.	� When the patient was experiencing the tachycardia 
at 250 beats per minute, the critical hemodynamic 
changes would be expected to be:

	 a.	�an increase in mean arterial blood pressure and an 
increase in central venous pressure.

	 b.	�a decrease in stroke volume and a decrease in car-
diac output.

	 c.	�an increase in stroke volume and an increase in aor-
tic compliance.

	 d.	�an increase in central venous pressure and an 
increase in cardiac output.

	 e.	�a decrease in central venous pressure and an 
increase in arterial pulse pressure.

CASE 10.1 
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Coronary Circulation

11

O B J E C T I V E S
	1.	� Delineate the physical, neural, and metabolic factors 

that affect coronary blood flow.
	2.	� Explain the relative importance of these factors in the 

regulation of the coronary circulation.
	3.	� Compare the oxygen requirements of the heart during 

pressure work versus volume work.

	4.	� Discuss the metabolic changes caused by ischemia and 
the role of interstitial adenosine in ameliorating the 
effects of ischemia.

	5.	� Describe the development of coronary collateral 
vessels.

 

FUNCTIONAL ANATOMY OF THE CORONARY 
VESSELS
The right and left coronary arteries, which arise at the root of 
the aorta behind the right and left cusps of the aortic valve, 
respectively, provide the entire blood supply to the myo-
cardium. The right coronary artery supplies principally the 
right atrium and ventricle. The left coronary artery, which 
divides near its origin into the anterior descending and the 
circumflex branches, supplies principally the left ventricle 
and atrium, but there is some overlap. In humans, the right 
coronary artery is dominant in 50% of individuals, and the 
left coronary artery is dominant in another 20%. The flows 
delivered by the two main arteries are about equal in the 
remaining 30%. The epicardial distribution of the coro-
nary arteries and veins is illustrated in Fig. 11.1.

The microcirculatory unit of coronary vessels consists 
of terminal arterioles, precapillary sinuses, capillaries, and 
venules. Cardiac myocytes are surrounded by capillaries 
that, in general, are aligned with them. The average length 
of the microcirculatory unit is about 350 μm. During dias-
tole, precapillary sinuses may serve as a blood reservoir. 
During systole, these sinuses disgorge the blood so as to 
sustain myocyte perfusion.

After the blood passes through the capillary beds, most 
of the venous blood returns to the right atrium through the 
coronary sinus. However, some of the blood reaches the 
right atrium by way of the anterior coronary veins. There 
are also vascular communications between the vessels of the 
myocardium and the cardiac chambers. These constitute the 

arteriosinusoidal, arterioluminal, and thebesian vessels. The arte-
riosinusoidal channels consist of small arteries or arterioles. 
These vessels lose their arterial structure as they penetrate the 
chamber walls and divide into irregular, endothelium-lined 
sinuses (50 to 250 μm). These sinuses anastomose with other 
sinuses and with capillaries, and they communicate with the 
cardiac chambers. The arteriosinusoidal vessels are small arter-
ies or arterioles that open directly into the atria and ventricles. 
The thebesian vessels are small veins that connect capillary 
beds directly with the cardiac chambers, and they also com-
municate with cardiac veins and other thebesian veins. On 
the basis of anatomical studies, intercommunication appears 
to exist among all the minute vessels of the myocardium in the 
form of an extensive plexus of subendocardial vessels. However, 
the myocardium does not receive significant nutritional blood 
flow directly from the cardiac chambers. 

CORONARY BLOOD FLOW IS REGULATED 
BY PHYSICAL, NEURAL, AND METABOLIC 
FACTORS

Physical Factors
The principal factor responsible for perfusion of the myo-
cardium is the aortic pressure, which is generated by the 
heart itself. Changes in aortic pressure generally evoke par-
allel changes in coronary blood flow. If a cannulated coro-
nary artery is perfused by blood from a pressure-controlled 
reservoir, perfusion pressure can be altered without changing 
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aortic pressure and cardiac work. Under these conditions, 
abrupt variations in perfusion pressure produce equally 
abrupt changes in coronary blood flow in the same direc-
tion. However, maintenance of the perfusion pressure 
at the new level is associated with a return of blood flow 
toward the level observed before the induced change in 
perfusion pressure (Fig. 11.2). This phenomenon is an 
example of autoregulation of blood flow. As discussed  
in Chapter 9, autoregulation in coronary arteries is 

mediated by a myogenic mechanism, by the metabolic 
activity of cardiac muscle, and by the endothelium. Thus 
autoregulation depends on the interplay of activities of vas-
cular smooth muscle and cardiac muscle. Under normal 
conditions, blood pressure is kept within relatively narrow 
limits by the baroreceptor reflex mechanisms.

However, alterations of cardiac work, produced by an 
increase or decrease in aortic pressure, have a considerable 
effect on coronary resistance. Increased metabolic activity 
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of the heart, illustrating the location 
and distribution of the principal coro-
nary vessels.
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of the heart decreases the coronary vascular resistance, and 
a reduction in cardiac metabolism increases the coronary 
resistance. The position of the autoregulatory region is 
affected by the metabolic state of cardiac muscle (Fig. 11.3). 
Hence changes in coronary blood flow are caused mainly by 
caliber changes of the coronary resistance vessels in response to 
metabolic demands of the heart. Coronary flow reserve is the 
difference between maximal flow as caused by a vasodilator 
drug and the flow in the physiological range.

In addition to providing the head of pressure to drive 
blood through the coronary vessels, the heart also influences 
its blood supply by the squeezing effect of the contracting 
myocardium on the blood vessels that course through it 
(extravascular compression or extracoronary resistance). 
This force is so great during early ventricular systole that 
blood flow, as measured in a large coronary artery that sup-
plies the left ventricle, is briefly reversed. Maximal left coro-
nary inflow occurs in early diastole, when the ventricles have 
relaxed and extravascular compression of the coronary ves-
sels is virtually absent. This flow pattern is seen in the phasic 
coronary flow curve for the left coronary artery (Fig. 11.4). 
After an initial reversal in early systole, left coronary blood 
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flow follows the aortic pressure until early diastole, when it 
rises abruptly and then declines slowly as aortic pressure falls 
during the remainder of diastole.

Left ventricular intramural pressure (pressure within the 
wall of the left ventricle) is greatest near the endocardium 
and least near the epicardium. However, under normal 
conditions this pressure gradient does not impair endo-
cardial blood flow, because a greater blood flow to the 
endocardium during diastole compensates for the greater 
blood flow to the epicardium during systole. In fact, when 
radioactive spheres, 10 μm in diameter, are injected into 
the coronary arteries, their distribution indicates that the 
blood flows to the epicardial and endocardial halves of the 
left ventricle are approximately equal (slightly higher in the 
endocardium) under normal conditions. The equality of 
epicardial and endocardial blood flows indicates that the 
tone of the endocardial resistance vessels is less than the tone 
of the epicardial vessels because extravascular compression 
is greatest at the endocardial surface of the ventricle.

Flow in the right coronary artery shows a similar pat-
tern (see Fig. 11.4). However, because of the lower pressure 
developed during systole by the thin right ventricle, reversal 
of blood flow does not occur in early systole, and systolic 
blood flow constitutes a much greater proportion of total 
coronary inflow than it does in the left coronary artery.

The extent to which extravascular compression restricts 
coronary inflow can readily be detected when the heart is 
suddenly arrested in diastole, or with the induction of ven-
tricular fibrillation. Fig. 11.5 illustrates the changes in mean 
left coronary flow when the vessel was perfused with blood 
at a constant pressure from a reservoir. At the arrow in 
Fig. 11.5A, ventricular fibrillation was electrically induced, 
and blood flow increased immediately and substantially. 
Subsequent increase in coronary resistance over a period 
of 30 minutes reduced myocardial blood flow to below the 
level that existed before induction of ventricular fibrilla-
tion (see Fig. 11.5B, before stellate ganglion stimulation).

Tachycardia and bradycardia have dual effects on cor-
onary blood flow. A change in heart rate is accomplished 
chiefly by shortening or lengthening of diastole. During 
tachycardia, the proportion of time spent in systole, and 
consequently the period of restricted inflow, increases. 
However, this mechanical reduction in mean coronary 
flow is overridden by the coronary vasodilation that is 
associated with the greater metabolic activity that prevails 
when the heart is beating rapidly. When bradycardia pre-
vails, the opposite is true. Coronary inflow is less restricted 
(more time in diastole), but the metabolic (O

2
) require-

ments of the myocardium are also diminished. 

Neural and Neurohumoral Factors
Stimulation of the sympathetic nerves to the heart elicits 
a marked increase in coronary blood flow. However, the 
increase in flow is associated with cardiac acceleration and 
a forceful systole. A greater fraction of time is spent in sys-
tole because of the stronger myocardial contractions and 
the tachycardia. This situation tends to restrict coronary 
flow, whereas the increase in myocardial metabolic activity, 
as evidenced by the rate and contractility changes, tends to 
dilate the coronary resistance vessels. The increase in cor-
onary blood flow observed with cardiac sympathetic nerve 
stimulation constitutes the algebraic sum of these factors. 
In perfused hearts, the mechanical effects of extravascular 
compression are eliminated by cardiac arrest or by ven-
tricular fibrillation. An initial coronary vasoconstriction 
is often observed with cardiac sympathetic nerve stimula-
tion, before the vasodilation attributable to the metabolic 
effect comes into play (see Fig. 11.5B). Furthermore, after 
the β-adrenergic receptors are blocked to eliminate the 
positive chronotropic and inotropic effects, direct reflex 
activation of the sympathetic nerves to the heart increases 

CLINICAL BOX
The minimal extravascular resistance and absence of 
left ventricular work during diastole can be used to 
improve myocardial perfusion in patients with damaged 
myocardium and low blood pressure. The method, 
called counterpulsation, consists of the insertion of an 
inflatable balloon into the thoracic aorta through a fem-
oral artery. The balloon is inflated during ventricular 
diastole and deflated during systole. This procedure 
enhances coronary blood flow during diastole by raising 
diastolic pressure at a time when coronary extravascu-
lar resistance is lowest. Furthermore, it reduces cardiac 
energy requirements by lowering aortic pressure (after-
load) during ventricular ejection.

CLINICAL BOX
Under abnormal conditions, when diastolic pressure in the 
coronary arteries is low (such as in severe hypotension, partial 
coronary artery occlusion, and severe aortic stenosis), the ratio of 
endocardial to epicardial blood flow falls below a value of 
1. This change indicates that blood flow to the endocardial 
regions is more severely impaired than that to the epicar-
dial regions of the left ventricle. Reduced blood flow to the 
endocardium is also reflected in an increase in the gradi-
ent of myocardial lactic acid and adenosine concentrations 
from epicardium to endocardium. Thus the myocardial 
damage observed in the left ventricle after occlusion of a 
major coronary artery is greater in the inner wall than in the 
outer wall of the ventricle.
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coronary resistance. These observations indicate that the 
main action of the sympathetic nerve fibers on the coronary 
resistance vessels is vasoconstriction.

The α- and β-adrenergic drugs and their respective block-
ing agents reveal the presence of α-adrenoceptors (constric-
tors) and β-adrenoceptors (dilators) on the coronary vessels 

as in other blood vessels (see Chapter 9). Furthermore, the 
coronary resistance vessels participate in the barorecep-
tor and chemoreceptor reflexes, and the sympathetic con-
strictor tone of the coronary arterioles can be modulated 
reflexly. Nevertheless, coronary resistance is predominantly 
under local nonneural control. Vagus nerve stimulation or 
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intracoronary acetylcholine causes slight dilation of coro-
nary resistance vessels and, at constant perfusion pressure, 
increases coronary blood flow (Fig. 11.6). The vasodilation 
is initiated at muscarinic receptors on endothelial cells that 
release nitric oxide (NO) (see Fig. 8.4). When NO synthase 
is inhibited by nitro-l-arginine methyl ester (l-NAME), 
vagal stimulation and acetylcholine are less able to increase 
coronary flow (see Fig. 11.6). In the human heart, acetylcho-
line caused vasodilation when administered directly into the 
left anterior descending coronary artery of subjects with no 
evidence of coronary artery disease. However, acetylcholine 
caused vasoconstriction in the coronary artery of subjects 
whose endothelium had been damaged and rendered dys-
functional by atherosclerosis. Activation of the carotid and 
aortic chemoreceptors can also elicit a small decrease in cor-
onary resistance via the vagus nerves to the heart.

Reflexes that originate in the myocardium and that 
alter vascular resistance in the peripheral systemic vessels 
include the coronary vessels. However, the existence of ext-
racardiac reflexes, with the coronary resistance vessels as 
the effector sites, has not been established. 

Metabolic Factors
One of the most striking characteristics of the coronary cir-
culation is the close parallel between the level of myocar-
dial metabolic activity and the magnitude of the coronary 
blood flow (Fig. 11.7). This relationship is also found in 
the denervated heart and in the completely isolated heart, 
regardless of whether the heart is beating or fibrillating.

The nature of the links between cardiac metabolic rate 
and coronary blood flow remains unsettled. However, it 
appears that a decrease in the ratio of O

2
 supply to O

2
 

demand (whether produced by a reduction in O
2
 supply 

or by an increment in O
2
 demand) releases vasodilator 

substances from the myocardium into the interstitial 
fluid, where they can relax the coronary resistance ves-
sels. As diagrammed in Fig. 11.8, a decrease in arterial 
blood O

2
 content or in the coronary blood flow, or an 

increase in cardiac metabolic rate, decreases the O
2
 sup-

ply/demand ratio. This releases vasodilator substances, 
such as adenosine and NO, which dilate the arterioles 
and thereby adjust O

2
 supply to demand. A decrease in 

O
2
 demand would reduce the release of vasodilators and 

permit greater expression of basal tone.
Numerous agents, generally referred to as metabo-

lites, have been suggested as mediators of the vasodilation 
observed with increased cardiac work. Among the factors 
implicated are CO

2
, O

2
 (reduced O

2
 tension), hydrogen 

ions (lactic acid), K+, adenosine, prostaglandins, NO, H
2
O

2
 

and opening of adenosine triphosphate (ATP)–sensitive K+ 
(K

ATP
) channels.

Of these agents, the key factors appear to be adenosine, 
NO, H

2
O

2
 and opening of the K

ATP
 channels. The con-

tribution of each of these factors, and their interaction 
under basal conditions and during increased myocardial 
activity, is complex and has not been clearly delineated. 
A reduction of oxidative metabolism in vascular smooth 
muscle reduces ATP, which, in turn, opens K

ATP
 chan-

nels and causes hyperpolarization. This potential change 
reduces Ca++ entry and relaxes coronary vascular smooth 
muscle to increase flow. In endothelial cells, hypoxia 
activates K

ATP
 channels that signal an increased release of 

NO to relax vascular smooth muscle. A reduction of ATP 
also opens K

ATP
 channels in cardiac muscle and generates 

an outward current that reduces action potential dura-
tion and limits entry of Ca++ during phase 2 of the action 
potential. This action may be protective during periods of 
imbalance between O

2
 supply and demand. Some voltage- 

sensitive K+ channels (K
v
1.5), present in vascular smooth 

muscle, sense cellular redox state via associated thiol 
groups. The redox state of the latter can be changed by 
H

2
O

2
, a metabolic product of mitochondrial metabolism. 

As cardiac work increases, there is greater production of 
H

2
O

2
 which activates K

v
1.5 channels and thereby causes 

hyperpolarization of muscle membrane and relaxation 
of vascular smooth muscle. Additionally, the release of 
vasodilators such as NO and adenosine dilates the arteri-
oles and thereby adjusts the O

2
 supply to the O

2
 demand. 

For example, at low concentrations, adenosine appears 
to activate endothelial K

ATP
 channels and to enhance NO 

release. Conversely, at higher concentrations, adenosine 
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acts directly on vascular smooth muscle to activate K
ATP

 
channels. A decreased O

2
 demand would sustain the ATP 

level and also reduce the amount of vasodilator sub-
stances released and permit greater expression of basal 
tone. If production of all these agents is inhibited, coro-
nary blood flow is reduced, both at rest and during exer-
cise. Furthermore, contractile dysfunction and signs of 
myocardial ischemia become evident. 

DIMINISHED CORONARY BLOOD FLOW 
IMPAIRS CARDIAC FUNCTION
Most of the O

2
 in the coronary arterial blood is extracted 

during one passage through the myocardial capillaries. 
Thus the O

2
 supply to the myocardial cells is flow limited. 

Myocardial ischemia occurs when the coronary blood 
flow is insufficient to support the required rate of myo-
cardial O

2
 consumption. Myocardial substrate metabo-

lism during ischemia depends on the severity of ischemia. 
Complete elimination of flow quickly results in depletion 
of high-energy phosphates and accumulation of lactate. 
Also, contractile akinesis occurs; over time, this akinesis 
evolves into myocardial infarction and tissue necrosis. On 
the other hand, a more modest reduction in flow (20% 
to 60%) causes a decrease in myocardial O

2
 consump-

tion (≈10% to 50%), a transient increased dependence on 
anaerobic glycolysis (glycogen depletion and lactate pro-
duction), oxidation of free fatty acids at a reduced rate, 
and modest to severe contractile dysfunction. Depending 
on the metabolic demand, these modest reductions in 
flow do not necessarily lead to irreversible tissue damage. 
The classic symptom of myocardial ischemia is chest pain, 
or angina pectoris.

(The relation between O
2
 consumption and the work 

performed by the heart is discussed in Chapter 4.)
In myocardial ischemia, intracellular acidosis occurs, 

and Na+ accumulates in the myocytes. The high H+ 

concentration activates Na+/H+ exchange, and H+ is 
extruded from the cells in exchange for Na+. In addition, 
the ischemia inhibits Na+,K+-ATPase, thereby reducing 
Na+ extrusion. The increased intracellular Na+ content 
enhances Na+-Ca++ exchange, so that as Na+ leaves the 
cells, Ca++ enters (see Fig. 4.8). The result is Ca++ over-
load, which impairs myocardial contraction, possibly 
leading to cell death. Inhibition of Na+/H+ exchange or of 
Na+/Ca++ exchange hastens recovery from ischemia during 
reperfusion.

During myocardial ischemia, the rate of oxidative phos-
phorylation is reduced, and the concentration of ATP 
falls. The adenosine diphosphate (ADP) that is formed is 
further hydrolyzed to adenosine monophosphate (AMP) 
and converted to adenosine by the enzyme 5′-nucleotidase 
(Fig. 11.9). Adenosine readily leaves the cardiomyocyte 
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Fig. 11.8  Oxygen supply is determined by arterial blood flow (Blood flowart) and its O2 content. O2 demand is 
a function of rate, preload, afterload, and contractility. Substrate metabolism provides adenosine triphosphate 
(ATP) to support cardiac work, whereas reduced ATP formation leads to vasodilation by various mechanisms. 
Imbalance in the O2 supply/O2 demand ratio alters coronary blood flow by the rate of release of vasodilator 
metabolites from the cardiomyocytes. A decrease in the ratio elicits an increase in vasodilator release, where-
as an increase in the ratio has the opposite effect.

Reductions in coronary blood flow (myocardial isch-
emia) may critically impair the mechanical and electrical 
behavior of the heart. Diminished coronary blood flow 
as a consequence of coronary artery disease (usually 
coronary atherosclerosis) is one of the most common 
causes of serious cardiac disease. The ischemia may be 
global (i.e., affecting an entire ventricle) or regional (i.e., 
affecting some fraction of the ventricle). The impair-
ment of the mechanical contraction of the affected 
myocardium is produced not only by the diminished 
delivery of O2 and metabolic substrates but also by 
the accumulation of potentially deleterious substances 
(e.g., K+, lactic acid, H+) in the cardiac tissues. If the 
reduction of coronary flow to any region of the heart is 
sufficiently severe and prolonged, necrosis (death) of 
the affected cardiac cells results.

CLINICAL BOX 
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and exerts both autocrine and paracrine effects on cardio-
myocytes and vascular smooth muscle in the local vicinity. 
Myocardial ischemia results in about a 100-fold increase in 
interstitial adenosine, and adenosine receptors are stimu-
lated. These effects are mediated by two types of adenosine 
receptors, A

1
 and A

2a
.

The adenosine A
1
 receptor, located on the plasma 

membrane of cardiomyocytes, inhibits adenylyl cyclase 
(AC) through the guanine nucleotide inhibitory protein 
(G

i
) (see Fig. 11.9). Stimulation of adenosine A

1
 receptors 

results in an “antiadrenergic” effect on cardiomyocytes, 
decreasing guanine nucleotide stimulatory protein (G

s
)-

mediated adrenergic stimulation of AC activity and the 
production of cyclic AMP (cAMP). In the sinoatrial (SA) 
node pacemaker, adenosine A

1
 receptor stimulation results 

in a decrease in heart rate via the same path as acetylcho-
line (see Fig. 5.8). In ventricular cardiomyocytes, adenos-
ine A

1
 receptor stimulation also decreases AC and cAMP, 

especially under conditions of high adrenergic stimulation, 
thereby reducing the rate of O

2
 consumption. This mecha-

nism is particularly important during myocardial ischemia, 
when adenosine formation is greatly increased. Intravenous 
injections of adenosine are used to treat “supraventric-
ular tachycardia”; adenosine administration stimulates 
A

1
 receptors on the atrioventricular (AV) node and rap-

idly reduces the ventricular rate like acetylcholine does  
(see Fig. 3.10).

Adenosine A
1
 receptors are also on cardiac sensory 

nerve endings; stimulation of these receptors can result in 
the sensation of pain in the chest, or angina pectoris. Thus 
during ischemia, the rise in adenosine links the reduction 
of O

2
 delivery, oxidative phosphorylation, and ATP con-

tent to the clinical symptom of angina pectoris.

The adenosine A
2a

 receptor, located on vascular smooth 
muscle cells of coronary arterioles (see Fig. 11.9), causes 
coronary vasodilation when activated. Adenosine is a most 
effective endogenous coronary vasodilator. In healthy 
humans, an intracoronary infusion of adenosine can 
increase coronary blood flow fivefold. During myocardial 
ischemia, adenosine formation is dramatically increased 
in cardiomyocytes, resulting in an increase in interstitial 
adenosine. This increase stimulates A

2a
 receptors located 

on coronary arterioles, resulting in coronary vasodilation. 
Overall, adenosine reduces the severity of ischemia by 
increasing coronary blood flow and decreases the myo-
cardial requirement for O

2
 consumption by decreasing the 

heart rate and contractility. In the normal healthy heart, 
the interstitial levels of adenosine are very low and adenos-
ine receptors are not stimulated. 

ENERGY SUBSTRATE METABOLISM DURING 
ISCHEMIA
A reduction in coronary blood flow results in a rapid 
and proportional reduction in mechanical work, a 
decrease in ATP and creatine phosphate concentrations, 
and a transient net output of lactate by the myocardium. 
Myocardial ischemia leads to an increase in the ability 
of cardiomyocytes to take up glucose. The uptake of 
extracellular glucose is regulated by the transmembrane 
glucose gradient and the concentration and activity of 
glucose transporters in the plasma membrane. Ischemia 
results in a translocation of GLUT 1 and GLUT 4 glu-
cose transporters from an intracellular site into the 
plasma membrane, increasing membrane capacitance 
for glucose transport (see Fig. 4.24). Glycogen depletion 
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Adenosine A1 receptors:
- Located on cardiomyocytes.
- Negatively coupled to adenylyl cyclase (AC) through Gi.
- Exerts “anti-adrenergic” effect on cardiomyocytes during

myocardial ischemia.
-    AC activity & cAMP in SA node, thus   HR.
-    AC activity & cAMP in ventricle, thus   cardiac power

   and MVO2.
-    AV nodal conduction, thus   HR.
- On cardiac sensory afferent nerve endings, stimulated by

an increase in interstitial adenosine, results in chest pain
(angina pectoris).

Adenosine A2a receptors:
- Located on vascular smooth muscle of coronary arterioles.
- Stimulation of receptor results in coronary vasodilation.
- Vasodilates coronary arterioles during myocardial ischemia.

Fig. 11.9  The metabolic path for ad-
enosine production and degradation 
together with the cellular targets of 
adenosine. ADP, Adenosine diphos-
phate; ATP, adenosine triphosphate; 
AV, atrioventricular; cAMP, cyclic 
adenosine monophosphate; Gi, gua-
nine nucleotide inhibitory protein; 
HR, heart rate; MVO2, maximal rate 
of O2 consumption; SA, sinoatrial; ↓, 
decrease in.
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occurs and lactate accumulates; these effects increase as 
a function of the severity of ischemia (Fig. 11.10). If the 
ischemia is of sufficient duration, myocardial infarc-
tion and necrosis follow. With complete elimination of 
blood flow there is no washout of lactate, intracellular 
pH decreases, and eventually a reduction in the rate of 
glycolysis occurs owing to H+ inhibition of phosphofruc-
tokinase and a decreased flux through glycerol phosphate 
dehydrogenase caused by a low cytosolic ratio of nico-
tinamide adenine dinucleotide (NAD+) to the reduced 
form of NAD+ (NADH) (see Fig. 4.26). Complete elimi-
nation of flow differs from partial reductions in flow, in 
that there is no residual resynthesis of ATP by oxidative 
phosphorylation, complete dependence on endogenous 
substrate, and no washout of noxious metabolites (e.g., 
H+). The sole source of glycolytic substrate under these 
conditions becomes glycogen, because there is no blood 
flow to deliver glucose to the tissue.

Substantial but temporary mechanical dysfunction of 
the heart may occur if the reduction of coronary flow is 

neither too prolonged nor too severe to cause myocardial 
necrosis. A relatively brief period of severe ischemia, fol-
lowed by reperfusion, may be associated with pronounced 
mechanical dysfunction (called myocardial stunning) of 
the heart, which can eventually fully recover after a period 
of hours to days.

Myocardial stunning can be prevented by precon-
ditioning. This procedure consists of one or more brief 
occlusions of a coronary artery. A prolonged occlusion 
in the absence of the brief occlusions would impair con-
tractile force. Preconditioning appears to involve ade-
nosine release from the myocardium in short (minutes) 
responses, and it involves protein synthesis in the myocar-
dium in late (2 to 3 days) responses. Protection from the 
ischemia-induced impairment of cardiac function can be 
achieved by long-term administration of dipyridamole, a 
drug that blocks the cellular uptake of adenosine, which 
raises the blood levels of adenosine. Administration of an 
adenosine A

1
 receptor antagonist abolishes the protective 

action of dipyridamole. 
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Fig. 11.10  Effects of increasing the 
heart rate by atrial pacing in a patient 
with typical stable angina. Pacing 
stress caused a rapid switch from 
lactate uptake to lactate production, a 
drop in the ST segment of the elec-
trocardiogram, and chest pain. Ces-
sation of pacing resulted in a rapid 
reversal from lactate production back 
to net uptake, elimination of pain, 
and a return to a normal ST segment. 
LVEDP, Left ventricular end-diastol-
ic pressure. (Modified from Parker, 
J. O., Chiong, M. A., West, R. O., & 
Case, R. B. (1997). Sequential alter-
ations in myocardial lactate metabo-
lism, S-T segments, and left ventricu-
lar function during angina induced by 
atrial pacing. Annals of Noninvasive 
Electrocardiology, 2, 396–414.)
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CORONARY COLLATERAL VESSELS DEVELOP 
IN RESPONSE TO IMPAIRMENT OF 
CORONARY BLOOD FLOW
In the normal human heart there are virtually no functional 
intercoronary channels, whereas in the dog heart there are 
a few small vessels that link branches of the major coronary 
arteries. Abrupt occlusion of a coronary artery, or of one of 
its branches, in a human or dog leads to ischemic necrosis 
and eventually to fibrosis of the areas of myocardium that 
are supplied by the occluded vessel. However, if narrowing 
of a coronary artery occurs slowly and progressively over a 
period of days, weeks, or longer, collateral vessels develop. 
These vessels may furnish sufficient blood to the ischemic 
myocardium to prevent or reduce the extent of necrosis. The 
development of collateral coronary vessels has been exten-
sively studied in dogs, and the clinical picture of coronary 
atherosclerosis as it occurs in humans can be simulated 
by gradual narrowing of a normal dog’s coronary arteries. 
Collateral vessels develop between branches of occluded and 
nonoccluded arteries. They originate from preexisting arte-
rioles that undergo proliferative changes of the endothelium 
and smooth muscle by a process of arteriogenesis.

The stimulus to arteriogenesis is the shear stress 
caused by the enhanced blood flow velocity that occurs 
in the arterioles proximal to the site of occlusion. With 
occlusion of a coronary artery, the pressure gradient 
along the proximal arterioles increases because of a 
greater perfusion pressure upstream from the occlusion. 
The stress-activated endothelium upregulates expres-
sion of monocyte chemoattractant protein-1 (MCP-1), 
which attracts monocytes that then invade the arterioles. 
Other adhesion molecules and growth factors participate 
with MCP-1 in inflammatory reactions and cell death in 
the potential collateral vessels. This stage is followed by 
remodeling and development of new and enlarged collat-
eral vessels that are indistinguishable from normal arter-
ies after several months.

Myocardial hibernation also occurs, mainly in patients 
with coronary artery disease. Their coronary blood flow 
is diminished persistently and significantly, and the 
mechanical function of the heart is impaired concom-
itantly. However, the metabolic activity of the heart 
does not reflect the extent of the ischemia; the process 
is called “hibernation” because the downregulation of 
metabolism tends to preserve the viability of the car-
diac tissues. If coronary blood flow is restored to normal 
by bypass surgery or angioplasty, mechanical function 
returns to normal.

CLINICAL BOX 

A B

Fig. 11.11  (A) Angiogram (intracoronary radiopaque dye) of a 
person with marked narrowing of the left anterior descending 
branch of the left coronary artery (arrow). (B) The same seg-
ment of the coronary artery after angioplasty (arrow). (Courtesy 
Dr. Michael Azrin.)

CLINICAL BOX
Myocardial stunning may be evident in patients 
who have had an acute coronary artery occlusion 
(a so-called heart attack). If the patient is treated suf-
ficiently early by coronary bypass surgery or balloon 
angioplasty and if adequate blood flow is restored to 
the ischemic region, the myocardial cells in this region 
may eventually recover fully. However, the contractil-
ity of the myocardium in the affected region may be 
grossly subnormal for many days or even weeks.

CLINICAL BOX
Numerous surgical attempts have been made to 
enhance the development of coronary collateral ves-
sels. However, the techniques used do not increase 
the collateral circulation over that produced by coro-
nary artery narrowing alone. When discrete occlusions 
or severe narrowing occurs in coronary arteries, as in 
coronary atherosclerosis, the lesions can be bypassed 
with an artery (internal mammary) or a vein graft. In 
many cases the narrow segment can be dilated by 
insertion of a balloon-tipped catheter into the dis-
eased vessel via a peripheral artery and inflation of the 
balloon. Distention of the vessel by balloon inflation 
(angioplasty) can produce lasting dilation of a narrowed 
coronary artery, especially when a drug-eluting stent 
is inserted to maintain patency of the diseased vessel 
(Fig. 11.11).
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Capillary proliferation is stimulated by vascular 
endothelial growth factor (VEGF), whose expression is 
upregulated by hypoxia (see Chapter 8). The enhanced 
production of VEGF is mediated in part by adenosine 
release caused by the hypoxia. Drug-induced chronic 
bradycardia can also enhance capillary density by greater 
expression of VEGF protein. The role of VEGF in devel-
opment of collateral arterial vessels continues to be an 
exciting research area. 

CLINICAL BOX
Many drugs are available for use in patients with cor-
onary artery disease to relieve angina pectoris, the chest 
pain associated with myocardial ischemia. Many of 
these compounds are organic nitrates and nitrites. 
They do not dilate the coronary vessels selectively. The 
vasodilation arises from the production of NO, which 
has effects on the arterial and venous circulations. 
Moreover, organic nitrates and nitrites have little effect 
on autoregulation in the coronary circulation.

The arterioles in the ischemic heart that would dilate 
in response to the drugs are undoubtedly already maxi-
mally dilated by the ischemia responsible for the symp-
toms. In a patient with marked narrowing of a coronary 
artery, administration of certain vasodilators can fully 
dilate normal vessel branches parallel to the narrowed 
segment and reduce the head of pressure to the par-
tially occluded vessel. This effect further compromises 
blood flow to the ischemic myocardium and elicits pain 
and electrocardiographic changes indicative of tissue 
injury. This phenomenon is known as coronary steal, and 
it can be observed with vasodilator drugs such as dipyr-
idamole, which blocks cellular uptake and metabolism 
of endogenous adenosine. Also, dipyridamole reduces 

or eliminates coronary autoregulation because it dilates 
small resistance vessels. Nitrites and nitrates allevi-
ate angina pectoris, at least partly, by reducing cardiac 
work and myocardial O2 requirements by relaxing the 
great veins (decreased preload) and decreasing blood 
pressure (decreased afterload). In short, the reduction 
in pressure work and O2 requirements must be greater 
than the reduction in coronary blood flow and O2 supply 
consequent to the lowered coronary perfusion pres-
sure. It has also been demonstrated that nitrites and 
endogenous NO dilate large coronary arteries and cor-
onary collateral vessels, thus increasing blood flow to 
ischemic myocardium and alleviating precordial pain.

   	SUMMARY
	•	� The physical factors that influence coronary blood 

flow are the viscosity of the blood, the frictional resis-
tance of the vessel walls, the aortic pressure, and the 
extravascular compression of the vessels within the 
walls of the left ventricle. Left coronary blood flow 
is restricted during ventricular systole as a result 
of extravascular compression, and flow is greatest 
during diastole when the intramyocardial vessels are 
not compressed.

	•	� Neural regulation of coronary blood flow is much less 
important than metabolic regulation. Activation of the 
cardiac sympathetic nerves directly constricts the coro-
nary resistance vessels. However, the enhanced myocardial 
metabolism caused by the associated increase in heart rate 
and contractile force produces vasodilation, which over-
rides the direct constrictor effect of sympathetic nerve 
stimulation. Stimulation of the cardiac branches of the 
vagus nerves slightly dilates the coronary arterioles.

	•	� A striking parallelism exists between metabolic activity 
of the heart and coronary blood flow. A decrease in O

2
 

supply or an increase in O
2
 demand apparently releases 

vasodilators that decrease coronary resistance. Of the 
several factors that mediate this response, the key ones 

are adenosine, nitric oxide, and activation of the ATP-
sensitive K+ channels.

	•	� Moderate, sustained reductions in coronary blood flow 
may evoke myocardial hibernation, which is a reversible 
impairment of mechanical performance associated with 
a downregulation of cardiac metabolism. Transient 
periods of severe ischemia followed by reperfusion may 
induce myocardial stunning, which is a temporary stage 
of impaired mechanical performance by the heart.

	•	� Prolonged, severe reduction in coronary blood flow 
leads to changes in substrate metabolism such that glu-
cose uptake increases as does glycolysis; lactate accu-
mulates in the tissue. Acidosis and the ischemia lead to 
myocardial infarction and cell necrosis. Arrhythmias 
can occur that, as with the necrosis, impair cardiac 
contraction.

	•	� In response to gradual occlusion of a coronary artery, 
collateral vessels from adjacent unoccluded arteries 
develop and supply blood to the compromised myocar-
dium distal to the point of occlusion.

	•	� The stimulus for the development of coronary collateral 
arteries is the shear stress caused by the enhanced blood 
flow in arterioles proximal to the occlusion. 
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   	KEYWORDS AND CONCEPTS
	•	� Acute coronary artery occlusion
	•	� Autoregulation of blood flow
	•	� Coronary atherosclerosis
	•	� Coronary bypass surgery or balloon angioplasty
	•	� Extravascular compression or extracoronary resistance
	•	� Flow limited
	•	� Muscarinic receptors

	•	� Myocardial hibernation
	•	� Myocardial ischemia
	•	� Myocardial stunning
	•	� Opening of the K

ATP
 channels

	•	� α-adrenoceptors (constrictors)
	•	� β-adrenoceptors (dilators)
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History
A 70-year-old man with a long history of angina pecto-
ris had been treated successfully with nitroglycerin. He 
entered the hospital because of short episodes of light-
headedness and occasional loss of consciousness. Phys-
ical examination was not remarkable, except for a pulse 
rate of 35. Blood pressure was 130/50. Electrocardiogram 
showed an atrial rate of 72 and a ventricular rate of 35, 
with complete dissociation of the P and R waves. Chest 
x-ray showed a moderately enlarged heart. The diagnosis 
was coronary artery disease with complete (third-degree) 
heart block. A pacemaker was inserted, and the patient 
was discharged from the hospital.
	1.	� The severe bradycardia produced:
	 a.	�myogenic constriction of the coronary vessels.
	 b.	�metabolic dilation of the coronary vessels.
	 c.	�reflex dilation of the coronary vessels.
	 d.	�a decrease and an increase in coronary resistance.
	 e.	�reversal of the endocardial to epicardial blood flow ratio.

Within 2 to 3 months after leaving the hospital, the 
patient experienced more frequent and more severe 
bouts of angina pectoris, and he was admitted again to 
the hospital for study. An angiogram showed advanced 
coronary disease with almost complete occlusion of the 
three main coronary arteries. He was then scheduled for 
coronary bypass surgery.
	2.	� During the operation, the surgeon electrically stimu-

lated the right and left stellate ganglia. This stimulation 
resulted in:

	 a.	�no change in coronary blood flow.
	 b.	�an increase in ventricular rate and a decrease in 

atrial rate.
	 c.	�a decrease in ventricular rate and an increase in 

atrial rate.
	 d.	�a sustained coronary dilation in one of the partially 

occluded vessels.
	 e.	�a sustained coronary constriction in one of the par-

tially occluded vessels.

CASE 11.1 
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	3.	� Shortly after bypass surgery, the reactivity of the 
patient’s coronary vessels was tested by intracoronary 
administration (via a catheter) of several vasoactive 
agents. Which of the following substances elicited an 
increase in coronary resistance?

	 a.	�Nitroglycerin
	 b.	�Endothelin
	 c.	�Prostacyclin
	 d.	�Adenosine
	 e.	�Acetylcholine
	4.	� Despite the coronary bypass surgery, the patient’s car-

diac function progressively deteriorated. He became 
severely short of breath (dyspneic), and intractable 

cardiac failure developed. A suitable donor was found, 
and he received a heart transplant. Following cardiac 
transplantation, the:

	 a.	�coronary blood flow increased with vagus nerve 
stimulation.

	 b.	�coronary blood flow decreased with sympathetic 
nerve stimulation.

	 c.	�heart rate increased with inspiration.
	 d.	�heart rate decreased with inspiration.
	 e.	�stroke volume increased with exercise.
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Special Circulations

12

O B J E C T I V E S
	1.	� Describe the regulation of cutaneous blood 

flow and its role in maintaining a constant body 
temperature.

	2.	� Indicate the relative importance of the local and neural 
factors in adjustments of skeletal muscle blood flow at 
rest and during exercise.

	3.	� Describe the regulation of cerebral blood flow.

	4.	� Explain the regulation of the pulmonary circulation.
	5.	� Describe the characteristics of the renal circulation.
	6.	� Relate the intestinal and hepatic components of the 

splanchnic circulation.
	7.	� Explain the changes in the fetal circulation that occur 

at birth.

CUTANEOUS CIRCULATION
The O

2
 and nutrient requirements of the skin are rela-

tively small. Unlike most other body tissues, the supply 
of these essential materials is not the chief governing 
factor in the regulation of cutaneous blood flow. The 
primary function of the cutaneous circulation is to 
maintain a constant body temperature. Consequently, 
the skin shows wide fluctuations in blood flow, depend-
ing on the need for loss or conservation of body heat. 
Mechanisms responsible for alterations in skin blood 
flow are primarily activated by changes in ambient and 
internal body temperatures. 

SKIN BLOOD FLOW IS REGULATED MAINLY 
BY THE SYMPATHETIC NERVOUS SYSTEM
There are essentially two types of resistance vessels in skin: 
arterioles and arteriovenous (AV) anastomoses. The arte-
rioles are similar to those found elsewhere in the body. AV 
anastomoses shunt blood from the arterioles to the venules 
and venous plexuses; hence they bypass the capillary bed. 

The anastomoses are found primarily in the fingertips, 
palms of the hands, toes, soles of the feet, ears, nose, and 
lips. The anastomoses differ morphologically from the 
arterioles, in that they are either short, straight vessels, or 
long, coiled vessels about 20 to 40 μm in lumen diameter. 
The thick muscular walls are richly supplied with nerve 
fibers (Fig. 12.1). These vessels are almost exclusively under 
sympathetic neural control, and they become maximally 
dilated when their nerve supply is interrupted.

Conversely, reflex stimulation of the sympathetic fibers 
to these vessels may cause them to constrict to the point 
of obliteration of the vascular lumen. Although AV anas-
tomoses do not exhibit basal tone (tonic activity of the 
vascular smooth muscle that is independent of innerva-
tion), they are highly sensitive to vasoconstrictor agents 
such as epinephrine and norepinephrine. Furthermore, 
AV anastomoses do not appear to be under metabolic 
control, and they fail to show reactive hyperemia or auto-
regulation of blood flow. Thus the regulation of blood 
flow through anastomotic channels is governed principally 
by the nervous system, in response to reflex activation by  
temperature receptors or by higher centers of the central  
nervous system.

In contrast to AV anastomoses, the resistance vessels 
in the skin exhibit some basal tone. These resistance 
vessels are under dual control of the sympathetic ner-
vous system and local regulatory factors, in much the 
same manner as are resistance vessels in other vascular 

Previous chapters describe how the heart and vessels pro-
vide the tissues of the body with O

2
 and nutrients and how 

CO
2
 and waste products are removed. This chapter on spe-

cial circulations is included because the circulations of the 
various body organs differ in their function and regulation.
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beds. However, in the case of skin, neural control plays 
a more important role than local factors. Stimulation of 
sympathetic nerve fibers to skin blood vessels (arteries, 
veins, and arterioles) induces vasoconstriction, and sev-
erance of the sympathetic nerves induces vasodilation. 
With chronic denervation of the cutaneous blood ves-
sels, the degree of tone that existed before denervation is 
gradually regained over a period of several weeks. This 
is accomplished by an enhancement of basal tone that 
compensates for the degree of tone previously contrib-
uted by sympathetic nerve fiber activity. Epinephrine 
and norepinephrine elicit only vasoconstriction in cuta-
neous vessels. Denervation of the skin vessels enhances 

sensitivity to circulating catecholamines (denervation 
hypersensitivity).

Parasympathetic vasodilator nerve fibers do not inner-
vate the cutaneous blood vessels. However, stimulation 
of the sweat glands, which are innervated by cholinergic 
fibers of the sympathetic nervous system, dilates the resis-
tance vessels in the skin. Sweat contains an enzyme that 
acts on a protein moiety in the tissue fluid to produce bra-
dykinin, a polypeptide with potent vasodilator properties. 
Bradykinin, formed in the tissue, acts locally to dilate the 
arterioles and increase blood flow to the skin.

The skin vessels in certain regions, particularly the head, 
neck, shoulders, and upper chest, are influenced by higher 

BA

Fig. 12.1  Top, Arteriovenous (AV) anas-
tomosis in the human ear injected with 
Berlin blue. The walls of the AV anasto-
mosis in the fingertips are thicker and 
more cellular. Arrow points to AV anas-
tomosis. A, Artery; V, vein. Bottom, Two 
frames from a motion picture record of 
the same relatively large AV anastomo-
sis (A.V.A.) in a stable rabbit ear chamber 
installed 3.5 months previously. On this 
day the lumen of the A.V.A. measured 
51 μm dilated and 5 μm contracted at 
its narrowest point. (A) A.V.A. dilated. 
(B) A.V.A. contracted. Art., Artery. (Top 
illustration from Prichard, M. M. L., & 
Daniel, P. M. (1956). Arteriovenous 
anastomoses in the human external ear. 
Journal of Anatomy, 90, 309–317. Bot-
tom illustration from Clark, E. R., Clark, 
& E. L. (1934). Observations on living 
arterio-venous anastomoses as seen in 
transparent chambers introduced into 
the rabbit’s ear. American Journal of 
Anatomy, 54, 229–286.)
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centers of the central nervous system. Blushing, in response 
to embarrassment or anger, and blanching, as with fear or 
anxiety, are examples of cerebral inhibition and stimula-
tion, respectively, of the sympathetic nerve fibers to the 
affected regions.

In contrast to AV anastomoses in the skin, the cuta-
neous resistance vessels show autoregulation of blood 
flow and reactive hyperemia. If the arterial inflow to a 
limb is stopped with an inflated blood pressure cuff for 
a brief period, the skin becomes very red distal to the 
point of vascular occlusion when the cuff is deflated. This 
increased cutaneous blood flow (reactive hyperemia) 
is also manifested by distention of the superficial veins 
in the erythematous extremity. Autoregulation of blood 
flow in the skin is best explained by a myogenic mecha-
nism (see p. 161). 

AMBIENT TEMPERATURE AND BODY 
TEMPERATURE PLAY IMPORTANT ROLES IN 
THE REGULATION OF SKIN BLOOD FLOW
The primary function of the skin is to preserve the internal 
milieu and to protect it from adverse changes in the envi-
ronment. The vasculature of the skin is chiefly influenced 
by environmental temperature because ambient tempera-
ture is a very important external variable with which the 
body must contend. Exposure to cold elicits a generalized 
cutaneous vasoconstriction that is most pronounced in 
the hands and feet. This response is principally mediated 
by the nervous system. Arrest of the circulation to a hand 
with a pressure cuff, and immersion of that hand in cold 
water, results in vasoconstriction in the skin of the other 
extremities that are exposed to room temperature. With 
the circulation to the chilled hand intact, the reflex vaso-
constriction is caused in part by the cooled blood that 
returns to the general circulation. “This [returned blood 
then stimulates the temperature-regulating center in the 
anterior hypothalamus, which then activates heat pres-
ervation centers in the posterior hypothalamus to evoke] 
cutaneous vasoconstiction.”

The skin vessels of the cooled hand also show a direct 
response to cold. Moderate cooling or exposure for brief 
periods to severe cold (0°C to 15°C) causes constriction 
of the resistance and capacitance vessels, including AV 
anastomoses. However, prolonged exposure of the hand 
to severe cold has a secondary vasodilator effect. Prompt 
vasoconstriction and severe pain are elicited by immersion 
of the hand in water near 0°C, but the responses are soon 
followed by dilation of the skin vessels, reddening of the 
immersed part, and alleviation of the pain. With continued 
immersion of the hand, alternating periods of constriction 

and dilation occur, but the skin temperature rarely drops 
as low as it did in response to the initial vasoconstriction.

Prolonged severe cold causes tissue damage. The rosy 
faces of people working or playing in a cold environment 
are examples of cold vasodilation. However, the blood flow 
through the skin of the face may be greatly reduced, despite 
the flushed appearance. The red color of the slowly flowing 
blood is in large measure the result of reduced O

2
 uptake by 

the cold skin and by the cold-induced shift to the left of the 
oxyhemoglobin dissociation curve (see Fig. 1.5).

Direct application of heat to the skin produces not only 
local vasodilation of resistance and capacitance vessels and 
AV anastomoses but also reflex dilation in other parts of 
the body. The local effect is independent of the vascular 
nerve supply, whereas the reflex vasodilation is a combina-
tion of anterior hypothalamic stimulation by the returning 
warmed blood and of stimulation of the receptors in the 
heated part. However, evidence of a reflex from peripheral 
temperature receptors is not as definitive for warm stimu-
lation as it is for cold stimulation.

The proximity of the major arteries and veins permits con-
siderable heat exchange (countercurrent) between artery and 
vein. Cold blood that flows toward the heart in veins from 
a cooled hand takes up heat from adjacent arteries. This 
warms the venous blood and cools the arterial blood. Heat 
exchange is in the opposite direction with exposure of the 
extremity to heat. Thus heat conservation is enhanced, and 
heat gain is minimized during exposure of extremities to 
cold and warm environments, respectively. 

SKIN COLOR DEPENDS ON THE VOLUME AND 
FLOW OF BLOOD IN THE SKIN AND ON THE 
AMOUNT OF O2 BOUND TO HEMOGLOBIN
The color of the skin is determined in large part by pigment, 
in all but very dark skin. The degree of pallor or ruddiness is 
mainly a function of the amount of blood in the skin. With 
little blood in the venous plexus, the skin appears pale. 
However, with moderate to large quantities of blood in the 

The fingers (and sometimes the toes) of some individu-
als are very sensitive to cold. When exposed to cold, the 
arteries and arterioles to the hands constrict, producing 
ischemia of the fingers characterized by blanching of 
the skin, which is associated with tingling, numbness, 
and pain. The blanching is followed by cyanosis and 
later by redness as the arterial spasm subsides. This 
condition, called Raynaud’s disease, is of unknown 
cause and occurs most frequently in young women.

CLINICAL BOX
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venous plexus, the skin displays color. Whether this color 
is bright red, blue, or some shade between is determined by 
the degree of oxygenation of the blood in the subcutaneous 
vessels. As examples, a combination of vasoconstriction 
and reduced hemoglobin can produce an ashen gray color 
of the skin, and a combination of venous engorgement and 
reduced hemoglobin can produce a dark purple hue. Skin 
color provides little information about the rate of cutaneous 
blood flow. Rapid blood flow and pale skin may coexist 
when the AV anastomoses are open, and slow blood flow 
and red skin when the extremity is exposed to cold. 

SKELETAL MUSCLE CIRCULATION
The rate of blood flow in skeletal muscle varies directly with 
the contractile activity of the tissue and the type of muscle. 
Blood flow and capillary density in red, slow-twitch, highly 
oxidative muscles are greater than in white, fast-twitch, 
slowly oxidative muscle. In resting muscle, the precapillary 
arterioles exhibit asynchronous, intermittent contractions 
and relaxations. Hence at any given moment, a large frac-
tion of the capillary bed is not perfused. Consequently, 
total blood flow through quiescent skeletal muscle is low 
(1.4 to 4.5 mL/min/100 g). During exercise, the resistance 
vessels relax and muscle blood flow may increase manyfold 
(up to about 20 times the resting level); the magnitude of 
the increase depends largely on the severity of the exercise. 

REGULATION OF SKELETAL MUSCLE 
CIRCULATION
As with all tissues, physical factors such as arterial pres-
sure, tissue pressure, and blood viscosity influence mus-
cle blood flow. However, another physical factor operates 
during exercise; that is, the squeezing effect of the active 
muscle on the vessels. When the contractions are intermit-
tent, inflow is restricted, and venous outflow is enhanced 
during each brief contraction (Fig. 12.2). The presence of 
the venous valves prevents backflow of blood in the veins 
between contractions, thus aiding the forward propulsion 
of the blood (see also p. 196). With strong, sustained con-
tractions, the vascular bed can be compressed to the point 
at which blood flow actually ceases temporarily.

Neural Factors
Although the resistance vessels of muscle possess a high 
degree of basal tone, they also display tone attributable to 
continuous low-frequency activity in the sympathetic vaso-
constrictor nerve fibers. The basal frequency of firing in the 
sympathetic vasoconstrictor fibers is quite low (about 1 to 
2 per second), and maximal vasoconstriction is observed 
at frequencies as low as 8 to 10 per second. Stimulation of 

the sympathetic nerve fibers to skeletal muscle elicits vaso-
constriction that is caused by norepinephrine release at the 
fiber endings. Skeletal muscle vessels have α

1
-adrenergic 

receptors (vasoconstriction) and β
2
-adrenergic receptors 

(vasodilation). Intraarterial injection of norepinephrine 
elicits only vasoconstriction (α

1
-adrenergic receptor activa-

tion), whereas low doses of epinephrine produce vasodila-
tion (β

2
-adrenergic receptor activation) in muscle, and large 

doses cause vasoconstriction (α
1
-adrenergic receptor activa-

tion). Thus the type and amount of catecholamine determine 
the resultant vascular effect (see Chapter 9 and Fig. 9.4).

Baroreceptor reflexes greatly influence the tonic activ-
ity of the sympathetic nerves. An increase in carotid sinus 

A

B

C
Fig. 12.2  Action of the muscle pump in venous return from the 
legs. (A) Standing at rest, the venous valves are open and blood 
flows upward toward the heart by virtue of the pressure gener-
ated by the heart and transmitted through the capillaries to the 
veins from the arterial side of the vascular system (vis a tergo). 
(B) Contraction of the muscle compresses the vein so that the 
increased pressure in the vein drives blood toward the thorax 
through the upper valve and closes the lower valve in the un-
compressed segment of the vein just below the point of mus-
cular compression. (C) Immediately after muscle relaxation, the 
pressure in the previously compressed venous segment falls, 
and the reversed pressure gradient causes the upper valve to 
close. The valve below the previously compressed segment 
opens because pressure below it exceeds that above it, and 
the segment fills with blood from the foot. As blood flow con-
tinues from the foot, the pressure in the previously compressed 
segment rises. When it exceeds the pressure above the upper 
valve, this valve opens, and continuous flow occurs as in (A).
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pressure results in dilation of the muscle vascular bed, and 
a decrease in carotid sinus pressure elicits vasoconstriction 
(Fig. 12.3). When the existing sympathetic constrictor tone 
is high, as in the experiment illustrated in Fig. 12.3, the 
decrease in blood flow associated with common carotid 
artery occlusion is small, but the increase after the release 
of occlusion is large. The vasodilation produced by barore-
ceptor stimulation is caused by inhibition of sympathetic 
vasoconstrictor activity. Because muscle is the major body 
component on the basis of mass and thereby represents 
the largest vascular bed, the participation of its resistance 
vessels in vascular reflexes plays an important role in main-
taining a constant arterial blood pressure.

A comparison of the vasoconstrictor and vasodila-
tor effects of the sympathetic nerves to blood vessels of 
muscle and skin is summarized in Fig. 12.4. Note the 
lower basal tone of the skin vessels, their greater con-
strictor response, and the absence of active cutaneous 
vasodilation. 

Local Factors
Whether neural or local factors dominate regulation of 
skeletal muscle blood flow depends on the activity of 
the muscle. Neural factors prevail in resting muscle, and 
neurogenic vasoconstrictor tone is superimposed on the 
nonneural basal tone (see Fig. 12.4). The evidence for 
this conclusion is that cutting the sympathetic nerves or 
administering α-adrenergic receptor antagonists to mus-
cle abolishes the neural component of vascular tone and 
unmasks the intrinsic basal tone of the blood vessels. 
During exercise, however, some (but not necessarily all) 
muscles must contract and perform work. The blood flow 
to the working skeletal muscles must increase greatly to 
meet their greater metabolic needs. As a consequence of 
their increased metabolism, the working muscles produce 
more metabolites, and these metabolic factors, which are 
vasodilatory, override the intrinsic sympathetic vasocon-
striction and allow greatly increased local blood flow. Thus 
working, but not nonworking, skeletal muscles (which are 
not producing increased metabolites) receive an increased 
blood flow. Local factors underlying this vasodilation (see 
Chapter 9) in skeletal muscle involve the action of metab-
olites (e.g., H+, K+, prostaglandins, adenosine triphosphate 
[ATP], CO

2
, and nitric oxide [NO]). The rhythmic con-

traction of exercising muscle provides a physical compo-
nent to the local factors regulating blood flow. In summary, 
neural and local blood flow–regulating mechanisms oppose 
each other, and during muscle contraction the local vasodi-
lator mechanism overrides the neural vasoconstrictor mech-
anism. Nevertheless, tonic sympathetic nerve activity 
persists during exercise, in part via reflexes initiated at 
carotid chemoreceptors. This sympathetic nerve activity, 
which produces vasoconstriction only in the nonworking 
muscles, limits the extent of metabolite-induced vasodila-
tion and, together with the action of the muscle pump, is 
essential to sustain mean arterial pressure. 

120

140

160

30 60 90

100

20

40

60

80

100

M
us

cl
e 

bl
oo

d 
flo

w
(m

L/
m

in
)

B
lo

od
 p

re
ss

ur
e

(m
m

 H
g)

Time (s)

Mean
aortic pressure

Muscle
perfusion
pressure

C
ar

ot
id

 a
rte

ry
 re

le
as

e

B
ila

te
ra

l c
ar

ot
id

ar
te

ry
 o

cc
lu

si
on

Fig. 12.3  Evidence for participation of the muscle vascular bed 
in vasoconstriction and vasodilation mediated by the carotid si-
nus baroreceptors after common carotid artery occlusion and 
release. In this preparation the sciatic and femoral nerves con-
stituted the only direct connection between the hind leg mus-
cle mass and the rest of the dog. The muscle was perfused by 
blood at a constant pressure that was completely independent 
of the animal’s arterial pressure. (Redrawn from Jones, R. D., & 
Berne, R. M. (1963). Vasodilation in skeletal muscle. American 
Journal of Physiology, 204, 461–466.)

When the valves of the superficial leg veins are incom-
petent, as may occur with pregnancy, thrombophlebitis, 
or obesity, the veins become dilated and tortuous. Such 
varicose veins can be treated by surgical removal, by 
injection of sclerosing solutions, or merely by the use 
of elastic stockings.

CLINICAL BOX CLINICAL BOX

Disease of the arterial walls can lead to obstruction 
of the arteries and symptoms, called intermittent 
claudication when it occurs in the legs. The symp-
toms consist of leg pain that occurs during walking 
or climbing stairs and is relieved by rest. The dis-
ease, called thromboangiitis obliterans, is seen most 
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CEREBRAL CIRCULATION
Blood reaches the brain through the internal carotid and 
vertebral arteries. The latter vessels join to form the basilar 
artery, which, with branches of the internal carotid arter-
ies, forms the circle of Willis. Arteries on the brain surface 
differ from those that penetrate the brain parenchyma. Pial 
arteries and arterioles have extrinsic innervation (e.g., neu-
rons from the superior cervical, sphenopalatine, and tri-
geminal ganglia); parenchymal arterioles have an intrinsic 
innervation (via cerebral neurons). Pial arteries have more 
smooth muscle cells than do parenchymal arterioles. Also, 
pial arteries and arterioles have collateral branches, whereas 
parenchymal arterioles do not. Therefore parenchymal 
arterioles regulate blood flow to discrete cortical regions, 
and their occlusion can reduce blood flow significantly.

A unique feature of the cerebral circulation is that 
it all lies within a rigid structure, the cranium. Because 

intracranial contents are incompressible, any increase in 
arterial inflow, as with arteriolar dilation, must be asso-
ciated with a comparable increase in venous outflow. The 
volume of blood and extravascular fluid varies consid-
erably in most tissues. In the brain, the volume of blood 
and of extravascular fluid is relatively constant; changes 
in either of these fluid volumes must be accompanied by 
a reciprocal change in the other. Unlike the rate of blood 
flow in most other organs, the rate of total cerebral blood 
flow is held within a relatively narrow range; in humans it 
averages 55 mL/min per 100 g of brain.

Local Factors Predominate in the Regulation of 
Cerebral Blood Flow
At rest, the brain consumes 20% of total body O

2
 and 25% 

of total body glucose. Of the various body tissues, the brain 
is the least tolerant of ischemia. Interruption of cerebral 
blood flow for as little as 5 seconds results in loss of con-
sciousness. Ischemia that lasts just a few minutes may cause 
irreversible tissue damage. Fortunately, regulation of the 
cerebral circulation is primarily under the direction of the 
brain itself. Local regulatory mechanisms and reflexes that 
originate in the brain tend to maintain a relatively con-
stant cerebral circulation in the presence of such adverse 
effects as sympathetic vasomotor nerve activity, circulating 
humoral vasoactive agents, and changes in arterial blood 
pressure. Under certain conditions, the brain also regu-
lates its blood flow by initiating changes in systemic blood 
pressure.

frequently in men who are smokers. With minimal 
walking, the resistance vessels become maximally 
dilated by local metabolite release; when the O2 
demand of the muscles increases with further walk-
ing, blood flow cannot increase sufficiently to meet 
the muscle needs for O2, and pain caused by muscle 
ischemia results.

CLINICAL BOX—cont’d
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Fig. 12.4  Basal tone and the range of response 
of the resistance vessels in muscle (dashed lines) 
and skin (shaded area) to stimulation and section 
of the sympathetic nerves. Peripheral resistance 
is plotted on a logarithmic scale. (Redrawn from 
Celander, O., & Folkow, B. (1953). A comparison 
of the sympathetic vasomotor fibre control of the 
vessels within the skin and the muscles. Acta 
Physiologica Scandinavica, 29, 241–250.)
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Changes in cerebral blood flow are associated with 
functional recruitment of capillaries. Thus the rate of flow 
through each capillary is adjusted to meet the needs of the 
organ. This contrasts with capillary recruitment whereby 
more capillaries are open to accommodate greater blood 
flow.

The brain has several protective mechanisms that reg-
ulate blood flow. These mechanisms include the blood-
brain barrier, extrinsic regulation of central cardiovascular 
centers, intrinsic control (autoregulation) of circulation, 
and functional hyperemia, where blood flow increases to a 
brain region that is active.

Blood-Brain Barrier
The blood-brain barrier regulates ion and nutrient trans-
port between the blood and the brain, and also opposes the 
entry of harmful substances from the blood into the brain. 
The blood-brain barrier incudes tight junction proteins 
(junctional adhesion molecule-1, occludins, claudins), 
which are connected to the endothelial cell cytoskeleton to 
form a barrier that opposes paracellular movement of sub-
stances from blood to brain. In addition, the blood-brain 
barrier includes the neurovascular unit (microcirculation, 
pericytes, the extracellular matrix, astro cytes and neurons) 
(Fig. 12.5). Pericytes regulate blood flow by adjusting vascu-
lar diameter, and secrete angiopoietin, a growth factor that 
stimulates the expression of occludins in endothelial cells. 
Occludins are prominently expressed in brain endothelial 
cells, in contrast to their sparse distribution in nonneural 
endothelium. The neurovascular unit regulates blood flow 
and capillary permeability. Thus the neurovascular unit is 
involved in pathological states, including hypoxia, neuro-
degenerative diseases, and inflammation, that are charac-
terized by dysfunction of the blood-brain barrier. 

Neural Factors
The extrinsic innervation of cerebral (pial) vessels consists 
of components of the autonomic nervous system. Cervical 
sympathetic nerve fibers that accompany the internal carotid 
and vertebral arteries into the cranial cavity innervate the 
cerebral vessels. Relative to other vascular beds, sympathetic 
control of the cerebral vessels is weak, and the contractile 
state of the cerebrovascular smooth muscle depends pri-
marily on local metabolic factors. The sympathetic nervous  
system exerts a more prominent effect on cerebral blood flow 
during pathophysiological conditions. The density of α

1
- 

adrenergic receptors is less than in other vascular beds. The 
cerebral vessels are not innervated appreciably by sympathetic  
vasodilator nerves, but the vessels do receive parasympa-
thetic fibers from the facial nerve. These parasympathetic 
fibers produce a slight vasodilation on stimulation.

Local Factors
Generally, total cerebral blood flow is constant. Cerebral 
blood flow autoregulation involves interplay among 
myogenic, metabolic and neural mechanisms much as 
described for peripheral vessels (see Chapter 9). However, 
regional cortical blood flow is associated with regional 
neural activity, an example of intrinsic innervation. For 
example, movement of one hand results in increased blood 
flow only in the hand area of the contralateral sensorimo-
tor and premotor cortex. Also, talking, reading, and other 
stimuli to the cerebral cortex are associated with increased 
blood flow in the appropriate regions of the contralateral 
cortex (Fig. 12.6). Stimulation of the retina with flashes of 
light increases blood flow only in the visual cortex. Glucose 
uptake also corresponds with regional cortical neuro-
nal activity. For example, when the retina is stimulated 
by light, uptake of 14C-2-deoxyglucose is enhanced in the 
visual cortex.

The neurovascular unit is integral to the discrete 
regulation of blood flow. Production of vasoactive 

Dendrites

Astrocyte

Pericyte

Smooth
muscle

Endothelial
cell

Arteriole

Neuron

Fig. 12.5  Diagram of a neurovascular unit with an astrocyte 
linking a neuron to an arteriole of the brain microcirculation. 
Arteriolar tone is modulated by vascular smooth muscle and 
by the action of pericytes. The endothelial cell restricts dif-
fusion of substances by virtue of tight junctions. The neu-
rovascular unit is a component of the blood-brain barrier 
and also serves as a regulator of blood flow during neuronal  
activity. (From Koeppen, B. M., & Stanton, B. A. (2017) Berne 
and Levy physiology (7th ed.). Philadelphia, PA: Mosby  
Elsevier.)
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compounds is thought to link increased neuronal activity 
to greater uptake of O

2
 and glucose. Astrocytes partici-

pate in this through a phenomenon termed neurovascu-
lar coupling. At one pole, astrocytes surround presynaptic 
and postsynaptic neurons at synapses (see Fig. 12.5). At 
the other pole, astrocytes converge upon vascular smooth 
muscle and endothelial cells of cerebral vessels. When 
this neurovascular unit is activated by the neurotrans-
mitters glutamate or acetylcholine, astrocytes produce 
inositol triphosphate (IP

3
), which releases Ca++ that, 

in turn, activates K+ channels. The released K+ (0.5 to  
10 mM) causes hyperpolarization of smooth muscle by acti-
vating the Na-K pump and increasing the conductance of  
inwardly rectifying K+ channels. The hyperpolarization 
reduces Ca++ entry in vascular smooth muscle, because 
the membrane potential is shifted away from the thresh-
old. Thus the parenchymal arteriole dilates and blood 
flow increases.

With respect to K+, stimuli such as hypoxia, electri-
cal stimulation of the brain, and seizures elicit rapid 
increases in cerebral blood flow, and they are associated 
with increases in perivascular K+. The increments in K+ 

are similar to those that produce pial arteriolar dila-
tion when K+ is applied topically to these vessels. When 
extracellular K+ exceeds 15 mM, smooth muscle cells 
depolarize, and Ca++ entry is increased to cause contrac-
tion and vasoconstriction. Thus K+ has a dual effect on 
smooth muscle function that derives from its actions on 
the Na/K pump, K+ conductance, and the K+ concentra-
tion gradient.

The cerebral vessels (pial and parenchymal) are very 
sensitive to CO

2
 tension. Increases in arterial blood 

CO
2
 tension (Paco

2
) elicit marked cerebral vasodila-

tion; inhalation of 7% CO
2
 doubles cerebral blood flow. 

Similarly, decreases in Paco
2
, such as those elicited by 

hyperventilation, produce a decrease in cerebral blood 
flow. Carbon dioxide evokes changes in arteriolar resis-
tance by altering perivascular pH (and probably also by 
altering intracellular vascular smooth muscle pH). By 
changing Paco

2
 and bicarbonate concentration inde-

pendently, some researchers have demonstrated that 
pial vessel diameter and pH (and presumably blood 
flow) are inversely related, regardless of the level of the 
Paco

2
. Acidosis initiates a marked vasodilation of brain 

Talking Reading

Controls: rest Sens 1 Sens 2

Reasoning Problem solving

Fig. 12.6  Effects of different stimuli on 
regional blood flow in the contralateral hu-
man cerebral cortex. Sens 1, Low-intensity 
electrical stimulation of the hand; Sens 2, 
high-intensity electrical stimulation of the 
hand (pain). (Redrawn from Ingvar, D. H. 
(1976). Functional landscapes of the dom-
inant hemisphere. Brain Research, 107, 
181–197.)
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arterioles. The vasodilation is mediated by a very local-
ized release of Ca++ from the endoplasmic reticulum (Ca 
sparks). This local Ca++ signal activates large-conduc-
tance K+ channels (BK

Ca
); the ensuing hyperpolarization 

stabilizes the vascular smooth muscle cell and opposes 
vasoconstriction.

Carbon dioxide can diffuse to the vascular smooth 
muscle from the brain tissue or from the lumen of the ves-
sels, whereas H+ in the blood is prevented from reaching 
the arteriolar smooth muscle by the blood-brain barrier. 
Hence the cerebral vessels dilate when the H+ concen-
tration of the cerebrospinal fluid is increased. However, 
the vessels show only minimal dilation in response to an 
increase in the H+ concentration in the arterial blood. 
Chemical regulation of cerebral blood flow by Paco

2
 is 

impaired in human subjects with endothelial dysfunction 
(diabetes, hypertension); the relative roles of H+ and NO 
in response to changes in Paco

2
 are not clear. However, in 

humans with normal endothelial cell function, inhibition 
of NO production has no effect on pressure-dependent 
autoregulation.

Adenosine levels of the brain rise with ischemia, 
hypoxemia, hypotension, hypocapnia, electrical stimula-
tion of the brain, and induced seizures. Topically applied 
adenosine is a potent dilator of the pial arterioles. In 
short, any intervention that either reduces the O

2
 supply 

to the brain or increases the O
2
 requirements of the brain 

results in rapid (within 5 seconds) formation of adenosine 
in the cerebral tissue. Unlike pH or K+ concentration, the 
adenosine concentration of the brain increases with ini-
tiation of the stimulus, and it remains elevated through-
out the period of O

2
 imbalance. The adenosine released 

into the cerebrospinal fluid during conditions associated 
with inadequate brain O

2
 supply is available to the brain 

tissue for reincorporation into cerebral tissue adenine 
nucleotides.

Three factors—pH, K+, and adenosine—may act in 
concert to adjust the cerebral blood flow to the metabolic 
activity of the brain. The cerebral circulation shows reac-
tive hyperemia and excellent autoregulation when the 
pressures are between about 60 and 160 mm Hg. Mean 
arterial pressures below 60 mm Hg result in reduced 
cerebral blood flow and syncope, whereas mean pres-
sures above 160 may lead to increased permeability of the 
blood-brain barrier and cerebral edema. Autoregulation 
of cerebral blood flow is abolished by hypercapnia and any 
other potent vasodilator. None of the candidates for met-
abolic regulation of cerebral blood flow has been shown 
to be responsible for this phenomenon. Hence autoregu-
lation of cerebral blood flow is probably attributable to a 
myogenic mechanism, although experimental proof is still 
lacking. 

THE PULMONARY AND SYSTEMIC 
CIRCULATIONS ARE IN SERIES WITH EACH 
OTHER
Under steady-state conditions, the total pulmonary and sys-
temic blood flows are virtually identical (see Chapter 10). 
Despite this similarity in the rate of blood flow, the anatomi-
cal, hemodynamic, and physiological characteristics of these 
two sections of the cardiovascular system differ substantially.

Functional Anatomy
Pulmonary Vasculature
The pulmonary vascular system is a low-resistance network 
of highly distensible vessels. The main pulmonary artery is 
much shorter than the aorta. The walls of the pulmonary 
artery and its branches are much thinner than the walls of 
the aorta, and they contain less smooth muscle and elas-
tin. Unlike systemic arterioles, which have very thick walls 
composed mainly of circularly arranged smooth muscle, 
pulmonary arterioles are thin and contain little smooth 
muscle. The pulmonary arterioles do not have the same 
capacity for vasoconstriction as do their counterparts in 
the systemic circulation. The pulmonary venules and veins 
are also very thin and possess little smooth muscle.

The pulmonary capillaries differ markedly from the 
systemic capillaries. Whereas the systemic capillaries con-
stitute an interconnecting network of tubular vessels, the 
pulmonary capillaries are aligned so that the blood flows in 
thin sheets between adjacent alveoli (Fig. 12.7). Hence the 
capillary blood is exposed optimally to the alveolar gases. 
The total surface area for exchange between alveoli and 
blood is about 50 to 70 m2. Only thin layers of vascular 
and alveolar endothelium separate the blood and alveolar 
gas. The thickness of the sheets of blood between adjacent 
alveoli depends on the intravascular and intraalveolar 
pressures. Ordinarily, the width of an interalveolar sheet of 
blood is about equal to the diameter of a red blood cell (see 
Fig. 12.7). During pulmonary vascular congestion, as when 
the left atrial pressure is elevated, the width of the sheet 
may increase severalfold. Conversely, when local alveolar 
pressure exceeds the adjacent capillary pressure, the capil-
laries may collapse and blood will not flow to those alveoli. 

Elevation of intracranial pressure results in an increase 
in systemic blood pressure. This response, called Cush-
ing phenomenon, is apparently caused by ischemic 
stimulation of vasomotor regions in the medulla. It 
helps maintain cerebral blood flow in such conditions as 
expanding intracranial tumors.

CLINICAL BOX
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Hydrostatic factors participate in this phenomenon, par-
ticularly with respect to the regional distribution of blood 
flow to the lungs, as described in the next section. 

Bronchial Vasculature
The bronchial arteries are branches of the thoracic aorta. 
These arteries and their branches, down to the arterioles, 
have the structural characteristics of most systemic arter-
ies. Hence they have much thicker walls and more smooth 
muscles than do the pulmonary arterial vessels of equiva-
lent caliber. The bronchial vessels supply blood to the tra-
cheobronchial tree down to the terminal bronchioles. 

Red blood
cells

Alveolus

Red blood
cells

Alveolus

Fig. 12.7  Scanning electron micrograph of mouse lung to show an interalveolar septum. Note that the mem-
branes that separate an alveolus from a capillary are so thin that the shapes of the erythrocytes in the capillary 
can easily be discerned. (From Greenwood, M. F., & Holland, P. (1972). The mammalian respiratory tract 
surface. A scanning electron microscopic study. Laboratory Investigation, 27, 296–304.)

CLINICAL BOX
Sustained abridgment of the pulmonary arterial blood  
supply to a lung, after pulmonary embolism, for example,  
usually increases the precapillary (arterial) communi-
cations between vessels of the systemic and pulmo-
nary circuits. Certain inflammatory and degenerative 
pulmonary diseases, such as emphysema, are often 
associated with increased bronchial blood flow, and 
significant admixture of blood occurs between the two 
systems.
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Pulmonary Hemodynamics
The bronchial veins drain partly into the pulmonary 
venous system, and partly into the azygos veins, which 
are a part of the systemic venous system. The bronchial 
circulation normally constitutes about 1% of the cardiac 
output. Therefore the fraction of the bronchial blood flow 
that returns to the left atrium (via the pulmonary veins) 
rather than to the right atrium (via the azygos veins) con-
stitutes at most 1% of the venous return to the heart. This 
small quantity of bronchial venous blood, plus a small 
amount of coronary venous blood that drains directly 
into the left atrium or left ventricle, “contaminates” the 
pulmonary venous blood, which is ordinarily fully sat-
urated with O

2
. Hence the aortic blood is very slightly 

desaturated. This small quantity of venous drainage 
directly into the left side of the heart also accounts for 
the fact that, under true steady-state conditions, the out-
put of the left ventricle slightly exceeds that of the right 
ventricle.

Pressures in the Pulmonary Circulation
In normal individuals, the average systolic and diastolic 
pressures in the pulmonary artery are about 25 and 10 mm 
Hg, respectively, and the mean pressure is about 15 mm Hg  
(Fig. 12.8). These pressures are much lower than those 
in systemic arteries because the pulmonary vascular 
resistance is only about one-tenth the resistance of the 
systemic vascular bed. The mean pressure in the left 
atrium is normally about 5 mm Hg, and so the total pul-
monary arteriovenous pressure gradient is only about 
10 mm Hg. The mean hydrostatic pressure in the pul-
monary capillaries lies between the pulmonary arterial 
and pulmonary venous values but somewhat closer to 
the latter. 

Pulmonary Blood Flow
Under steady-state conditions the pulmonary and systemic 
blood flows are equal, except for the small disparity contributed 
by the bronchial circulation. Gravity affects the regional distri-
bution of blood flow in the lungs because of the low pressures 
in the pulmonary blood vessels and their great distensibility.

Three distinct flow patterns may be found at differ-
ent hydrostatic levels in the lung, as illustrated in Fig. 12.9. 
Consider that the pulmonary artery delivers blood at a steady 
pressure of 15 mm Hg, and that pulmonary venous pressure 
remains constant at 5 mm Hg. In those pulmonary arterial 
and venous branches that are 13 cm below (zone C) the 
hydrostatic level of the main pulmonary vessels, the respective 
pressures will be 10 mm Hg, which is equivalent to 13 cm of 
blood greater than those in the main vessels, by virtue of the 
gravitational effects. Conversely, in pulmonary arterial and 
venous branches that are 13 cm above (zone A) the main ves-
sels, the respective pressures will be 10 mm Hg less than those 
in the main vessels. At the same hydrostatic level (zone B) as 
the main vessels, the respective pressures in the branches will 
be approximately equal to those in the main vessels.

Consider that the alveolar pressure equals 7 mm Hg 
in all alveoli. Such an alveolar pressure might exist in an 
individual who is receiving positive-pressure ventilation. In 
zone A in Fig. 12.9, the alveolar pressure would exceed the 
local arterial and venous pressures. The pulmonary capil-
lary pressures lie between the pressures of the arteries and 
veins, and therefore alveolar pressure would also exceed 
capillary pressure. Capillaries lying between adjacent alve-
oli would collapse. Those alveoli would not be perfused, 
and gas would not be exchanged.
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Fig. 12.8  Pressures recorded in the brachial and pulmonary 
arteries of a normal human subject. (Modified from Harris, P., 
& Heath, D. (1962). Human pulmonary circulation. Edinburgh, 
Scotland: E & S Livingstone.)

CLINICAL BOX
The mean left atrial pressure is an index of the left ven-
tricular filling pressure. To determine whether a patient 
suffers from left heart failure, it is desirable to mea-
sure the left atrial pressure directly, a difficult process. 
However, a flexible, balloon-tipped catheter can easily 
be guided into the pulmonary artery. If the catheter is 
advanced until the tip is wedged into a small branch 
of the pulmonary artery, the pulmonary artery wedge 
pressure serves as a useful estimate of the pressure in 
the left atrium. The wedged catheter halts flow in the 
small vessels distal to the catheter. These vessels then 
serve as an extension of the catheter and thereby allow 
the catheter to communicate with the pulmonary veins 
and left atrium.
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In zone B in Fig. 12.9, the alveolar pressure lies between 
the local arterial and venous pressures. Again, if alveolar 
pressure equals 7 mm Hg, a capillary in that region will 
flutter between the open and closed states. When the cap-
illary is open, blood will flow through it, and the capillary 
pressure will decrease progressively from the arterial to 
the venous end. The pressure at the venous end will be 
less than the alveolar pressure, and therefore the capillary 
will collapse at that end. When flow ceases, the arterial and 
capillary pressures will equalize at a given hydrostatic level. 
Thus the capillary pressure will quickly rise to that in the 
small local arteries, which exceeds the prevailing alveolar 
pressure. The capillary will then be forced open. With the 
restitution of flow, however, the pressure will drop along 
the length of the capillary. As the pressure at the venous 
end drops below the ambient alveolar pressure, the capil-
lary will again close. Hence the capillary will flutter between 
the open and closed states.

The critical pressure gradient for flow in zone B is the arte-
rioalveolar pressure difference, not the arteriovenous pressure 
difference, as it is for most vessels in the body. As long as 
venous pressure is less than alveolar pressure, venous pres-
sure does not influence the flow. Such a flow condition is 
called a waterfall effect because the height of a waterfall has 
no influence on the flow.

In zone C in Fig. 12.9, the arterial and venous pres-
sures both exceed the alveolar pressure. Hence the pres-
sure everywhere along the capillary exceeds the alveolar 
pressure, and the capillary remains permanently open. In 
this zone, the flow is determined by the arteriovenous pres-
sure gradient, and the resistance may be calculated by the 
hydraulic analog of Ohm’s law.

The large and small pulmonary vessels, including the 
capillaries, are very distensible, as previously noted. The 
pressure difference that determines the caliber of a disten-
sible tube is the transmural pressure; that is, the difference 
between the internal and external pressures. In an erect 
individual, the intravascular pressures in the lungs increase 
from apex to base. The transmural pressures increase 
accordingly, and the diameter of the pulmonary vessels 
increases from apex to base. Because resistance to flow 
varies inversely with vessel caliber, in zone C resistance 
decreases and flow increases in the apex-to-base direc-
tion. Such predicted changes in flow have been verified in 
humans. 

Regulation of the Pulmonary Circulation
The total volume of blood pumped by the heart passes 
through the pulmonary circulation. Therefore the various 
cardiac and vascular factors that determine cardiac out-
put in general also determine total pulmonary blood flow. 
These factors are discussed in Chapter 10.

Ordinarily, the mean pressure in the alveoli is atmo-
spheric. Therefore the conditions depicted in zone A in 
Fig. 12.9 do not ordinarily prevail in any region of the 
lungs. In hypovolemic shock, however, the mean pul-
monary artery pressure is often very low. Therefore 
vascular pressures in the lung apices might be sub-
atmospheric. The atmospheric pressure in the alveoli 
would then compress the apical capillaries, so that vir-
tually no blood would flow to that zone from the pul-
monary circulation. However, the bronchial circulation, 
which operates at much higher pressures, would be 
unaffected.

CLINICAL BOX
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Fig. 12.9  Schematic representation of the three types of flow 
regimens that might exist in the pulmonary circulation. In zone 
A, alveolar pressure exceeds intravascular pressures. Pulmo-
nary capillaries in this zone will not be perfused. In zone B, alve-
olar pressure is intermediate between pulmonary arterial and 
venous pressures. Pulmonary capillaries will flutter between 
the open and closed states. In zone C, intravascular pressures 
exceed alveolar pressure. The pulmonary capillaries are always 
open, but the flow resistances in individual vessels vary with 
the hydrostatic pressure in the vessel. Pa, Pulmonary artery 
pressure; Pv, pulmonary vein pressure. Alveolar pressure is 
7 mm Hg in all zones. All pressures are in mm Hg.
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The autonomic nervous system innervates the pulmo-
nary blood vessels. Although the small pulmonary vessels 
contain little smooth muscle, small changes in smooth 
muscle tone may alter vascular resistance substantially 
because the pressures in the pulmonary circulation are so 
low. Baroreceptor stimulation can dilate the pulmonary 
resistance vessels reflexly. Conversely, peripheral chemore-
ceptor stimulation constricts the pulmonary vessels; how-
ever, the importance of such neural regulation remains to 
be established.

Hypoxia has the most important influence on pulmonary 
vasomotor tone. Acute or chronic hypoxia increases pulmo-
nary vascular resistance (Fig. 12.10). Regional reductions 
in alveolar O

2
 tension constrict the nearby arterioles. This 

response helps maintain an optimal ventilation-perfusion 
ratio. The O

2
 tension in poorly ventilated alveoli approaches 

the Po
2
 in the pulmonary arterial blood. Blood flowing by 

such alveoli is not well oxygenated, and therefore the O
2
 

tension of the blood returning to the left atrium decreases. 
Arteriolar vasoconstriction reduces the blood flow to poorly 
ventilated alveoli and thereby reduces the contamination of 
the pulmonary venous blood with poorly oxygenated blood. 
Thus this mechanism shunts pulmonary blood flow from 
the poorly ventilated regions to the better ventilated regions 
of the lungs and thereby improves the O

2
 saturation of the 

systemic arterial blood.
The mechanism by which hypoxia raises pulmonary vas-

cular resistance has received much attention. Isolated pul-
monary artery smooth muscle cells have a “sensor” for O

2
 

because they contract in hypoxic conditions. The O
2
 sensor 

is suspected to be the electron transport system of mito-
chondria in smooth muscle cells of the pulmonary artery. 
The intact pulmonary artery is more sensitive to hypoxia 

than is the isolated cell. This greater sensitivity depends 
on the endothelium; the endothelial cells are thought to 
amplify rather than initiate the vasoconstrictor effect of 
hypoxia. Electrophysiological studies of pulmonary vas-
cular smooth muscle cells indicate that hypoxia increases 
the production of reactive O

2
 species (ROS). In turn, the 

ROS act upon redox-sensitive K
v
1.5 channels to inhibit an 

outward K+ current. The resulting depolarization of the cell 
membrane augments the influx of Ca++ into the smooth 
muscle cells and thereby induces contraction. The mecha-
nism for the contraction involves the calcium-calmodulin 
system that causes phosphorylation of myosin light chains 
(see Fig. 9.2). These results suggest that in an intact pul-
monary blood vessel, hypoxia would lead to vasoconstric-
tion. Chronic hypoxia results in proliferation of vascular 
smooth muscle, which thickens the blood vessel wall and 
culminates in pulmonary hypertension. Again, increased 
Ca++ entry is thought to be involved, because sustained ele-
vation of cytosolic Ca++ activates a signal transduction pro-
cess to activate genes involved in regulation of cell division. 

THE RENAL CIRCULATION AFFECTS THE 
CARDIAC OUTPUT

Anatomy
The primary branches of the renal artery divide into a 
number of interlobar arteries. These interlobar branches 
(Fig. 12.11) proceed radially from the hilus to the cor-
ticomedullary junction, which lies between the adjacent 
medullary pyramids. As an interlobar artery approaches 
the corticomedullary junction, it branches into a number 
of arcuate arteries. These travel in various directions over 
the bases of the adjacent medullary pyramids, in the zone 
between the cortex and the medulla. The arcuate branches 
that arise from adjacent interlobar arteries do not inter-
connect. Hence occlusion of an interlobar artery destroys a 
pyramid-shaped region of the kidney.

From the arcuate arteries, a number of interlobular 
branches travel toward the capsular surface of the kidney 
(see Fig. 12.11). The afferent arterioles to the glomeruli 
are branches of these interlobular arteries. Each human 
kidney has approximately 1 million glomeruli. The afferent 
arteriole to each glomerulus divides into several vessels that 
form discrete capillary loops (Fig. 12.12). The proximal 
and distal limbs of each loop are interconnected by many 
smaller capillaries. The distal limbs of each capillary loop 
within a glomerulus rejoin to form the efferent arteriole. 
The diameter of these arterioles is usually less than that of 
the afferent arteriole. The entire glomerular capillary tuft 
is enveloped by a Bowman capsule, which collects the glo-
merular filtrate.
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(mm Hg)
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40

0 2 4
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Fig. 12.10  Effect of hypoxia on vascular resistance of an iso-
lated rat lung. The lung was perfused with blood at a constant 
flow. When the O2 tension of the inspired air was reduced (be-
tween the arrows), the pulmonary resistance vessels constrict-
ed, as indicated by the substantial rise in perfusion pressure. 
(Modified from Grover, R. F., Wagner, W. W., Jr., Mcmurtry,  
I. F., & Reeves, J. T. (1983). Pulmonary circulation. In J. T. 
Shepherd & F. M. Abboud (Eds.), Handbook of physiology, Sec-
tion 2: The cardiovascular system-peripheral circulation and or-
gan blood flow (Vol III)., Bethesda, MD: American Physiological 
Society.)
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The efferent arterioles divide into another capillary net-
work, the peritubular capillaries (Fig. 12.13). The architec-
ture of the peritubular capillary network varies, depending 
on whether the efferent arteriole arises from glomeruli 
close to the medullary border (juxtamedullary glomeruli) 
or from glomeruli in the more peripheral regions of the 
renal cortex (see Fig. 12.11).

Capillaries that originate from the regular cortical 
glomeruli surround relatively short renal tubules, which 
are located primarily in the renal cortex. The capillary 
networks of neighboring cortical nephrons communicate 
freely with one another. Most of the capillaries arising from 
the efferent arterioles of juxtamedullary glomeruli form 
long hairpin loops (vasa recta) that accompany the loops of 
Henle deep into the renal medulla. Sometimes these loops 

extend to the tips of the renal papillae (see Fig. 12.11). The 
vasa recta participate in the countercurrent exchange sys-
tem, which is responsible for concentrating the urine. In 
general, the renal venous system parallels the arterial distri-
bution to the renal tissues. 

Renal Hemodynamics
Segmental Resistance
The pressure drops only slightly in the interlobar, arcuate, 
and interlobular arteries: the main preglomerular resis-
tance resides in the afferent arterioles (see Fig. 12.13). 
The pressure in the glomerular capillaries is normally 
about 50 to 60 mm Hg. Thus the net balance of forces 
across the capillary wall favors the outward filtration of 
plasma water along the entire length of the capillary loop.  

Peritubular
capillaries

Glomerulus

Arcuate artery

Arcuate vein

Vasa recta

Interlobar vein

Interlobar artery

Interlobular vein

Interlobular artery

Capsule

Medulla

Cortex

Fig. 12.11  Anatomy of the vasculature to one lobe of the kidney.
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The filtration coefficient of the glomerular capillaries 
exceeds that of most other capillaries in the body. Hence 
about 20% of the plasma water that enters the glomerular 
capillaries is filtered into a Bowman capsule. The greatest 
hydraulic resistance in the renal circulation is in the effer-
ent arterioles. Consequently, the pressure in the peritu-
bular capillaries is normally about 10 to 20 mm Hg. Such 
pressures favor net reabsorption of the large quantities of 
fluid that pass from the renal tubules to the interstitial 
spaces of the kidney. The peritubular capillaries are also 
considerably more permeable than most of the other capil-
laries in the body. 

Renal Blood Flow
The weight of the kidneys constitutes only about 0.5% of 
total body weight, yet the kidneys receive about 20% of car-
diac output. Most of this rich blood supply perfuses the 
renal cortex; and blood flow per unit weight to the inner 
medulla and papillae is only about one tenth that to the 
cortex. Nevertheless, these medullary tissues receive as 
much blood per unit weight as does the brain.

The kidney has one of the highest metabolic rates in the 
body. However, the large renal blood flow is not essential 
to subserve the high metabolic rate. The kidney extracts 
less than 10% of the O

2
 present in the renal arterial blood. 

Therefore the renal blood flow is at least ten times greater 
than that needed to deliver the required O

2
 and nutrients. 

The very high renal blood flow is important because it 
delivers large volumes of blood to the glomeruli for the 
process of ultrafiltration. 

The Renal Circulation Is Regulated by Intrinsic 
Mechanisms
Autoregulation
Renal blood flow tends to remain constant despite fluc-
tuations in arterial perfusion pressure. In the experiment 

ef

af

af

ef

50 mm

Fig. 12.12  Scanning electron micrograph of the mammalian 
glomerulus. An interlobular artery branches with two afferent ar-
terioles (af) proceeding into the glomerular tuft and emerging in 
efferent arterioles (ef). The afferent arterioles are 15 to 20 μm in 
diameter. (From Kimura, K., Hirata, Y., Nanba, S., Tojo, A., Mat-
suoka, H., & Sugimoto, T. (1990). Effects of atrial natriuretic pep-
tide on renal arterioles: Morphometric analysis using microvas-
cular casts. American Journal of Physiology, 259, F936–F944.)
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Fig. 12.13  Intravascular pressures in the renal artery (RA), affer-
ent arterioles (AA), glomerular capillaries (GI), efferent arterioles 
(EA), peritubular capillaries (PC), venules (V), and renal vein (RV). 
(From Frohnert, P. P. (1978). Renal blood flow. In F. G. Knox 
(Ed.), Textbook of renal pathophysiology. Hagerstown, MD: 
Harper & Row. Based on data from Brenner, B. M., Troy, J. L., & 
Daugharty, T. M. (1971). The dynamics of glomerular ultrafiltra-
tion in the rat. Journal of Clinical Investigation, 50, 1776–1780.)
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illustrated in Fig. 12.14, for example, arterial pressure was 
suddenly raised from 140 to 190 mm Hg. This stepwise 
change in pressure rapidly increased the renal blood flow 
from 135 to 165 mL/min. The rise in renal blood flow was 
transitory, however, and flow returned close to the con-
trol level in less than 1 minute. Over a pressure range of 
about 75 to 170 mm Hg, steady-state renal blood flow is 
relatively insensitive to changes in arterial pressure (Fig. 
12.15). Beyond this range, however, renal blood flow varies 
directly with perfusion pressure.

This ability of the renal blood flow to remain constant 
despite fluctuations in perfusion pressure is a process 
intrinsic to the kidney itself. The steady flow has been 
demonstrated even in isolated kidney preparations (see 
Fig. 12.14). Concomitant measurement of glomerular fil-
tration rate (GFR) reveals that the tendency for GFR to 
be autoregulated is equally pronounced (see Fig. 12.15). 
Therefore the resistance change induced by an alteration 
in perfusion pressure must occur mainly in the afferent 
arteriole. As the perfusion pressure is raised, for example, 
afferent arteriolar constriction not only limits the increase 
in renal blood flow but also restricts the rise in glomer-
ular capillary pressure and the concomitant increment  
in GFR.

Renal autoregulation has been studied extensively, but 
its mechanism remains controversial. The two principal 
mediators appear to be the myogenic mechanism and tub-
uloglomerular feedback. The myogenic mechanism is the 
intrinsic property of vascular smooth muscle to contract 
in response to a stretching force, such as an increase in 
transmural pressure (see Chapter 9). Tubuloglomerular 
feedback involves a feedback loop, in which a change in the 
flow of renal tubular fluid is detected by the macula densa 
of the juxtaglomerular apparatus, and the juxtaglomerular 

apparatus then sends a signal to the afferent arterioles to 
restore basal levels of renal blood flow and GFR.

The precise nature of the signal that regulates the caliber 
of the afferent arterioles is controversial. Many vasoactive 
substances, such as prostaglandins, catecholamines, ade-
nosine, NO, and the components of the renin-angiotensin 
system, may participate in the process of tubuloglomerular 
feedback. The juxtaglomerular apparatus is the source of one 
of the principal humoral mechanisms, the renin-angiotensin 
system, which is involved in the regulation of blood volume 
and blood pressure. In response to various signals, such as 
a reduction in GFR, the juxtaglomerular apparatus releases 
the enzyme renin. This enzyme acts on a substrate, angio-
tensinogen, which circulates in the blood, to release the 
decapeptide angiotensin I. This peptide is then split by a 
converting enzyme found on endothelial cell surfaces mainly 
in the lungs and kidney, to form an octapeptide, angiotensin 
II. This peptide not only is a potent arteriolar vasoconstric-
tor but also affects many other vital functions, such as the 
regulation of certain renal tubular transport processes and 
the release of aldosterone, an adrenocortical hormone that 
affects renal excretion of Na+ and water. 

Neural Regulation
Stimulation of the renal sympathetic nerves decreases renal 
blood flow substantially but reduces GFR only slightly. The 
neural activity constricts the afferent and efferent arterioles 
and the proximal segments of the vasa recta. Presumably 
the reduction of renal blood flow exceeds the reduction of 
GFR, because the postglomerular constriction exceeds the 
preglomerular constriction.

In resting subjects, the basal level of renal sympathetic 
tone is low; abolition of that tone scarcely affects renal 
blood flow. The arterial baroreceptor reflexes influence 
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Fig. 12.14  Changes in renal blood flow evoked by 
a sudden increase in arterial perfusion pressure 
from 140 to 190 mm Hg in an isolated dog kidney. 
The kidney was perfused from a peripheral artery 
of another dog. (Modified from Semple, S. J. G., 
& deWardener, H. E. (1959). Effect of increased 
renal venous pressure on circulatory autoregula-
tion of isolated dog kidneys. Circulation Research, 
7, 643–648.)
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the renal vasculature only slightly. Activation of low-pres-
sure vascular receptors elicits much larger reflex effects 
on the renal circulation. A reduction in left atrial pres-
sure, for example, increases renal nerve activity and renal 
vascular resistance greatly. Emotional reactions such 
as anxiety, fear, and rage also curtail renal blood flow  
dramatically. 

THE SPLANCHNIC CIRCULATION PROVIDES 
BLOOD FLOW TO THE GASTROINTESTINAL 
TRACT, LIVER, SPLEEN, AND PANCREAS
Several features distinguish the splanchnic circulation, the 
most noteworthy being that two large capillary beds are par-
tially in series with each other. The small splanchnic arterial 
branches supply the capillary beds in the gastrointestinal 
tract, spleen, and pancreas. From these capillary beds, the 
venous blood ultimately flows into the portal vein, which 
normally provides most of the blood supply to the liver. 
However, the hepatic artery also supplies blood to the liver.

Intestinal Circulation
Anatomy
The gastrointestinal tract is supplied by the celiac, superior 
mesenteric, and inferior mesenteric arteries. The superior 

mesenteric artery is the largest of all the aortic branches 
and carries more than 10% of the cardiac output. Small 
mesenteric arteries form an extensive vascular network in 
the submucosa (Fig. 12.16). Their branches penetrate the 
longitudinal and circular muscle layers, and they give rise 
to third- and fourth-order arterioles. Some third-order 
arterioles in the submucosa become the main arterioles to 
the tips of the villi.

The direction of the blood flow in the capillaries and 
venules in a villus is opposite to that in the main arteriole 
(Fig. 12.17). This arrangement constitutes a countercur-
rent exchange system. An effective countercurrent mul-
tiplier in the villus facilitates the absorption of Na+ and 
water. The countercurrent exchange also permits diffusion 
of O

2
 from arterioles to venules. At low flow rates, a sub-

stantial fraction of the O
2
 may be shunted from arterioles 

to venules near the base of the villus. Thus the supply of O
2
 

to the mucosal cells at the tip of the villus may be curtailed. 
When intestinal blood flow is reduced, the shunting of O

2
 

is exaggerated, possibly causing extensive necrosis of the 
intestinal villi. 

Neural Regulation
The neural control of the mesenteric circulation is almost 
exclusively sympathetic. Increased sympathetic activity 
constricts the mesenteric arterioles, precapillary sphincters, 
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Fig. 12.16  Diagrammatic view of the microcirculation of the small intestine. (A) Arterioles in the villus and in 
the crypt give rise to capillaries; blood flows to venules that eventually enter the portal circulation. (B) Lym-
phatic vessels (lacteals) are found in the villus and form a plexus at the base of the villus where lymphoid 
nodules are located. (Redrawn from Kierszenbaum, A. (2002). Histology and cell biology: An introduction to 
pathology. Philadelphia, PA: Mosby.)
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Fig. 12.17  Scanning electron micrographs of rabbit intestinal villi (A) and corrosion cast of the microcirculation 
in the villus (B). A, Arteriole; V, venule. (From Gannon, B. J., Gore, R. W., & Rogers, P. A. W. (1981). Is there 
an anatomical basis for a vascular countercurrent mechanism in rabbit and human intestinal villi? Biomed 
Research, 2(Suppl), 235–241.)
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and capacitance vessels. These responses are mediated by 
α

1
-adrenergic receptors, which are dominant in the mes-

enteric circulation; β
2
-adrenergic receptors are also pres-

ent. Infusion of a β-adrenergic receptor agonist, such as 
isoproterenol, causes vasodilation.

In response to fighting, or to artificial stimulation of the 
hypothalamic “defense” area, vasoconstriction becomes 
pronounced in the mesenteric vascular bed. This shifts 
blood flow from the temporarily less important intestinal 
circulation to the more crucial skeletal muscles, heart, and 
brain. 

Autoregulation
Autoregulation in the intestinal circulation is not as well 
developed as it is in certain other vascular beds, such as 
those in the brain and kidney. The principal mechanism 
responsible for autoregulation is metabolic, although 
a myogenic mechanism probably also participates (see 
Chapter 9). The adenosine concentration in the mesenteric 
venous blood rises fourfold after brief arterial occlusion. 
Adenosine is a potent vasodilator in the mesenteric vascu-
lar bed, and it may be the principal metabolic mediator of 
autoregulation. However, K+ and altered osmolality may 
also contribute to the overall response.

The O
2
 consumption of the small intestine is more rig-

orously controlled than is the blood flow. In one series of 
experiments, the O

2
 uptake of the small intestine remained 

constant when arterial perfusion pressure was varied between 
30 and 125 mm Hg. 

Functional Hyperemia
Food ingestion increases intestinal blood flow. The secretion 
of certain gastrointestinal hormones contributes to this 
hyperemia. Gastrin and cholecystokinin augment intes-
tinal blood flow, and these hormones are secreted when 
food is ingested. The absorption of food affects intestinal 
blood flow. Undigested food has no vasoactive influence, 
whereas several products of digestion are potent vasodila-
tors. Among the various constituents of chyme, the princi-
pal mediators of mesenteric hyperemia are glucose and fatty 
acids. 

Hepatic Circulation
Anatomy
The blood flow to the liver is normally about 25% of car-
diac output. The flow is derived from two sources: the por-
tal vein and the hepatic artery. Ordinarily, the portal vein 
provides about three fourths of the blood flow. The portal 
venous blood has already passed through the gastrointesti-
nal capillary bed, and therefore much of the O

2
 has already 

been extracted. The hepatic artery delivers the remaining 
one fourth of the blood, which is fully saturated with O

2
. 

Hence about three fourths of the O
2
 used by the liver is 

derived from the hepatic arterial blood.
The small branches of the portal vein and hepatic artery 

give rise to terminal portal venules and hepatic arterioles 
(Fig. 12.18). These terminal vessels enter the hepatic aci-
nus (the functional unit of the liver) at its center. Blood 
flows from these terminal vessels into the sinusoids, which 
constitute the capillary network of the liver. The sinusoids 
radiate toward the periphery of the acinus, where they con-
nect with the terminal hepatic venules. Blood from these 
terminal venules drains into progressively larger branches 
of the hepatic veins, which are tributaries of the inferior 
vena cava. 

Hemodynamics
The mean blood pressure in the portal vein is about 10 
mm Hg, and that in the hepatic artery is about 90 mm 
Hg. The resistance of the vessels upstream to the hepatic 
sinusoids is considerably greater than is that of the down-
stream vessels. Consequently, the pressure in the sinusoids 
is only 2 or 3 mm Hg greater than that in the hepatic veins 
and inferior vena cava.

The ratio of presinusoidal resistance to postsinusoidal 
resistance in the liver is much greater than the ratio of pre-
capillary resistance to postcapillary resistance in almost 
any other vascular bed. Hence drugs and other interven-
tions that alter the presinusoidal resistance usually affect 
the pressure in the sinusoids only slightly. Such changes 
in presinusoidal resistance have little effect on the fluid 
exchange across the sinusoidal wall. Conversely, changes in 
hepatic venous (and in central venous) pressure are trans-
mitted almost quantitatively to the hepatic sinusoids and 
profoundly affect the transsinusoidal exchange of fluids. 

Regulation of Blood Flow
Blood flows in the portal venous and hepatic arterial sys-
tems vary reciprocally. When blood flow is curtailed in one 
system, the flow increases in the other system. However, 
the ensuing increase in flow in one system usually does not 
fully compensate for the initiating reduction in flow in the 
other system. The portal venous system does not autoreg-
ulate. As portal venous pressure and flow are raised, resis-
tance either remains constant or decreases. However, the 
hepatic arterial system displays autoregulation.

The liver tends to maintain a constant O
2
 consump-

tion because the extraction of O
2
 from the hepatic blood 

is very efficient. As the rate of O
2
 delivery to the liver is 

varied, the liver compensates with an appropriate change 
in the fraction of O

2
 that is extracted from the blood. 

This extraction is facilitated by the distinct separation 
of the presinusoidal vessels at the acinar center from 
the postsinusoidal vessels at the periphery of the acinus 
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(see Fig. 12.18). The substantial distance between these 
types of vessels prevents a countercurrent exchange of 
O

2
, contrary to the condition that exists in an intestinal 

villus (see Fig. 12.17).

The sympathetic nerves constrict the presinusoidal resis-
tance vessels in the portal venous and hepatic arterial systems. 
Neural effects on the capacitance vessels are more important, 
however. The liver contains about 15% of the total blood vol-
ume of the body. Under appropriate conditions, such as in 
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Fig. 12.18  Microcirculation in a hepatic acinus. The arrows indicate the direction of blood flow from the 
hepatic artery and portal vein to the hepatic sinusoids. The admixture of blood flows through the terminal he-
patic venule and then into the sublobular vein. (Redrawn from Ross, M. H., & Pawling, W. (2006). Histology: 
A text and atlas: With correlated cell and molecular biology. Philadelphia, PA: Lippincott William & Wilkins.)

fluid transudation into the abdominal cavity (i.e., asci-
tes). Furthermore, the pressure may rise substantially 
in other veins that anastomose with the portal vein. A 
noteworthy example is that of the esophageal veins. 
These veins may enlarge considerably to form esoph-
ageal varices, which may rupture and thereby lead to 
severe, and frequently fatal, internal bleeding. To obviate 
these grave problems associated with elevated portal 
venous pressure, an anastomosis (portacaval shunt) is 
often created surgically between the portal vein and the 
inferior vena cava to decrease portal venous pressure.

CLINICAL BOX
When central venous pressure is elevated, as in con-
gestive heart failure, large quantities of plasma water 
transude from the liver into the peritoneal cavity; such a 
fluid accumulation in the abdomen is known as ascites. 
Extensive fibrosis of the liver, as in the various types 
of hepatic cirrhosis, leads to a pronounced increase in 
hepatic vascular resistance, which raises the pressure 
substantially in the portal venous system. The conse-
quent increase in capillary hydrostatic pressure through-
out the splanchnic circulation also leads to extensive 



234 CHAPTER 12  Special Circulations

response to hemorrhage, about half of the hepatic blood vol-
ume can be rapidly expelled by virtue of a constriction of the 
capacitance vessels. Hence the liver constitutes an important 
blood reservoir in humans. In certain other species, such as 
the dog, the spleen is a more important blood reservoir. 

FETAL CIRCULATION
The circulation in the fetus displays various differences from 
that in the postnatal infant. The fetal lungs are functionally 

inactive, and the fetus depends completely on the pla-
centa for O

2
 and nutrient supply. Oxygenated fetal blood 

from the placenta passes through the umbilical vein to the 
liver. Approximately half passes through the liver, and the 
remainder bypasses the liver and reaches the inferior vena 
cava through the ductus venosus (Fig. 12.19). In the infe-
rior vena cava, blood from the ductus venosus joins blood 
returning from the lower trunk and extremities, and this 
combined stream is in turn joined by blood from the liver 
through the hepatic veins.
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Fig. 12.19  Schematic diagram of the fetal circulation. The numbers represent the percentages of O2 satura-
tion of the blood flowing in the indicated blood vessels. The inset at upper left illustrates the direction of flow 
of a major portion of the inferior vena cava (VC) blood through the foramen ovale to the left atrium. (Values 
for O2 saturations are from Dawes, G. S., Mott, J. C., & Widdicombe, J. G. (1954). The foetal circulation in the 
lamb. Journal of Physiology, 126, 563–587.)
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The streams of blood tend to maintain their identity 
in the inferior vena cava, and they are divided into two 
streams of unequal size by the edge of the interatrial sep-
tum (crista dividens). The larger stream, which is mainly 
blood from the umbilical vein, is shunted to the left atrium 
through the foramen ovale, which lies between the inferior 
vena cava and the left atrium (see Fig. 12.19, inset). The 
other stream passes into the right atrium, where it is joined 
by superior vena caval blood that returns from the upper 
parts of the body and by blood from the myocardium.

Unlike in the adult, in whom the right and left ventricles 
pump in series, the ventricles in the fetus operate essen-
tially in parallel. Only one tenth of right ventricular output 
goes through the lungs, because of the large pulmonary 
resistance. Fetal oxygenation is derived from gas exchange 
in the placenta; O

2
 tension in the alveoli is low. The low 

O
2
 tension causes tonic pulmonary artery vasoconstriction. 

The hypoxia also results in dilation of the ductus arteri-
osus. This dilation shunts the remaining blood from the 
pulmonary artery to the aorta, at a point that is distal to 
the origins of the arteries to the head and upper extremi-
ties (see Fig. 12.19). Blood flows from pulmonary artery to 
the aorta because the pulmonary resistance is great and the 
diameter of the ductus arteriosus is as large as that of the 
descending aorta.

The large volume of blood coming through the foramen 
ovale into the left atrium is joined by blood returning from 
the lungs. The blood from these sources is pumped out by 
the left ventricle into the aorta. Most of the blood in the 
ascending aorta goes to the head, upper thorax, and arms; 
the remainder joins blood from the ductus arteriosus and 
supplies the rest of the body and the placenta. The amount 
of blood pumped by the left ventricle is about half that 
pumped by the right ventricle. The major fraction of the 
blood that passes down the descending aorta comes from 
the ductus arteriosus and right ventricle, and it flows by 
way of the two umbilical arteries to the placenta.

Fig. 12.19 illustrates the O
2
 saturations of the blood at 

various points of the fetal circulation. Fetal blood leaving 
the placenta is 80% saturated. However, the O

2
 saturation 

of the blood passing through the foramen ovale is reduced 
to 67% by mixing with the desaturated blood returning 
from the lower part of the body and the liver. Addition of 
the desaturated blood from the lungs reduces the O

2
 satu-

ration of left ventricular blood to 62%, which is the level 
of saturation of the blood that reaches the head and upper 
extremities.

The blood in the right ventricle, a mixture of desatu-
rated superior vena caval blood, coronary venous blood, 
and inferior vena caval blood, is only 52% saturated with 
O

2
. When the major portion of this blood traverses the 

ductus arteriosus and joins that pumped out by the left 

ventricle, the resulting O
2
 saturation of blood traveling to 

the lower part of the body and back to the placenta is 58%. 
Thus the tissues that receive blood of the highest O

2
 sat-

uration are the liver, heart, and upper parts of the body, 
including the head.

At the placenta, the chorionic villi dip into the maternal 
sinuses, and the O

2
, CO

2
, nutrients, and metabolic waste 

products are exchanged across the membranes. The bar-
rier to exchange is quite large, and the equilibrium of Po

2
 

between the two circulations is not reached at normal rates 
of blood flow. Therefore the O

2
 tension of the fetal blood 

leaving the placenta is very low. Were it not true that fetal 
hemoglobin has a greater affinity for O

2
 than does adult 

hemoglobin, the fetus would not receive an adequate O
2
 

supply. The fetal oxyhemoglobin dissociation curve is 
shifted to the left, so that at equal pressures of O

2
, fetal 

blood carries significantly more O
2
 than does maternal 

blood. In early fetal life, the high cardiac glycogen levels 
that prevail may protect the heart from acute periods of 
hypoxia. The glycogen levels decrease in late fetal life and 
reach adult levels by term.

Changes in the Circulatory System at Birth
The umbilical vessels have thick muscular walls that are 
very reactive to trauma, tension, sympathomimetic amines, 
bradykinin, angiotensin, and changes in Po

2
. In animals in 

which the umbilical cord is not tied, hemorrhage of the 
newborn is prevented by constriction of these large ves-
sels in response to stretching of the umbilical arteries and 
by an associated increased Po

2
 in systemic arteries of the 

infant. Closure of the umbilical vessels increases the total 
peripheral resistance and the blood pressure. When blood 
flow ceases through the umbilical vein, the ductus venosus 
closes. This structure is a thick-walled vessel with a mus-
cular sphincter. The event that closes the ductus venosus 
is still unknown.

The asphyxia that starts with constriction or clamp-
ing of the umbilical vessels, together with the cooling of 
the body, activates the respiratory center of the newborn 
infant. As the lungs fill with air, pulmonary vascular resis-
tance decreases to about one tenth of the value that exists 
before lung expansion. This resistance change is not caused 

If the mother is subjected to hypoxia, the reduced blood 
O2 tension is reflected in the fetus by tachycardia and 
an increase in blood flow through the umbilical vessels. 
If the hypoxia persists or if flow through the umbilical 
vessels is impaired, fetal distress occurs and is first 
manifested as bradycardia.

CLINICAL BOX
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by the presence of O
2
 in the lungs, because the change is 

just as great if the lungs are filled with nitrogen. However, 
filling the lungs with liquid does not reduce pulmonary 
vascular resistance.

The left atrial pressure is raised above the pressure in 
the inferior vena cava and right atrium by (1) the decrease 
in pulmonary resistance, with the resulting large flow of 
blood through the lungs to the left atrium; (2) the reduc-
tion of flow to the right atrium caused by occlusion of 
the umbilical vein; and (3) the increased resistance to left 
ventricular output produced by occlusion of the umbilical 
arteries. This reversal of the pressure gradient across the 
atria abruptly closes the valve over the foramen ovale, and 
the septal leaflets fuse over several days.

With the decrease in pulmonary vascular resistance, the 
pressure in the pulmonary artery falls to about one half 
its previous level (to about 35 mm Hg). This change in 
pressure, coupled with a slight increase in aortic pressure, 
reverses the flow of blood through the ductus arteriosus. 
However, within several minutes the large ductus arterio-
sus begins to constrict. This response produces turbulent 
flow, which is manifested as a murmur in the newborn. 
Constriction of the ductus arteriosus is progressive, and it 
is usually complete within 1 to 2 days after birth. Closure of 
the ductus arteriosus appears to be initiated by (1) the high 
O

2
 tension of the arterial blood that passes through it, and 

(2) the pulmonary ventilation with O
2
 that closes the ductus. 

Furthermore, ventilation with air low in O
2
 opens this shunt 

vessel. Whether O
2
 acts directly on the ductus or through the 

release of a vasoconstrictor substance is not known.

At birth the walls of the two ventricles are approx-
imately of the same thickness, with a possibly slight pre-
ponderance of the right ventricle. Also, in the newborn the 
muscle layer of the pulmonary arterioles is thick, a feature 
that is partly responsible for the high pulmonary vascular 
resistance of the fetus. After birth the thickness of the walls 
of the right ventricle diminishes, as does the muscle layer of 
the pulmonary arterioles; the left ventricular walls become 
thicker. These changes are progressive during the weeks 
after birth and reflect the effects of different hemodynamic 
forces (e.g., vascular resistance) on the two ventricles. 
Cardiac hypertrophy underlies the increase of heart weight 
during the normal growth period after birth. The physical 
demands imposed by the developing cardiovascular sys-
tem together with increased levels of soluble factors (e.g., 
growth hormone, insulin-like growth factor-1) account for 
physiological hypertrophy by which left ventricular mass 
more than doubles during the period from birth to young 
adult. 

The ductus arteriosus occasionally fails to close after 
birth. This failure constitutes a congenital cardiovascular 
abnormality that is amenable to surgical correction.

CLINICAL BOX

   	SUMMARY

Skin Circulation
	•	� Most of the resistance vessels in the skin are under dual 

control of the sympathetic nervous system and local 
vasodilator metabolites, but the arteriovenous anasto-
moses found in the hands, feet, and face are solely under 
neural control.

	•	� The main function of skin blood vessels is to aid in the 
regulation of body temperature by constricting to con-
serve heat and dilating to lose heat.

	•	� Skin blood vessels dilate directly and reflexly in response 
to heat and constrict directly and reflexly in response to 
cold. 

Skeletal Muscle Circulation
	•	� Skeletal muscle blood flow is regulated centrally by the 

sympathetic nerves and regulated locally by the release 
of vasodilator metabolites.

	•	� At rest, neural regulation of blood flow is paramount, 
but it yields to metabolic regulation during muscle 
contractions. 

Cerebral Circulation
	•	� Cerebral blood flow is predominantly regulated by 

metabolic factors, especially H+, CO
2
, K+, and adeno

sine.
	•	� Increased regional cerebral activity produced by stimuli 

such as touch, pain, hand motion, talking, reading, rea-
soning, and problem solving is associated with enhanced 
blood flow in the activated areas of the contralateral 
cerebral cortex. The neurovascular unit (microcircula-
tion, pericytes, the extracellular matrix, astrocytes, and 
neurons), a component of the blood-brain barrier, is 
thought to link brain activity with increased blood flow 
and oxygenation. 

Pulmonary Circulation
	•	� The pulmonary circulation consists of the pulmonary 

vasculature, whose function is to promote the exchange 
of O

2
 and CO

2
 across the pulmonary capillaries, and the 

bronchial vasculature, whose function is to deliver O
2
 

and nutrients to the airways.
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	•	� The resistance of the pulmonary vasculature is low. The 
distribution of blood flow to different regions of the 
lungs is affected by the body’s position in space because 
of the low pulmonary vascular pressures.

	•	� The smooth muscles in the pulmonary arterioles con-
strict in response to hypoxia. This response tends to 
shift blood flow to the well-ventilated alveoli and away 
from the poorly ventilated alveoli. 

Renal Circulation
	•	� Renal blood flow is very high (about 20% of cardiac 

output), and the chief resistance to blood flow in the 
kidneys resides in the afferent and efferent arterioles.

	•	� Glomerular capillary pressure is high (about 50 to 60 
mm Hg), and the glomerular capillaries are very per-
meable to water; these two factors favor the filtration 
of large quantities of water from the blood to Bowman 
capsules. 

Intestinal Circulation
	•	� The microcirculation in the intestinal villi constitutes a 

countercurrent exchange system for O
2
. This arrange-

ment puts the villi in jeopardy in states of low blood flow.
	•	� The splanchnic resistance and capacitance vessels are 

very responsive to changes in sympathetic neural activity. 

Hepatic Circulation
	•	� The liver receives about 25% of cardiac output; about 

three fourths of this comes via the portal vein and 
about one fourth via the hepatic artery. When flow 
is diminished in either the portal or hepatic system, 
flow in the other system usually increases, but not 
proportionately.

	•	� The liver tends to maintain a constant O
2
 consumption, 

in part because its mechanism for extracting O
2
 from 

the blood is so efficient.
	•	� The liver normally contains about 15% of total blood 

volume. It serves as an important blood reservoir for 
the body. 

Fetal Circulation
	•	� In the fetus a large percentage of right atrial blood passes 

through the foramen ovale to the left atrium, and a large 
percentage of pulmonary artery blood passes through 
the ductus arteriosus to the aorta.

	•	� At birth the umbilical vessels, ductus venosus, and 
ductus arteriosus close by contraction of their muscle 
layers. The reduction in pulmonary vascular resistance 
caused by lung inflation is the main factor that reverses 
the pressure gradient between the atria, thereby closing 
the foramen ovale. 
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History
A 53-year-old man has consumed substantial amounts 
of alcohol over the past 3 decades. For the past 2 or 
3 years, he has noticed that his belt size has progres-
sively increased and that his abdomen is distended. His 
physician was able to evoke a fluid wave across the 
patient’s abdomen by tapping it. The physician made 
the diagnosis of hepatic cirrhosis, which is associated 
with extensive fibrosis of the liver.

	1.	� The reason for the large accumulation of fluid in the 
patient’s abdomen is that:

	 a.	�the hydrostatic pressure in the splanchnic capillaries 
was abnormally high.

	 b.	�the hydrostatic pressure in the hepatic artery was 
abnormally high.

	 c.	�the hydrostatic pressure in the hepatic veins exceeded 
that in the portal vein.

	 d.	�the hydrostatic pressure in the hepatic veins exceeded 
that in the splenic vein.

	 e.	�the hepatic resistance was subnormal.

CASE 12.1 

History
A 6-year-old boy was referred by his family physician to 
a pediatric cardiologist because of chronic fatigue, effort 
intolerance, and a heart murmur. On physical examina-
tion, the boy appeared slightly small for his age, and had 
normal skin color, no clubbing of the fingers, and a harsh 
murmur throughout systole that was heard best in the 
fourth intercostal space to the left of the sternum but 
extending over the entire precordium. An x-ray revealed 
an enlarged heart, especially the right ventricle. An ear 
oximeter showed normal oxygenation of arterial blood. 
Hematocrit was normal. Cardiac catheterization data 
were as follows:

Mean right atrial pressure: 5 mm Hg
Right ventricular systolic pressure: 30 mm Hg
Right ventricular diastolic pressure: 3 mm Hg
Right atrial blood Po2: 40 mm Hg
Right ventricular blood Po2: 60 mm Hg
	1.	� The patient was admitted to the cardiac surgery unit 

for repair of:
	 a.	�coarctation of the aorta.
	 b.	�interventricular septal defect.
	 c.	�pulmonic stenosis.
	 d.	�tetralogy of Fallot.
	 e.	�patent ductus arteriosus.

CASE 12.2 
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History
A 55-year-old man visits his family physician and pres-
ents with a chief complaint of pain in his left leg when 
he walks about two blocks from his home to the grocery 
store. The pain subsides when he rests for a few minutes 
but it returns when he walks home. He has hypertension 
for which he takes amlodipine and a diuretic. He had a 
mild heart attack 4 years ago. Since that time, he has 
had occasional angina, which is treated with oral nitrates. 
Although counseled to stop smoking, he continues his 
one pack per day habit. He has a resting blood pressure 

of 140/95 mm Hg and an ankle-brachial index (ABI) of 0.5 
in the left leg and of 1.1 in the right leg (see Chapter 7). 
He is diagnosed with intermittent claudication resulting 
from peripheral vascular disease in the left leg.
	1.	� What is the systolic pressure in the dorsal pedal artery 

of the afflicted left leg?
	 a.	�140 mm Hg
	 b.	�110 mm Hg
	 c.	�95 mm Hg
	 d.	�70 mm Hg
	 e.	�55 mm Hg

CASE 12.3 
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Interplay of Central and Peripheral 
Factors That Control the Circulation

13

O B J E C T I V E S
	1.	� Describe the sequence of cardiovascular events during 

exercise.
	2.	� Describe how most cardiovascular functions are inte-

grated in exercise.
	3.	� Describe the effects of blood loss on the cardiovascular 

system.

	4.	� Explain the various compensatory mechanisms that 
protect against hemorrhagic shock.

	5.	� Explain the various decompensatory mechanisms that 
intensify the effects of blood loss.

 

The primary function of the circulatory system is to deliver 
the supplies needed for tissue metabolism and growth and 
to remove the products of metabolism. To explain how the 
heart and blood vessels serve this function, the circulatory 
system has been analyzed morphologically and function-
ally. Furthermore, the mechanisms of the component parts 
that maintain adequate tissue perfusion under different 
physiological conditions have been discussed.

Once the functions of the various individual compo-
nents are understood, it is essential to consider the inter-
relationships in the overall operation of the circulatory 
system. Tissue perfusion depends on the arterial pressure 
and the local vascular resistance. Furthermore, the arte-
rial pressure in turn depends on cardiac output and total 
peripheral resistance (TPR). Arterial pressure is maintained 
within a relatively narrow range in normal individuals, a 
feat accomplished by reciprocal changes in cardiac output 
and TPR (see Chapter 7). However, cardiac output and 
peripheral resistance are each influenced by a number of 
factors, and the interplay among these factors determines 
the level of these two variables. Acutely, the autonomic 
nervous system and the baroreceptors play the key role in 
regulating blood pressure (see Chapter 9). However, from 
a long-range point of view, the control of fluid balance by 
the kidneys, adrenal cortex, and central nervous system, 
along with the maintenance of a constant blood volume, 
is crucial.

In a well-regulated system, one way to study the extent 
and sensitivity of the regulatory mechanisms is to disturb 
the system and then to observe its response in restoring 
the preexisting steady state. Disturbances in the form of 

physical exercise and hemorrhage are used to illustrate the 
effects of the various factors involved in the regulation of 
the circulatory system.

EXERCISE
The cardiovascular adjustments in exercise consist of a 
combination and an integration of neural and local chem-
ical factors. The neural factors consist of (1) central com-
mand, (2) reflexes originating in the contracting muscle, 
and (3) the baroreceptor reflex. Central command is the 
cerebrocortical activation of the sympathetic nervous sys-
tem that produces cardiac acceleration, increased myocar-
dial contractile force, and peripheral vasoconstriction (see 
Chapter 5).

Reflexes can be activated intramuscularly by stimu-
lation of mechanoreceptors (by stretch, tension) and of 
chemoreceptors (byproducts of metabolism) in response to 
muscle contraction. Impulses from these receptors travel 
centrally via small myelinated (group III) and unmyelin-
ated (group IV) afferent nerve fibers. The group IV unmy-
elinated fibers may represent the muscle chemoreceptors; 
no morphological chemoreceptor has been identified. The 
central connections of this reflex are unknown, but the 
efferent limb is composed of the sympathetic nerve fibers 
to the heart and peripheral blood vessels.

The baroreceptor reflex and the local factors that influ-
ence skeletal muscle blood flow (metabolic vasodilators) are 
described in Chapters 9 and 12. Vascular chemoreceptors 
play a significant role in regulation of the cardiovascu-
lar system in exercise. This assertion is supported by the 
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observation that the pH, Pco
2
, and Po

2
 of arterial blood are 

normal during exercise, and the vascular chemoreceptors 
are located on the arterial side of the circulatory system.

Mild to Moderate Exercise
In humans and in trained animals, anticipation of physical 
activity inhibits vagus nerve impulses to the heart; this with-
drawal of vagal nerve activity underlies the initial increase 
in heart rate. Eventually, sympathetic nerve discharge also 
increases. The concerted inhibition of parasympathetic 
areas and activation of sympathetic areas of the medulla 
increase the heart rate and myocardial contractility. The 
tachycardia and the enhanced contractility increase the 
cardiac output, in turn raising the arterial pressure.

Exercise can be understood with the help of cardiac func-
tion and vascular function curves described in Chapter 10. 
An example is shown in Fig. 13.1. From the interactions 
described in Chapter 10, Fig. 13.1 can be seen as a compos-
ite that illustrates the effects of two changes. First, along 
with tachycardia, there is increased contractility caused by 
norepinephrine released from cardiac sympathetic nerves 
(see also Figs. 5.23 and 10.15). Second, there is a change in 
the vascular function curve that results from vasodilation 
(see Fig. 13.1; see also Fig. 10.13). In this closed circulatory 
system, TPR is reduced as a result of vasodilation in the 
skeletal muscle vascular bed. The vascular function curve 

is shifted upward, as is the contractility curve, because 
cardiac output and venous return are two measures of the 
same parameter. 

Peripheral Resistance Declines During Exercise
At the same time that the heart is stimulated, the sympa-
thetic nervous system elicits vascular resistance changes 
in the periphery. In skin, kidneys, splanchnic regions, and 
inactive muscle, sympathetically mediated vasoconstric-
tion increases vascular resistance, diverting blood away 
from these areas (Fig. 13.2). This greater resistance in vas-
cular beds of inactive tissues persists throughout the period 
of exercise.

The increase in blood flow in the active muscles at the 
onset of exercise cannot be attributed to a neural mecha-
nism, because a chemical block of the autonomic nervous 
system does not alter this blood flow response. This increase 
in muscle blood flow may be caused by the modest eleva-
tion of blood pressure or by some unknown mechanism.

As cardiac output and blood flow to active muscles 
increase with progressive increments in the intensity of 
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Fig. 13.1  Cardiac and vascular function curves are greatly al-
tered during strenuous exercise, allowing an increase in car-
diac output of fourfold to fivefold. The operating point of the 
cardiovascular system moves from A to B. The cardiac function 
curve during strenuous exercise is the result of increased heart 
rate, stroke volume, and contractility. The vascular function 
curve reflects greatly decreased total peripheral resistance and 
increased mean circulatory pressure (see Chapter 10). At the 
new operating point (B), cardiac output is increased more than 
fourfold, but filling pressure is increased only slightly.
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Fig. 13.2  Approximate distribution of cardiac output at rest and 
at different levels of exercise up to the maximal O2 consump-
tion (V̇o2) in a normal young man. (Redrawn from Ruch, H. P., 
& Patton, T. C. (1974). Physiology and biophysics (12 ed). Phila-
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exercise, visceral blood flow (splanchnic and renal vascu-
latures) decreases. Blood flow to the myocardium increases, 
whereas that to the brain is unchanged (see Fig. 13.2). 
Skin blood flow initially decreases during exercise. It then 
increases, as body temperature rises with increments in 
duration and intensity of the exercise. Skin blood flow finally 
decreases when the skin vessels constrict, as the total body O

2
 

consumption (V̇O2max
) nears maximum.

The major circulatory adjustment to prolonged exer-
cise involves the vasculature of the active muscles. Local 
formation of vasoactive metabolites induces marked 
dilation of the resistance vessels, which progresses as the 
intensity level of exercise increases. Potassium is one of 
the substances released by contracting muscle, and it may 
be in part responsible for the initial decrease in vascular 
resistance in the active muscles. Elevated interstitial K+ 
can cause vasodilation by stimulation of the Na-K pump 
and by activation of the conductance of inwardly rectify-
ing K+ channels. Either action causes hyperpolarization 
of vascular smooth muscle membrane, thereby reducing 
Ca++ entry. Other contributing factors are the release of 
adrenocorticotropic hormone (ACTH), the activation 
of adenosine triphosphate–sensitive potassium channels 
(K

ATP
 channels), and a decrease in pH during sustained 

exercise. All of these factors can act locally to dilate arte-
rioles in contracting muscle. Adenosine release and K

ATP
 

channel activation are thought to act at more distal arte-
rioles to increase blood flow. The mechanism for the 
transmission of the dilating effect to distal arterioles is 
not understood.

The local accumulation of metabolites relaxes the 
terminal arterioles. Blood flow through the muscle may 
rise 15 to 20 times above the resting level (see Fig. 13.2). 
This metabolic vasodilation of the precapillary vessels in 
active muscles occurs very soon after the onset of exer-
cise. Furthermore, the decrease in TPR enables the heart 
to pump more blood at a lesser load and more efficiently 
(less pressure work; see Chapter 4) than if TPR were 
unchanged. Only a small percentage of the capillaries is 
perfused at rest, whereas in actively contracting muscle, 
nearly all of the capillaries contain flowing blood (capil-
lary recruitment).

The surface available for exchange of gases, water, and 
solutes is increased manyfold. Furthermore, the hydro-
static pressure in the capillaries increases because of the 
relaxation of the resistance vessels. Hence there is a net 
movement of water and solutes into the muscle tissue. 
Interstitial pressure rises, and it remains elevated during 
exercise, as fluid continues to move out of the capillar-
ies and is carried away by the lymphatics. Lymph flow is 
increased as a result of both the rise in capillary hydro-
static pressure and the massaging effect of the contracting 

muscles on the valve-containing lymphatic vessels (see 
Chapter 8).

The contracting muscle avidly extracts O
2
 from the per-

fusing blood (increased Ao
2
–V

.
o

2
 difference) (Fig. 13.3), 

and the release of O
2
 from the blood is facilitated by the 

nature of oxyhemoglobin dissociation. The reduction in 
pH caused by the high concentration of CO

2
 and the for-

mation of lactic acid and the increase in temperature in the 
contracting muscle all contribute to shifting the oxyhemo-
globin dissociation curve to the right, an example of the 
Bohr effect (see Fig. 1.5). At any given partial pressure of 
O

2
, less O

2
 is bound by the hemoglobin in the red blood 

cells; consequently, O
2
 removal from the blood is facili-

tated. Oxygen consumption may increase as much as sixtyfold,  
with only a fifteenfold increase in muscle blood flow. Muscle 
myoglobin serves as a limited O

2
 store in exercise; it can 

release attached O
2
 at very low partial pressures. Hence it 

facilitates O
2
 transport from capillaries to mitochondria by 

serving as an O
2
 carrier. 
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Cardiac Output Can Increase Substantially in 
Exercise
The enhanced sympathetic drive and the reduced para-
sympathetic inhibition of the sinoatrial node continue 
during exercise, and consequently tachycardia persists. 
If the workload is moderate and constant, the heart rate 
will reach a certain level and remain there throughout the 
period of exercise. However, if the workload increases, 
a concomitant rise in heart rate occurs until a plateau is 
reached during severe exercise at about 180 beats per min-
ute (beats/min) (see Fig. 13.3). With moderate exercise, 
there is a substantial increase in stroke volume of about 
10% to 35% (see Fig. 13.3), the larger values occurring in 
trained individuals. (In very well-trained distance runners, 
whose cardiac outputs can reach six to seven times the 
resting level, stroke volume reaches about twice the rest-
ing value.) The increase in stroke volume has been ascribed 
to the Frank-Starling mechanism because left ventricular 
end-diastolic pressure and end-diastolic volume increase 
(see Chapter 4). This is seen in the rightward shift of the 
equilibrium point B in Fig. 13.1. (The importance of 
greater ventricular filling in the response of cardiac out-
put during exercise is underscored by the observation that 
increasing the heart rate alone through pacing is associated 
with reduced stroke volume and a constant cardiac out-
put.) Contractility also increases during moderate exercise, 
an indication of sympathetic activation (see Fig. 13.1; see 
also Chapter 5). When exercise is strenuous, cardiac out-
put increases largely as a result of tachycardia. Stroke vol-
ume remains at a plateau or may even diminish slightly 
(see Fig. 13.3) while contractility remains elevated.

Thus it is apparent that the increase in cardiac output 
observed with exercise is correlated with an increase in 
heart rate. If the baroreceptors are denervated, the cardiac 
output and heart rate responses to exercise are sluggish in 
comparison with the changes in animals with normally 
innervated baroreceptors. However, exercise still elicits 
an increment in cardiac output in the absence of auto-
nomic innervation of the heart, as occurs when a donor 
heart is prepared for transplantation. Resting heart rate is 
elevated to about 100 beats/min because parasympathetic 
innervation is lacking. The increment in cardiac output 
is less than that observed in normal subjects, and it is 
achieved principally by means of a gradual increase in heart 
rate. The stroke volume also increases but is below the level 
seen in the normal heart. If a β-adrenergic receptor–blocking 
agent is given, exercise performance is impaired in sub-
jects with transplanted hearts. The β-adrenergic receptor 
antagonist opposes the cardiac acceleration and enhanced 
contractility caused by increased amounts of circulating 
catecholamines. Hence the increase in cardiac output 
necessary for maximal exercise performance is limited. 

Venous Return Is Enhanced in Exercise
In addition to the contribution made by sympathetically 
mediated constriction of the capacitance vessels in both 
exercising and nonexercising parts of the body, venous 
return is aided by the working skeletal muscles and the 
muscles of respiration (see Fig. 13.1). The intermittently 
contracting muscles compress the vessels that course 
through them (see Fig. 12.2). In the case of veins with 
their valves oriented toward the heart, blood is pumped 
back toward the right atrium. The flow of venous blood 
to the heart is also aided by the increase in the pressure 
gradient developed by the more negative intrathoracic 
pressure produced by deeper and more frequent respira-
tions. In humans, there is little evidence that blood res-
ervoirs such as skin, lungs, and liver contribute much to 
circulating blood volume. In fact, blood volume is usually 
reduced slightly during exercise, as evidenced by a rise in 
the hematocrit ratio, because of both water lost externally 

CLINICAL BOX

Cardiac muscle size (growth) is directly related to the 
amount of work that is imposed upon it. In normal 
cardiac muscle during development and in endurance 
exercise, cardiac growth is achieved at a constant 
relation between systolic blood pressure and the ratio 
of wall thickness to ventricular chamber radius. An 
echocardiographic measurement used to distinguish 
physiological from pathological hypertrophy is relative 
wall thickness (ratio of left ventricular wall thickness to 
chamber radius). In physiological hypertrophy, left ven-
tricular mass and radius increase proportionately such 
that there is no significant change of relative wall thick-
ness. Examples of physiological hypertrophy occur in 
endurance athletes and pregnant women in whom 
left ventricular enlargement occurs with volume over-
load at constant relative wall thickness. Physiological 

hypertrophy is associated with an increased arteriolar 
diameter in experimental animals. Also, capillary density 
increases in proportion to the degree of hypertrophy. 
This stands in contrast with the situation in pathological 
hypertrophy, in which a reduction of capillary density 
(rarefaction) can occur. Neither myocardial fibrosis nor 
derangement of muscle fiber orientation is detected in 
physiological hypertrophy, in contrast to the findings in 
pathological hypertrophy.



244 CHAPTER 13  Interplay of Central and Peripheral Factors

by sweating and enhanced ventilation, and movement of 
fluid into the contracting muscle.

The fluid loss from the vascular compartment into con-
tracting muscle reaches a plateau as interstitial fluid pres-
sure rises and opposes the increased hydrostatic pressure in 
the capillaries of the active muscle. The fluid loss is partially 
offset by movement of fluid from the splanchnic regions 
and inactive muscle into the bloodstream. This influx of 
fluid occurs as a result of a decrease in hydrostatic pres-
sure in the capillaries of these tissues and an increase in 
plasma osmolarity caused by movement of osmotically 
active particles into the blood from the contracting muscle. 
In addition, reduced urine formation by the kidneys helps 
to conserve body water. 

Arterial Pressure Increases Slightly During 
Exercise
If the exercise involves a large proportion of the body mus-
culature, as in running or swimming, the reduction in 
total vascular resistance can be considerable (see Fig. 13.3). 
Nevertheless, arterial pressure starts to rise with the onset of 
exercise, and the increase in blood pressure roughly paral-
lels the intensity of the exercise performed (see Fig. 13.3). 
Therefore the increase in cardiac output is proportionally 
greater than the decrease in TPR. The vasoconstriction pro-
duced in the inactive tissues by the sympathetic nervous sys-
tem (and to some extent by the release of catecholamines 
from the adrenal medulla) is important for maintaining 
normal or increased blood pressure because sympathectomy 
or drug-induced block of the sympathetic adrenergic nerve 
fibers results in a decrease in arterial pressure (hypotension) 
during exercise.

Some sympathetically mediated vasoconstriction occurs 
in active muscle and increases during strenuous exercise, 
when more than half of the total body musculature is con-
tracting. In experiments in which one leg is working at 
maximal levels and then the other leg starts to work, blood 
flow decreases in the first working leg. Furthermore, blood 
levels of norepinephrine rise significantly in exercise, and 
most is derived from the sympathetic nerve endings in the 
active muscles.

As body temperature rises during exercise, the skin 
vessels dilate in response to thermal stimulation of the 
heat-regulating center in the hypothalamus, and TPR 
decreases further (see Fig. 13.3). This would result in a 
decline in blood pressure were it not for the increasing 
cardiac output and constriction of arterioles in the renal, 
splanchnic, and other tissues.

In general, mean arterial pressure rises during exercise, 
as a result of the increase in cardiac output (see Fig. 13.3). 
However, the effect of enhanced cardiac output is offset by 
the overall decrease in TPR. Hence the mean blood pressure 

rise is relatively small. Vasoconstriction in the inactive vascu-
lar beds contributes to the maintenance of a normal arterial 
blood pressure for adequate perfusion of the active tissues. 
The actual pressure attained represents a balance between 
cardiac output and TPR (see p. 128). Systolic pressure usu-
ally increases more than diastolic pressure, resulting in an 
increase in pulse pressure (see Fig. 13.3). The larger pulse 
pressure is primarily attributable to a greater stroke volume 
and, to a lesser degree, to a more rapid ejection of blood by 
the left ventricle. Peripheral runoff is less during the brief 
ventricular ejection period. 

Severe Exercise
When severe exercise is taken to the point of exhaustion, the 
compensatory mechanisms begin to fail. Heart rate attains 
a maximal level of about 180 beats/min, and stroke vol-
ume reaches a plateau. The stroke volume often decreases, 
resulting in a fall in blood pressure. Dehydration occurs, 
and sympathetic vasoconstrictor activity supersedes the 
vasodilator influence on the cutaneous vessels. The neu-
ral activity has the hemodynamic effect of a slight increase 
in effective blood volume. However, cutaneous vasocon-
striction also reduces the rate of heat loss. Body tempera-
ture is normally elevated in exercise, and reduction in heat 
loss through cutaneous vasoconstriction can, under these 
conditions, lead to very high body temperatures, with asso-
ciated feelings of acute distress. The tissue and blood pH 
values decrease as a result of greater lactic acid and CO

2
 

production. The reduced pH is probably the key factor that 
determines the maximal amount of exercise a given individ-
ual can tolerate because of muscle pain, subjective feelings 
of exhaustion, and inability or loss of the will to continue. 
A summary of the neural and local effects of exercise on the 
cardiovascular system is schematized in Fig. 13.4. 

Postexercise Recovery
When exercise stops, sympathetic activity to the heart 
declines, and the heart rate and cardiac output decrease. 
Peripheral sympathetic activity also decreases, and coupled 
with resistance vessel dilation (caused by the accumulated 
vasodilator metabolites), arterial pressure falls, often below 
the preexercise level. This hypotension is brief, and the baro-
receptor reflexes restore the blood pressure to normal levels. 

LIMITS OF EXERCISE PERFORMANCE
The two main forces that can limit skeletal muscle per-
formance in humans are the rate of O

2
 use by the mus-

cles and the O
2
 supply to the muscles. Muscle O

2
 usage is 

probably not critical, because maximum O
2
 consumption 

(V̇O2max
) during exercise by a large percentage of the body 

muscle mass either is unchanged or increases slightly when 
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additional muscles are activated. In fact, during exercise 
of a large muscle mass, as in vigorous bicycling, com-
mencement of bilateral arm exercise without change in the 
cycling efforts produces only a small increment in cardiac 
output and V̇O2max

. However, it causes a decrease in blood 
flow to the legs. This centrally mediated (baroreceptor 
reflex) vasoconstriction during maximal cardiac output 
prevents a fall in blood pressure. This drop in blood pres-
sure would otherwise be caused by metabolically induced 
vasodilation in the active muscles. If muscle O

2
 use were 

limiting, recruitment of more contracting muscle would 
use much more O

2
 to meet the enhanced O

2
 requirements 

(an amount about equal to the sum of O
2
 consumption of 

the arms and legs exercised alone).
Limitation of O

2
 supply may be caused by inadequate 

oxygenation of blood in the lungs or by limitation of the 
supply of O

2
-laden blood to the muscles. Failure to fully 

oxygenate blood by the lungs can be excluded, because even 
with the most strenuous exercise at sea level, arterial blood 

is fully saturated with O
2.
 Therefore O

2
 delivery (or blood flow 

because arterial blood O
2
 content is normal) to the active mus-

cles appears to be the limiting factor in muscle performance. 
This limitation could be caused by the inability to increase 
cardiac output beyond a certain level, as the result of a lim-
itation of stroke volume, which might occur because heart 
rate reaches maximal levels before V̇O2 max

 is reached. Hence 
the major factor is the pumping capacity of the heart. 

PHYSICAL TRAINING AND CONDITIONING
The response of the cardiovascular system to regular exer-
cise is to increase its capacity to deliver O

2
 to the active mus-

cles, and to improve the ability of the muscle to use O
2
. The  

V̇O2max
 is quite reproducible in a given individual, and it 

varies with the level of physical conditioning. Training pro-
gressively increases the V̇O2max

, which reaches a plateau at the 
highest level of conditioning. Highly trained athletes have 
a lower resting heart rate, greater stroke volume, and lower 
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peripheral resistance than they had before training or will 
have after deconditioning (i.e., becoming sedentary). The low 
resting heart rate is caused by a higher vagal tone and a lower 
sympathetic tone. With exercise, the maximal heart rate in 
the trained individual is the same as that in the untrained per-
son, but it is attained at a higher level of exercise.

The trained athlete also exhibits a low vascular resis-
tance that is inherent in the muscle. For example, if an indi-
vidual exercises one leg regularly over an extended period 
and does not exercise the other leg, the vascular resistance 
is lower, and the V̇O2max

 higher, in the “trained” leg than 
in the “untrained” leg. Physical conditioning is associated 
with a greater extraction of O

2
 from the blood (greater 

Ao
2
–V

.
o

2
 difference) by the muscles. With long-term train-

ing, capillary density and the numbers of mitochondria 
increase, as does the activity of the oxidative enzymes in the 
mitochondria. Also, it appears that ATPase activity, myo-
globin, and enzymes involved in lipid metabolism increase 
with physical conditioning. 

HEMORRHAGE
In an individual who has lost a large quantity of blood, the 
principal system affected is the cardiovascular system. The 
arterial systolic, diastolic, and pulse pressures diminish, 
and the arterial pulse is rapid and feeble. The cutaneous 
veins collapse and fill slowly when compressed centrally. 
The skin is pale, moist, and slightly cyanotic. Respiration is 
rapid, but the depth of respiration may be shallow or deep.

Hemorrhage Evokes Compensatory and 
Decompensatory Effects on the Arterial Blood 
Pressure
Cardiac output decreases as a result of blood loss (see 
Chapter 10). The amount (10%) of blood removed 
in a donation of blood is well tolerated; there is little 
change in mean arterial blood pressure. This is not the 

case when greater amounts are lost from the circula-
tion. The changes in mean arterial pressure evoked by 
an acute hemorrhage in experimental animals are illus-
trated in Fig. 13.5. If sufficient blood is withdrawn rapidly 
from a subject to bring mean arterial pressure to about  
50 mm Hg, the pressure tends to rise spontaneously toward 
control over the subsequent 20 or 30 minutes. In some 
animals (see Fig. 13.5, curve A), this trend continues, and 
normal pressures are regained within a few hours. In other 
animals (curve B), after an initial pressure rise, the pressure 
begins to decline, and it continues to fall at an accelerating 
rate until death ensues. This progressive deterioration of 
cardiovascular function is termed hemorrhagic shock. At 
some point the deterioration becomes irreversible; a lethal 
outcome can be retarded only temporarily by any known 
therapy, including massive transfusions of donor blood. 

The Compensatory Mechanisms Are Neural and 
Humoral
The changes in arterial pressure immediately after an acute 
blood loss (see Fig. 13.5) indicate that certain compen-
satory mechanisms must be operating. Any mechanism 
that senses the level of blood pressure and that raises the 
pressure toward normal in response to the reduction in 
pressure may be designated a negative feedback mecha-
nism. It is termed negative because the direction of the 
secondary change in pressure is opposite to that of the ini-
tiating change. The following negative feedback responses 
are evoked: (1) baroreceptor reflexes, (2) chemoreceptor 

CLINICAL BOX

Endurance training, such as running or swimming, pro-
duces proportionate increases of left ventricular wall 
thickness (t ) and of left ventricular chamber radius (r ) 
such that the ratio, t/r, remains constant. In contrast, 
strength exercises, such as weight lifting, appear to 
produce some increase in left ventricular wall thickness 
(hypertrophy) with little effect on ventricular chamber 
radius. However, this increase in wall thickness is small 
relative to that observed in hypertension, in which there 
is a persistent elevation of afterload because of the high 
peripheral resistance.
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reflexes, (3) cerebral ischemic responses, (4) reabsorption 
of tissue fluids, (5) release of endogenous vasoconstrictor 
substances, and (6) renal conservation of salt and water. 

Baroreceptor Reflexes
The reductions in mean arterial pressure and in pulse 
pressure during hemorrhage decrease the stimulation of 
the baroreceptors in the carotid sinuses and aortic arch 
(see Chapter 9). Several cardiovascular responses are thus 
evoked, all of which tend to restore the normal level of 
arterial pressure. Reduction of vagal tone and enhance-
ment of sympathetic tone raise the heart rate and enhance 
myocardial contractility.

The increased sympathetic discharge also produces gen-
eralized venoconstriction, which has the same hemody-
namic consequences as a transfusion of blood (see Chapter 
10). Sympathetic activation constricts the vasculature in 
certain blood reservoirs. This vasoconstriction provides an 
autotransfusion of blood into the circulation. In humans, 
the cutaneous, pulmonary, and hepatic vasculatures prob-
ably constitute the principal blood reservoirs.

Generalized arteriolar vasoconstriction is a prom-
inent response to the diminished baroreceptor stimula-
tion during hemorrhage. The reflex increase in peripheral 
resistance minimizes the fall in arterial pressure that 
results from the reduction of cardiac output. Fig. 13.6 
shows the effect of an 8% blood loss on mean aortic pres-
sure in a group of dogs. If both vagi are cut to eliminate 
the influence of the aortic arch baroreceptors, and only 
the carotid sinus baroreceptors are operative (left panel), 

this hemorrhage reduces mean aortic pressure by 14%. 
This pressure change does not differ significantly from the 
pressure decline (12%) evoked by the same hemorrhage 
before vagotomy (not shown). When the carotid sinuses 
are denervated and the aortic baroreceptor reflexes are 
intact, the 8% blood loss decreases mean aortic pressure 
by 38% (see Fig. 13.6, middle panel). Hence the carotid 
sinus baroreceptors are more effective than the aortic 
baroreceptors in attenuating the fall in pressure. The 
aortic baroreceptors must also be operative, however, 
because when both sets of afferent baroreceptor pathways 
are interrupted, an 8% blood loss reduces arterial pres-
sure by 48% (see Fig. 13.6, right panel).

Although arteriolar vasoconstriction is widespread  
during hemorrhage, it is by no means uniform. Vasocon
striction is most severe in the cutaneous, skeletal muscle, 
and splanchnic vascular beds, and it is slight or absent in 
the cerebral and coronary circulations. In many instances 
the cerebral and coronary vascular resistances are dimin-
ished. Thus the reduced cardiac output is redistributed to 
favor flow through the brain and the heart.

In the early stages of mild to moderate hemorrhage, the 
changes in renal resistance are usually slight. The tendency 
for increased sympathetic activity to constrict the renal 
vessels is counteracted by autoregulatory mechanisms 
(see Chapter 12). With more prolonged and severe hem-
orrhage, however, renal vasoconstriction becomes intense. 
The reductions in renal circulation are most severe in the 
outer layers of the renal cortex. The inner zones of the cor-
tex and outer zones of the medulla are spared.
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The severe renal and splanchnic vasoconstriction 
during hemorrhage favors the heart and brain. However, if 
such constriction persists too long, it may be detrimental. 
Frequently, patients survive the acute hypotensive period 
only to die several days later from kidney failure because 
the prolonged renal ischemia causes acute tubular necrosis. 
Intestinal ischemia may also have dire effects. In the dog, 
for example, intestinal bleeding and extensive sloughing of 
the mucosa occur after only a few hours of hemorrhagic 
hypotension. Furthermore, the diminished splanchnic 
flow swells the centrilobular cells in the liver. The resulting 
obstruction of the hepatic sinusoids raises the portal venous 
pressure, intensifying the intestinal blood loss. Fortunately, 
the pathological changes in the liver and in the intestine are 
usually much less severe in humans than in dogs. 

Chemoreceptor Reflexes
Reductions in arterial pressure below about 60 mm Hg do 
not evoke any additional responses through the barore-
ceptor reflexes, because this pressure level constitutes the 
threshold for stimulation (see Chapter 9). However, low 
arterial pressure may stimulate peripheral chemoreceptors, 
because inadequate local blood flow produces hypoxia 
in the chemoreceptor tissue. Chemoreceptor excitation 
enhances the already existing peripheral vasoconstriction 
evoked by the baroreceptor reflexes. Also, respiratory stim-
ulation assists venous return by the auxiliary pumping 
mechanism described in Chapter 10. 

Cerebral Ischemia
When the arterial pressure is below about 40 mm Hg, the 
resulting cerebral ischemia activates the sympathoadre-
nal system. The sympathetic nervous discharge is several 
times greater than the maximal neural activity that occurs 
when the baroreceptors cease to be stimulated. Therefore 
the vasoconstriction and facilitation of myocardial con-
tractility may be pronounced. With more severe degrees of 
cerebral ischemia, however, the vagal centers also become 
activated. The resulting bradycardia may aggravate the 
hypotension that initiated the cerebral ischemia. 

Reabsorption of Tissue Fluids
The arterial hypotension, arteriolar constriction, and 
reduced venous pressure during hemorrhagic hypoten-
sion lower the hydrostatic pressure in the capillaries. The 
balance of transmural forces promotes the net reabsorp-
tion of interstitial fluid into the vascular compartment 
(see Chapter 8). The rapidity of this response is displayed 
in Fig. 13.7. In a group of cats, 45% of the estimated 
blood volume was removed over a 30-minute period. The 
mean arterial blood pressure declined rapidly to about 
45 mm Hg. The pressure then returned quickly, but 

only temporarily, to near the control level. The plasma 
colloid osmotic pressure declined markedly during the 
bleeding and continued to decrease more gradually for 
several hours. The reduction in colloid osmotic pres-
sure reflects the dilution of the blood by reabsorption 
of tissue fluids that contain little protein. The hema-
tocrit is accordingly reduced, as is the O

2
-carrying  

capacity of the blood.
Considerable quantities of fluid may thus be drawn 

into the circulation during hemorrhage. About 0.25 mL 
of fluid per minute per kilogram of body weight may be 
reabsorbed. Approximately 1 L of fluid per hour might 
be autoinfused into the circulatory system of an aver-
age individual from the interstitial spaces after an acute 
blood loss.

Considerable quantities of fluid may also be slowly 
shifted from intracellular to extracellular spaces. Thus 
fluid exchange is probably mediated by secretion of cor-
tisol from the adrenal cortex in response to hemorrhage. 
Cortisol appears to be essential for a full restoration of 
plasma volume after hemorrhage. 

Endogenous Vasoconstrictors
The catecholamines, epinephrine, and norepinephrine 
are released from the adrenal medulla in response to the 
same stimuli that evoke widespread sympathetic nervous 
discharge. Blood levels of catecholamines are high during 
and after hemorrhage. When animals are bled to an arte-
rial pressure level of about 40 mm Hg, the concentration of 
catecholamines increases as much as 50 times.
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Epinephrine comes almost exclusively from the adre-
nal medulla, whereas norepinephrine is derived from both 
the adrenal medulla and the peripheral sympathetic nerve 
endings. These humoral substances reinforce the effects of 
sympathetic nervous activity listed previously.

Vasopressin, a potent vasoconstrictor, is actively secreted 
by the posterior pituitary gland in response to hemorrhage. 
The plasma concentration of vasopressin rises progressively as 
the arterial blood pressure diminishes (Fig. 13.8). The recep-
tors responsible for the augmented release are the sinoaortic 
baroreceptors and stretch receptors in the left atrium.

The diminished renal perfusion during hemorrhagic 
hypotension leads to the secretion of renin from the jux-
taglomerular apparatus (see Chapters 9 and 12). This 
enzyme acts on a plasma protein, angiotensinogen, to form 
angiotensin I, from which angiotensin II, a very powerful 
vasoconstrictor, is produced. 

Renal Conservation of Salt and Water
During hemorrhage, the kidneys conserve fluid and electro-
lytes in response to various stimuli, including the increased 
secretion of vasopressin (antidiuretic hormone) noted pre-
viously (see Fig. 13.8). The lower arterial pressure decreases 
the glomerular filtration rate and thus curtails the excretion 
of water and electrolytes. Also, the diminished renal blood 
flow raises the blood levels of angiotensin II, as previously 
described. This polypeptide accelerates the release of aldo-
sterone from the adrenal cortex. Aldosterone, in turn, 
stimulates sodium reabsorption by the renal tubules, and 
water accompanies the sodium that is actively reabsorbed. 

The Decompensatory Mechanisms Are Mainly 
Humoral, Cardiac, and Hematologic
In contrast to the negative feedback mechanisms just 
described, latent positive feedback mechanisms are also 
evoked by hemorrhage. Such mechanisms exaggerate any 
primary change initiated by the blood loss. Specifically, posi-
tive feedback mechanisms aggravate the hypotension induced 
by blood loss, and they tend to initiate vicious circles, which 
may lead to death. The result of the operation of positive feed-
back mechanisms is illustrated in curve B of Fig. 13.5.

Whether a positive feedback mechanism will lead to a 
vicious circle depends on the gain of that mechanism. Gain 
is defined as the ratio of the secondary change evoked by 
a given mechanism to the initiating change itself. A gain 
greater than 1 induces a vicious circle; a gain less than 1 
does not. For example, consider a positive feedback mech-
anism with a gain of 2. If, for any reason, mean arterial 
pressure were to decrease by 10 mm Hg, the positive feed-
back mechanism with a gain of 2 would then evoke a sec-
ondary pressure reduction of 20 mm Hg, which in turn 
would cause a further decrement of 40 mm Hg; that is, 
each change would induce a subsequent change that was 
twice as great. Hence mean arterial pressure would decline 
at an ever-increasing rate until death supervened, much as 
is depicted by curve B in Fig. 13.5.

Conversely, a positive feedback mechanism with a gain 
of 0.5 would indeed exaggerate any change in mean arte-
rial pressure, but it would not necessarily lead to death. 
For example, if arterial pressure suddenly decreased by 10 
mm Hg, the positive feedback mechanism would initiate a 
secondary, additional fall of 5 mm Hg. This in turn would 
provoke a further decrease of 2.5 mm Hg. The process 
would continue in ever-diminishing steps, with the arterial 
pressure approaching an equilibrium value asymptotically.

Some of the more important positive feedback mecha-
nisms are (1) cardiac failure, (2) acidosis, (3) central ner-
vous system depression, (4) aberrations of blood clotting, 
and (5) depression of the reticuloendothelial system. 

Cardiac Failure
The role of cardiac failure in the progression of shock 
during hemorrhage is controversial. All investigators agree 
that the heart fails terminally, but opinions differ concern-
ing the importance of cardiac failure during earlier stages 
of hemorrhagic hypotension. Shifts to the right in ventric-
ular function curves (Fig. 13.9) constitute experimental 
evidence of a progressive depression of myocardial con-
tractility during hemorrhage.

The hypotension induced by hemorrhage reduces the 
coronary blood flow and therefore depresses ventricu-
lar function. The consequent reduction in cardiac output 
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Fig. 13.8  Mean percentage changes in arterial blood pressure 
and in plasma vasopressin concentration in response to blood 
loss (0.5 mL/kg/min) in a group of 12 dogs; the maximal vol-
ume of blood withdrawn was 30 mL/kg. (Redrawn from Shen, 
Y-T., Cowley, A. W., Jr., & Vatner, S. F. (1991). Relative roles 
of cardiac and arterial baroreceptors in vasopressin regulation 
during hemorrhage in conscious dogs. Circulation Research, 
68, 1422–1436.)
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leads to a further decline in arterial pressure, a classic 
example of a positive feedback mechanism. Furthermore, 
the reduced blood flow to the peripheral tissues leads to an 
accumulation of vasodilator metabolites. These substances 
decrease peripheral resistance and therefore aggravate the 
fall in arterial pressure. 

Acidosis
The inadequate blood flow during hemorrhage affects the 
metabolism of all cells in the body. The resulting stagnant 
anoxia accelerates the production of lactic acid and other 
acid metabolites by the tissues. Furthermore, impaired 
kidney function prevents adequate excretion of the excess 
H+, and generalized metabolic acidosis ensues (Fig. 13.10). 
The resulting depressant effect of acidosis on the heart (see 
Chapter 5) further reduces tissue perfusion, thus aggra-
vating the metabolic acidosis. Acidosis also diminishes 
the reactivity of the heart and resistance vessels to neurally 
released and circulating catecholamines and thereby inten-
sifies the hypotension. 

Central Nervous System Depression
The hypotension in shock reduces cerebral blood flow. 
Moderate degrees of cerebral ischemia induce a pro-
nounced sympathetic nervous stimulation of the heart, 

arterioles, and veins, as stated previously. With severe 
degrees of hypotension, however, the cardiovascular cen-
ters in the brainstem eventually become depressed because 
of inadequate blood flow to the brain. The resulting loss of 
sympathetic tone then reduces cardiac output and periph-
eral resistance. The consequent reduction in mean arterial 
pressure intensifies the inadequate cerebral perfusion.

Various endogenous opioids, such as enkephalins and 
β-endorphin, may be released into the brain substance and 
into the circulation in response to hemorrhage. Opioids 
exist, along with catecholamines, in secretory granules in 
the adrenal medulla and sympathetic nerve terminals. Also, 
they are released together in response to stress. Similar 
stimuli release β-endorphin and adrenocorticotropic 
hormone (ACTH) from the anterior pituitary gland. The 
opioids depress the medullary vasomotor center in the 
brainstem. Such centers mediate some of the compensa-
tory autonomic adaptations to blood loss, endotoxemia, 
and other shock-provoking stresses. Conversely, the opioid 
antagonist naloxone improves cardiovascular function and 
survival in various forms of shock. 

Aberrations of Blood Clotting
The alterations of blood clotting after hemorrhage are 
typically biphasic—an initial phase of hypercoagulabil-
ity followed by a secondary phase of hypocoagulability 
and fibrinolysis. In the initial phase, platelets and leuko-
cytes adhere to the vascular endothelium, and intravascu-
lar clots, or thrombi, develop within a few minutes of the 
onset of severe hemorrhage. Coagulation may be extensive 
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throughout the minute blood vessels. This phenomenon, 
called disseminated intravascular clotting (DIC), occurs 
when thrombin is activated and causes widespread depo-
sition of fibrin within small and medium diameter vessels.

Thromboxane A
2
 (TxA

2
) may be released from various 

ischemic tissues. It aggregates platelets, and more TxA
2
 is 

released from the trapped platelets, serving to trap addi-
tional platelets. This form of positive feedback intensifies 
and prolongs the clotting tendency. Inflammatory cyto-
kines (interleukin-6, tumor necrosis factor) also contribute 
to DIC. The mortality from certain standard shock-pro-
voking procedures has been reduced considerably by anti-
coagulants such as heparin.

In the later stages of hemorrhagic hypotension, the 
clotting time is prolonged and fibrinolysis is prominent. As 
stated previously, hemorrhage into the intestinal lumen is 
common after several hours of hemorrhagic hypotension 
in dogs. Blood loss into the intestinal lumen would aggra-
vate the hemodynamic effects of the original hemorrhage. 

Depression of the Reticuloendothelial System
During the course of hemorrhagic hypotension, reticu-
loendothelial system (RES) function becomes depressed. 
The phagocytic activity of the RES is modulated by an 
opsonic protein. The opsonic activity in plasma dimin-
ishes during shock; this process may account in part for 
the depression of RES function. As a consequence, anti-
bacterial and antitoxic defense mechanisms are impaired. 
Hypoperfusion also suppresses the barrier function of 
the adherens junctions and tight junctions present in the 
intestinal epithelium. Endotoxins from the normal bacte-
rial flora of the intestine constantly enter the circulation. 
Ordinarily they are inactivated by the RES, principally in 
the liver. Disruption of the intestinal epithelial barrier 
together with depression of the MPS allows these endo-
toxins invade the general circulation. Endotoxins produce 
profound, generalized vasodilation, mainly by inducing 
the abundant synthesis of an isoform of NO synthase in 
the smooth muscle of blood vessels throughout the body. 

The profound vasodilation aggravates the hemodynamic 
changes caused by blood loss.

In addition to their role in inactivating endotoxin, mac-
rophages release many of the mediators that are associ-
ated with shock. These mediators include acid hydrolases, 
neutral proteases, oxygen free radicals, certain coagulation 
factors, and arachidonic acid derivatives: namely prostaglan-
dins, thromboxanes, and leukotrienes. Macrophages also 
release certain monokines that modulate temperature reg-
ulation, intermediary metabolism, hormone secretion, and 
the immune system. 

The Positive and Negative Feedback Mechanisms 
Interact
Hemorrhage provokes a multitude of circulatory and met-
abolic derangements. Some of these changes are compen-
satory, and others are decompensatory. Certain feedback 
mechanisms possess a high gain, and others a low gain. 
Furthermore, the gain of any specific mechanism varies 
with the severity of the hemorrhage. For example, with only 
a slight loss of blood, mean arterial pressure is within the 
range of normal, and the gain of the baroreceptor reflexes 
is high. With greater losses of blood, during which mean 
arterial pressure is below about 60 mm Hg (i.e., below the 
threshold for the baroreceptors), further reductions of pres-
sure have no additional influence through the baroreceptor 
reflexes. Hence, below this critical pressure, the barorecep-
tor reflex gain is zero or near zero.

As a general rule, with minor degrees of blood loss, 
the gains of the negative feedback mechanisms are high, 
whereas those of the positive feedback mechanisms are low. 
The converse is true with more severe hemorrhages. The 
gains of the various mechanisms are additive algebraically. 
Therefore whether a vicious circle develops depends on 
whether the sum of the various gains exceeds 1. Total gains 
in excess of 1 are more likely when blood losses are severe. 
To avert a vicious circle, serious hemorrhages must be 
treated quickly and intensively, preferably by whole blood 
transfusions, before the process becomes irreversible. 

   	SUMMARY

Exercise
	•	� In anticipation of exercise, the vagus nerve impulses 

to the heart are inhibited and the sympathetic nervous 
system is activated by central command. The result is 
an increase in heart rate, myocardial contractile force, 
cardiac output, and arterial pressure.

	•	� With exercise, vascular resistance increases in skin, 
kidneys, splanchnic regions, and inactive muscles and 
decreases in active muscles.

	•	� The increase in cardiac output is accomplished mainly 
by the rise in heart rate. Stroke volume increases only 
slightly. In well-trained endurance athletes, stroke vol-
ume increases substantially during exercise.

	•	� During exercise total peripheral resistance decreases, O
2
 

consumption and blood O
2
 extraction increase, and sys-

tolic and mean blood pressures rise slightly.
	•	� As body temperature rises during exercise, the skin 

blood vessels dilate. However, when the heart rate 
becomes maximal during severe exercise, the skin 
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vessels constrict. This enlarges the effective blood vol-
ume but causes greater increases in body temperature 
and a feeling of exhaustion.

	•	� The limiting factor in exercise performance is the deliv-
ery of blood to the active muscles. 

Hemorrhage
	•	� Acute blood loss induces tachycardia, hypotension, 

generalized arteriolar vasoconstriction, and generalized 
venoconstriction.

	•	� Acute blood loss invokes a number of negative feedback 
(compensatory) mechanisms, such as baroreceptor and 
chemoreceptor reflexes, responses to moderate cerebral 

ischemia, reabsorption of tissue fluids, release of endog-
enous vasoconstrictors, and renal conservation of water 
and electrolytes.

	•	� Acute blood loss also induces a number of positive feed-
back (decompensatory) mechanisms, such as cardiac 
failure, acidosis, central nervous system depression, 
aberrations of blood coagulation, and depression of the 
reticuloendothelial system.

	•	� The outcome of acute blood loss depends on the gains 
of the various feedback mechanisms and on the inter-
actions between the positive and negative feedback 
mechanisms. 

   	KEYWORDS AND CONCEPTS
	•	� Adenosine and nitric oxide (NO)
	•	� Adrenocorticotropic hormone (ACTH)
	•	� Aldosterone
	•	� Angiotensin II
	•	� Antidiuretic hormone (vasopressin)
	•	� Ao

2
–V

.
o

2
 difference

	•	� Arteriolar vasoconstriction
	•	� Baroreceptor reflex

	•	� Capillary recruitment
	•	� Catecholamines
	•	� Feedback mechanisms
	•	� Hypotension
	•	� Oxyhemoglobin dissociation curve
	•	� Sinoaortic baroreceptors
	•	� Splanchnic and renal vasculatures
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History
A 47-year-old woman had an acute episode of severe 
abdominal pain, and she suddenly vomited a large amount 
of bloody material. Her husband called for an ambulance 
to take her to the hospital. The emergency room physi-
cian learned that the patient had had frequent, severe 
episodes of upper abdominal pain over the past 6 weeks. 
Physical examination revealed that the patient’s skin was 
very pale and cold, her heart rate was 110 beats/min, and 
her blood pressure was 85/65 mm Hg. Examination of 
the patient’s blood revealed that the hematocrit ratio (the 
ratio of red blood cell volume to whole blood volume) 
was 40%. The physician made the tentative diagnosis of 
a bleeding peptic ulcer.
	1.	� The patient’s skin was pale and cold because:
	 a.	�the arterial baroreceptors reflexly induced the para-

sympathetic nerves to the skin to release acetyl-
choline.

	 b.	�the arterial chemoreceptors reflexly induced the 
parasympathetic nerves to the skin to release vaso-
active intestinal peptide.

	 c.	�the arterial chemoreceptors reflexly induced the 
parasympathetic nerves to the skin to release neu-
ropeptide Y.

	 d.	�the arterial baroreceptors reflexly induced the sym-
pathetic nerves to the skin to release nitric oxide.

	 e.	�the arterial baroreceptors reflexly induced the sym-
pathetic nerves to the skin to release norepinephrine.

	2.	� The patient’s arterial blood pressure, 85/65 mm Hg, 
indicates that:

	 a.	�the patient’s left ventricle was pumping an abnor-
mally low cardiac output and low stroke volume.

	 b.	�the patient’s left ventricle was pumping more blood 
than her right ventricle.

	 c.	�the patient’s left ventricle was pumping an abnor-
mally low cardiac output but a normal stroke volume.

	 d.	�the patient’s left ventricle was pumping a normal 
cardiac output and an abnormally low stroke volume.

	 e.	�the patient’s left ventricle was pumping less blood 
than her right ventricle.

	3.	� If the patient’s bleeding had stopped before she 
arrived at the hospital, which of the following changes 
would be expected in the patient’s blood 1 hour after 
she had arrived at the hospital?

	 a.	�The individual red blood cells would be larger than 
normal.

	 b.	�The hematocrit ratio would be reduced.
	 c.	�The lymphocyte count would be abnormally high.
	 d.	�The plasma albumin concentration would be 

increased.
	 e.	�The plasma globulin concentration would be 

increased.

CASE 13.2 

History
A 23-year-old male track star decided to enter the Bos-
ton Marathon. He had only run in short distance events, 
up to 10 K (6.21 miles), before entry in the marathon. At 
the 15-mile mark, he was leading the race, but he was 
soon passed by one of his competitors. This inspired 
him to make a strong effort to retake the lead, but 
he was unable to increase his speed. At the 20-mile 
mark he began to feel faint, and within the next mile 
he became sick to his stomach and somewhat disori-
ented, and he finally staggered and fell to the ground, 
exhausted.
	1.	� When the runner was at the 17-mile mark, what lim-

ited him from achieving his goal of retaking the lead?
	 a.	�His leg muscles were unable to use more oxygen.
	 b.	�His respiratory system was unable to saturate the 

arterial blood with oxygen.

	 c.	�He had inadequate vasoconstriction in the splanch-
nic regions and in the inactive muscles.

	 d.	�His cardiac output became inadequate.
	 e.	�His arteriovenous oxygen difference was decreased.
	2.	� At the time of his collapse, which of the following did 

not occur?
	 a.	�His body temperature fell.
	 b.	�His heart rate reached a maximal level.
	 c.	�His skin blood vessels constricted.
	 d.	�His blood pH decreased.
	 e.	�His blood pressure decreased.

CASE 13.1 
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End-of-Chapter Case Study Answers

CASE 1.1
	1.	� b is correct. The circulation time will be shortened 

because some blood passes through the shunt (short 
circuit). 

CASE 2.1
	1.	� c is correct. When the extracellular K+ concentration 

increases, the Nernst equation indicates that the trans-
membrane potential will become less negative.

	2.	� d is correct. When the extracellular K+ concentra-
tion increases and depolarizes the membrane, the rate 
of rise of the action potential is diminished because 
some Na+ channels are inactivated by the persistent 
depolarization.

	3.	� d is correct. The Purkinje fibers are automatic  
fibers, and they generate action potentials at a low fre-
quency whenever they are not depolarized by action 
potentials that originate in higher-frequency pacemaker 
sites.

	4.	� a is correct. When ventricular pacing at 75 beats per 
minute was discontinued, spontaneous pacemaker 
activity in the ventricles was suppressed for several sec-
onds because the preceding period of artificial pacing 
had hyperpolarized the ventricular pacemaker cells 
(Purkinje fibers). 

CASE 3.1
	1.	� c is correct because the PR interval, which indicates the 

time for conduction from atria through the AV node 
and ventricular conducting system to the ventricle, is 
normal.

	2.	� e is correct because the QT interval measures the dura-
tion of the average ventricular action potential.

	3.	� a is correct because heart rate can be taken from  
either the R-R or the P-P interval when conduction is 
normal.

	4.	� d is correct because there is greater activation of repo-
larizing K+ channels when heart rate increases. 

CASE 4.1
	1.	� d is correct. The murmur is characteristic of mitral 

stenosis.
	2.	� c is correct. The pulse is totally irregular.
	3.	� b is correct. A “loop” diuretic like furosemide would 

relieve the excessive preload and allow the cardiac out-
put to improve and the edema and ascites to subside.

	4.	� b is correct. The elevated left atrial pressure would 
be transmitted back to the wedged catheter (wedge 
pressure).

	5.	� c is correct. 300 mL O
2
/min /[(18 − 8) mL O

2
/100 mL 

blood] = 3000 mL/min = 3 L/min. 

CASE 5.1
	1.	� d is correct. A decrease in arterial pressure would reflexly 

increase sympathetic activity and thereby increase the 
neuronal release of norepinephrine.

	2.	� d is correct. The ACh released from vagal fibers acts on 
muscarinic receptors on SA node automatic cells, and 
these receptors interact very quickly with specific K+ 
channels because no second messenger intervenes.

	3.	� a is correct. The cardiac responses to vagal stimulation 
develop and decay rapidly, but the responses to sympa-
thetic stimulation develop and decay very slowly. Hence 
respiratory dysrhythmia is mediated almost entirely by 
the vagus nerves, and this dysrhythmia would be abol-
ished by a potent muscarinic antagonist.

	4.	� a is correct. Heart rate increases during inspiration in 
this dysrhythmia, and this increase is mediated mainly 
by a reduction in vagal activity.

	5.	� e is correct. Acetylcholinesterase is abundant in atrial 
tissues, and especially in the SA and AV nodes. 

CASE 6.1
	1.	� b is correct. (Pa − Pv)/Q—that is, [(100 − 80) + (80 − 

10)]/300—equals 0.30 mm Hg/mL/min.
	2.	� d is correct. The left ([100 − 10]/500) and right 

([100 − 10]/300) vascular resistances were 0.18 and 

A A P P E N D I X
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0.30 mm Hg/mL/min, respectively, and the reciprocals 
of those resistances were 5.56 and 3.33 mL/min/mm 
Hg, respectively. Hence the reciprocal of the sum (8.89 
mL/min/mm Hg) of these reciprocals equals 0.11 mm 
Hg/mL/min.

	3.	� a is correct. The pressure difference across the plaque 
(100 − 80 mm Hg), divided by the flow past the plaque 
(300 mL/min), equals 0.066 mm Hg/mL/min. 

CASE 7.1
	1.	� a is correct. The mean arterial pressure in the systemic 

and pulmonary vascular beds depends on the outputs 
of the left and right ventricles and the systemic vascu-
lar resistances. Over any substantial time interval, the 
outputs of the two ventricles are equal, but the systemic 
vascular resistance far exceeds the pulmonary vascular 
resistance.

	2.	� c is correct. When the arterial pressure rises, the arteries 
become less compliant (as does a balloon), and also the 
arterial compliance decreases with age. 

CASE 8.1
	1.	� d is correct. 1[(44 − 8) − 0.7(23 − 3)] = 22.
	2.	� c is correct. Portal-caval shunt (portal vein to inferior 

vena cava) could reduce the high venous pressure in the 
mesentery by allowing mesenteric blood to bypass the 
high vascular resistance in the liver. This would aid in 
eliminating the ascites.

	3.	� b is correct. Albumin is small enough (low molecu-
lar weight) to exert the main osmotic force of plasma 
and large enough to remain within the vascular 
compartment. 

CASE 8.2
	1.	� e is correct. The albumin concentration in the patient’s 

blood is low because of the loss of albumin from the 
burned tissues. This results in a decreased plasma 
oncotic pressure, and that plus the loss of fluid from 
the damaged microvessels leads to a decreased blood 
volume and an increased red blood cell concentration. 
Therefore a plasma transfusion, which supplies albumin 
plus saline without red blood cells, is the most effective 
treatment.

	2.	� d is correct. The small diameter (or radius) of the cap-
illaries is responsible for the low wall tension, accord-
ing to the law of Laplace, whereby T (wall tension) =  
P (pressure) × r (radius of capillary). The low wall ten-
sion protects against capillary rupture. 

CASE 9.1
	1.	� b is correct. The arterioles are maximally dilated sec-

ondary to the inadequate blood flow that causes the 
local release of vasodilator metabolites.

	2.	� d is correct. The ankle-brachial index is taken from the 
ratio of systolic pressure in the dorsalis pedis artery 
to that in the brachial artery (112 mm Hg/140 mm  
Hg = 0.80).

	3.	� a is correct. Use of tobacco is believed to be a contrib-
uting factor to the cause and exacerbation of thrombo-
angiitis obliterans. 

CASE 10.1
	1.	� c is correct. The blood loss would decrease the central 

venous pressure, and this reduction in cardiac preload 
would reduce the cardiac output.

	2.	� a is correct. A drug that improves cardiac contractility 
would increase cardiac output, a change that would 
tend to increase the arterial blood volume. Hence if  
total blood volume remains constant, the venous blood 
volume would decrease. Consequently the central 
venous pressure would decline.

	3.	� e is correct. Gravity acts to pool blood in the compli-
ant, dependent veins, and hence the pressure in the foot 
veins increases. The redistribution of the venous blood 
volume causes the central venous volume and pres-
sure to diminish. The consequent reduction in preload 
decreases the cardiac output.

	4.	� b is correct. When the heart rate is abnormally  
high (250 beats/min), cardiac filling is inadequate, 
and therefore stroke volume and cardiac output are 
decreased. 

CASE 11.1
	1.	� d is correct. Two factors operate in bradycardia. At 

the slower rate, more time is spent in diastole, thereby 
decreasing coronary resistance (less extravascular com-
pression). However, at the slower rate the heart uses less 
oxygen and fewer vasodilator metabolites are present, 
permitting greater expression of basal tone (coronary 
constriction). The end result is the algebraic sum of 
these two opposing factors.

	2.	� a is correct. The coronary vessels are maximally dilated 
as a result of the accumulation of vasodilator metabo-
lites consequent to an inadequate oxygen supply to the 
myocardial cells. If any vasoconstriction occurred, it 
would be transient.

	3.	� b is correct. Endothelin is a powerful vasoconstrictor.
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	4.	� e is correct. With exercise, a denervated heart increases 
stroke volume more than heart rate to meet the required 
cardiac output. Any increase in heart rate must come 
from release of epinephrine and norepinephrine from 
the adrenal medulla. 

CASE 12.1
	1.	� a is correct. The hepatic fibrosis increases the hepatic 

vascular resistance, and therefore the pressure in the ves-
sels downstream to the liver is elevated. Consequently, 
the balance of Starling forces in the splanchnic capillar-
ies favors the movement of fluid out of the capillaries 
and into the abdominal cavity. 

CASE 12.2
	1.	� b is correct. The murmur, the high right ventricular 

systolic pressure with a normal right atrial pressure, 
the elevated Po

2
 of the right ventricular blood, and 

the absence of cyanosis indicated a left-to-right shunt 
through an interventricular septal defect. 

CASE 12.3
	2.	� d is correct. The ankle-brachial index (ABI) is the ratio 

of systolic blood pressure in the dorsal pedal artery to 
that in the brachial artery. The ratio (70 mm Hg/140 
mm Hg) yields an ABI of 0.5. 

CASE 13.1
	1.	� d is correct. The patient’s heart became unable to pump 

enough blood per unit time owing to a decrease in 
stroke volume and hence in cardiac output.

	2.	� a is correct. The patient’s body temperature reached an 
alarmingly high level because of inadequate heat loss 
via the skin (vasoconstriction secondary to decrease in 
blood pressure) in the presence of the great heat pro-
duction in the active muscles. 

CASE 13.2
	1.	� e is correct. The hypotension would act via the arterial 

baroreceptors to activate the sympathetic nerves to the 
skin. The consequent release of norepinephrine would 
constrict the cutaneous arterioles, and the skin tem-
perature would drop.

	2.	� a is correct. The abnormally low mean arterial pressure 
(about 72 mm Hg) would signify an abnormally small 
cardiac output. The low mean arterial pressure could 
not have been caused by arterial vasodilation, because 
the baroreceptor reflex response to a low mean arterial 
pressure would be vasoconstriction, not dilation. The 
low pulse pressure (20 mm Hg) would signify an abnor-
mally small stroke volume.

	3.	� b is correct. The decrease in capillary hydrostatic pres-
sure draws interstitial fluid into the plasma compart-
ment and thereby dilutes the red cell component of 
whole blood.



257

	1.	� In the systemic circulation, the greatest volume of blood 
is found in:

	 a.	� aorta and large arteries.
	 b.	� small arteries.
	 c.	� capillaries.
	 d.	� small veins.
	 e.	� large veins.
	2.	� In Figure A.1 of the fast response action potential, the 

action potential phase associated with the fast Na cur-
rent is:
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	 a.	� Phase 0.
	 b.	� Phase 1.
	 c.	� Phase 2.
	 d.	� Phase 3.
	 e.	� Phase 4.
	3.	� In which phase of the action potential shown previously 

(Fig. A.1) is the delayed rectifying K+ current especially 
prominent?

	 a.	� Phase 0
	 b.	� Phase 1
	 c.	� Phase 2
	 d.	� Phase 3
	 e.	� Phase 4

Refer to Fig. A.2 of the left ventricle P-V relation for 
Questions 4 to 7.

120

80

40

0
0 50

A B C

D

E

F

2

1

100
Left ventricular volume (mL)

Le
ft 

ve
nt

ric
ul

ar
 p

re
ss

ur
e 

(m
m

 H
g)

150

	4.	� The period of isovolumic contraction is indicated by:
	 a.	� line CD.
	 b.	� line 2.
	 c.	� line FA.
	 d.	� point E.
	 e.	� line 1.
	5.	� The end-systolic pressure volume relationship is shown by:
	 a.	� line CD.
	 b.	� line 1.
	 c.	� point D.
	 d.	� line 2.
	 e.	� point B.
	6.	� The end-diastolic pressure-volume relationship is indi-

cated by:
	 a.	� line DE.
	 b.	� point A.
	 c.	� line 1.
	 d.	� line FA.
	 e.	� line 2.
	7.	� When a drug like epinephrine increases compliance of 

the left ventricle, the effect would be registered as:
	 a.	� decreased pressure at point D.
	 b.	� increased pressure at point A.
	 c.	� decreased slope of line 2.

A P P E N D I X B
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	d.	� decreased slope of line 1.
	e.	� decreased pressure at point F.

	 8.	� The records in Fig. A.3 show atrial excitation (A
1
, etc.) 

conducted to the bundle of His electrogram (H) via 
the atrioventricular (AV) node whose action potential 
is traced in blue. At “St,” a stimulus is applied to an 
autonomic nerve.

500 msec
H St

AV node fiber 50
mV

A1 A2 A3

	 	� You conclude that the effect of the stimulus is to:
	a.	� decrease conduction velocity of the atrial 

impulse.
	b.	� increase contractility of ventricular muscle.
	c.	� decrease the frequency of the sinoatrial node.
	d.	� increase conduction velocity in the His-Purkinje 

system.
	e.	� decrease conduction velocity in the AV node.

Refer to Fig. A.4 for Questions 9 to 10.
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	 9.	� The arrow A in the Wiggers diagram in Fig. A.4:
	a.	� indicates the beginning of the period of isovolumic 

relaxation.
	b.	� is just preceded by the T wave of the ECG.
	c.	� marks the opening of the mitral valve.
	d.	� is coincident with the R wave of the ECG.
	e.	� indicates the closing of the aortic valve.

	10.	� Arrow C in the Wiggers diagram:
	a.	� indicates the opening of the mitral valve.
	b.	� indicates the opening of the aortic valve.
	c.	� precedes the T wave.
	d.	� coincides with the onset of isovolumic relaxation.
	e.	� indicates the rapid ejection phase of the left ventricle.

	11.	� Fig. A.5 illustrates the relation between cardiac output 
and pressures in the right and left atria, respectively.
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	 	�  The relations indicate that:
	a.	� the curves relating cardiac output to atrial pressure 

are coincident.
	b.	� at equal right and left atrial pressures, left ventricu-

lar output exceeds right ventricular output.
	c.	� at equal right and left cardiac outputs, left atrial 

pressure exceeds right atrial pressure.
	c.	� at equal right and left atrial pressures, right ventric-

ular output is less than left ventricular output.
	e.	� at equal right and left cardiac outputs, left and right 

atrial pressures are pathological.
	12.	� Fig A.6 show the effect of 4 sequential applications of 

atropine (0.04 mg/kg total) and of propranolol (0.2 mg/
kg total) and of the reverse sequence on heart rate in  
10 healthy young men (Katona PG, et al., J Appl Physiol 
52:1652, 1982). From these data you conclude that:
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	a.	� propranolol decreases heart rate because it blocks 
the action of norepinephrine released by vagus 
nerve activity.

	b.	� atropine raises heart rate by stimulating the release 
of acetylcholine from sympathetic nerves to the 
heart.

	c.	� at rest, basal vagal tone is greater than sympathetic 
tone to the heart.

	d.	� atropine raises heart rate by inhibiting the release 
of neuropeptide Y from parasympathetic nerves.

	e.	� propranolol decreases heart rate by stimulating 
the release of neuropeptide Y from sympathetic 
nerves.

	13.	� An intrinsic mechanism for increasing the force of 
contraction of heart muscle involves:
	a.	� stimulation of sympathetic nerves emanating from 

the stellate ganglion.
	b.	� regulation of myofilament Ca++ sensitivity by 

altered resting length.
	c.	� increased contractility via phosphorylation of tro-

ponin I.
	d.	� reduced phosphorylation of the plasma membrane 

Ca pump by cGMP.
	e.	� cAMP-dependent phosphorylation of L-type Ca++ 

channels.
Refer to Figure A7 for Questions 14 to 15.
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	14.	� Fig. A.7 shows the effects of left stellate ganglion stimula-
tion on aortic pressure and left ventricular diastolic pres-
sure (the trace was cut off above 50 mm Hg for clarity; 
taken from Mitchell JH, et al., Circ Res 8:11000, 1960). 
The results of left stellate ganglion stimulation include:
	a.	� increased systolic and decreased aortic diastolic 

blood pressures.
	b.	� decreased systolic and decreased aortic diastolic 

blood pressures.
	c.	� decreased contractility.
	d.	� decreased duration of left ventricular systole.
	e.	� decreased systolic and increased aortic diastolic 

blood pressures.

	15.	� The effects of left stellate ganglion stimulation on 
aortic pressure and left ventricular diastolic pressure 
shown in Fig. A.7 would be prevented by:
	a.	� atropine.
	b.	� prazosin.
	c.	� propranolol.
	d.	� phenylephrine.
	e.	� norepinephrine.

	16.	� As illustrated in Fig. A.8, there is a reciprocal relation 
between arterial pressure and heart rate. Intravenously 
administered norepinephrine increases arterial blood 
pressure by causing vasoconstriction and reduces heart 
rate reflexly (bradycardia). Which of the following 
would prevent the reflex bradycardia but not the vaso-
constriction caused by norepinephrine?
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	a.	� Cocaine
	b.	� Phenylephrine
	c.	� Atropine
	d.	� Propranolol
	e.	� Prazosin

	17.	� In the same experiment as described in Ques. 16, 
which of the following would prevent the vasocon-
striction and increase of arterial blood pressure by 
intravenously administered norepinephrine?
	a.	� Cocaine
	b.	� Phenylephrine
	c.	� Atropine
	d.	� Propranolol
	e.	� Prazosin

	18.	� From your analysis of the ECG shown in Fig. A.9 you 
conclude that the subject has:

P P P P P P P P P
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	a.	� normal sinus rhythm because P waves are regular.
	b.	� atrial fibrillation because some P waves are not fol-

lowed by R waves.
	c.	� first-degree atrioventricular node block because 

the PR interval is longer than normal.
	d.	� second-degree atrioventricular node block because 

the P waves precede every other R wave.
	e.	� third-degree atriventricular node block because 

there is no temporal relation between P and R 
waves.

	19.	� The radius (r) of an arteriole is reduced to ½ of its 
original value by an atherosclerotic plaque. Assuming 
all other factors are unchanged, what will flow (Q) be 
under this condition?
	a.	� Increased by 1⁄16 of original flow
	b.	� Decreased by ½ of original flow
	c.	� Unchanged
	d.	� Increased to ½ of original flow
	e.	� Decreased to 1/16 of original flow

	20.	� An increase of neuronal activity in the brain is linked 
to increased O

2
 consumption. The cellular pathway for 

this phenomenon involves:
	a.	� astrocytes→neurons→endothelial cells→arteriolar 

smooth muscle
	b.	� neurons→astrocytes→endothelial cells→arteriolar 

smooth muscle
	c.	� endothelial cells→neurons→astrocytes→arteriolar 

smooth muscle
	d.	� arteriolar smooth muscle→endothelial cells→ 

neurons→astrocytes
	e.	� endothelial cells→arteriolar smooth muscle→astro-

cytes neurons
	21.	� Arterial compliance diminishes with age because the 

composition of the arterial wall changes. As a conse-
quence of diminished compliance, one can expect that 
in an older individual:
	a.	� cardiac O

2
 consumption will decrease for the same 

cardiac output.
	b.	� cardiac work will increase for the same cardiac 

output.
	c.	� mean arterial pressure will increase for the same 

stroke volume.
	d.	� pulse pressure will decrease for the same stroke 

volume.
	e.	� cardiac output will increase.

	22.	� Fig. A.10 illustrates the effect on myocardial oxygen 
consumption of causing the left ventricle of a dog 
heart to pump blood to the body through the native 
aorta (solid line) or through a substituted length of 
plastic tubing. Which set of the following conditions 
was likely true when the plastic tubing was used, com-
pared with the native aorta?
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a. ↑ ↑ ↑
b. ↑ ↑ ↓
c. ↑ ↓ ↑
d. ↑ ↓ ↓
e. ↓ ↑ ↑
f. ↓ ↑ ↓
g. ↓ ↓ ↑
h. ↓ ↓ ↓

	23.	� A 25-year old woman who is in good health plans to 
enter a rigorous exercise training program. Her car-
diovascular examination yields the following data. 
At rest, blood pressure is 116/86 mm Hg with a heart 
rate of 75/min. Also at rest, the O

2
 content of the bra-

chial artery is 18.5 vol % (18.5 mL O
2
/100 mL blood), 

whereas that in the jugular vein is 11.5 vol %. The 
subject consumes 245 mL O

2
/min during a quiet rest 

period. From cardiac chamber catheter you learn that 
left ventricular end-diastolic pressure is 5 mm Hg and 
that right atrial pressure is 3 mm Hg.

	 	�  From the data, you conclude that cardiac output is:
	a.	� 7.0 L/min.
	b.	� 5.3 L/min.
	c.	� 3.5 L/min.
	d.	� 0.70 L/min.
	e.	� insufficient data to calculate.

	24.	� The subject’s stroke volume is approximately:
	a.	� 141 mL.
	b.	� 94 mL.
	c.	� 47 mL.
	d.	� 24 mL.
	e.	� insufficient data to calculate
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	25.	� The subject’s pulse pressure is:
	a.	� 96 mm Hg.
	b.	� 86 mm Hg.
	c.	� 56 mm Hg.
	d.	� 30 mm Hg.
	e.	� 10 mm Hg.

	26.	� The subject’s aortic compliance (neglect peripheral 
run-off) is:
	a.	� 3.1 mL/mm Hg.
	b.	� 1.56 mL/mm Hg.
	c.	� 0.78 mL/mm Hg.
	d.	� 0.39 mL/mm Hg.
	e.	� 0.16 mL/mm Hg.

	27.	� What is the maximum force driving blood through the 
left anterior descending artery to the left ventricle?
	a.	� 96 mm Hg
	b.	� 81 mm Hg
	c.	� 70 mm Hg
	d.	� 56 mm Hg
	e.	� Insufficient data to calculate

	28.	� What is the mean arterial pressure (Pa) in this subject?
	a.	� 45 mm Hg
	b.	� 86 mm Hg
	c.	� 96 mm Hg
	d.	� 106 mm Hg
	e.	� 116 mm Hg

	29.	� What is the total peripheral resistance of this subject?
	a.	� 32.3 mm Hg/L/min
	b.	� 26.6 mm Hg/L/min
	c.	� 23.7 mm Hg/L/min
	d.	� 12.3 mm Hg/L/min
	e.	� 7.7 mm Hg/L/min

	30.	� In cerebral capillaries with abundant tight junctions  
(σ = 1), the following measurements were made at  
the arteriolar end of the capillary: P

c
 = 33 mm Hg; 

P
i
 = 3 mm Hg; π

c
 = 20 mm Hg; and π

i
 = 2 mm Hg. 

From the Starling equation, what is the driving force 
for fluid movement at constant hydraulic filtration 
constant (k)?
	a.	� k (30 mm Hg)
	b.	� k (18 mm Hg)
	c.	� k (16 mm Hg)
	d.	� k (14 mm Hg)
	e.	� k (12 mm Hg)

	31.	� In cerebral capillaries with abundant tight junctions 
(σ = 1), the following measurements were made at 
the venular end of the capillary: P

c
 = 20 mm Hg; P

i
 =  

3 mm Hg; π
c
 = 30 mm Hg; and π

i
 = 2 mm Hg. From 

the Starling equation, what is the driving force for fluid 
movement at constant hydraulic filtration constant (k)?
	a.	� k (−11 mm Hg)
	b.	� k (−9 mm Hg)

	c.	� k (−5 mm Hg)
	d.	� k (−1 mm Hg)
	e.	� k (0 mm Hg)

	32.	� From the law of Laplace you can conclude that in a 
thin-walled capillary, wall tension (T) is:
	a.	� inversely related to the internal pressure.
	b.	� directly related to vessel radius.
	c.	� independent of extramural pressure.
	d.	� directly related to the thickness of the vessel wall.
	e.	� inversely related to the fourth power of radius.

	33.	� In Fig. A.11 (from Kuo L, et  al., Am J Physiol 
259:H1063, 1990), an isolated arteriole is subject to 
changes of transmural pressure in the absence of flow 
through the vessel. The results indicate that as:
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	a.	� transmural pressure increases, the arteriole dilates.
	b.	� transmural pressure decreases, arteriolar flow 

decreases.
	c.	� transmural pressure increases, arteriolar diameter 

decreases.
	d.	� transmural pressure decreases, arteriolar diameter 

is unchanged.
	e.	� transmural pressure remains constant, arteriolar 

flow increases.
	34.	� In the artery of a patient with an aneurysm (a patho-

logically enlarged region where the radius is greater) 
the vascular wall is more likely to rupture at the aneu-
rysm than at an adjacent normal region of the artery 
because:
	a.	� the arterial pressure is greater in the in the region of 

the aneurysm.
	b.	� the artery wall is thicker in the region of the 

aneurysm.
	c.	� the intravascular pressure is higher in the region of the 

aneurysm.
	d.	� the wall tension is higher in the region of the 

aneurysm.
	e.	� the diastolic pressure is higher in the region of the 

aneurysm.
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	35.	� Fig. A.12 shows cardiac function curves (CFC) and 
vascular function curves (VFC) that represent the state 
of the cardiovascular system in a normal individual 
both in the basal state (solid lines) and not in the basal 
state (dashed lines). Which set of conditions in the fol-
lowing table is true of the altered state compared with 
the basal state?
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a. ↑ ↑ ↑
b. ↑ ↑ ↓
c. ↑ ↓ ↑
d. ↑ ↓ ↓
e. ↓ ↑ ↑
f. ↓ ↑ ↓
g. ↓ ↓ ↑
h. ↓ ↓ ↓

	36.	� During a cardiac imaging study, a 60-year-old woman 
is found to have an ejection fraction of 50% and an 
end-systolic volume of 50 mL. What is the end-diastolic 
volume of this subject?
	a.	� 50 mL
	b.	� 100 mL
	c.	� 150 mL
	d.	� 200 mL
	e.	� 250 mL

	37.	� One can expect an increase of pulse pressure when 
there is a decrease of:
	a.	� blood volume.
	b.	� arterial compliance.
	c.	� stroke volume.
	d.	� venous return.
	e.	� systolic pressure.

	38.	� Which of the following would occur at the onset of 
moderate exercise?
	a.	� Decreased coronary blood flow
	b.	� Increased renal blood flow
	c.	� Decreased cerebral blood flow
	d.	� Decreased parasympathetic traffic to the heart
	e.	� Decreased venomotor tone

	39.	� Stenosis of the mitral valve produces a:
	a.	� systolic murmur heard best at the cardiac apex.
	b.	� diastolic murmur heard best at the cardiac apex.
	c.	� systolic murmur heard best at the second intercos-

tal space.
	d.	� diastolic murmur heard best at the second inter-

costal space.
	e.	� systolic murmur detected with a phonocardiogram.

	40.	� A normal young individual is engaging in strenuous 
cross-country skiing. Of the combinations of possible 
physiological changes shown in the following table, 
which set is most likely to exist in this individual?

Sympathetic 
Nerve Activity 
(SNA) to Heart

Mean Arterial 
Pressure 
(MAP)

Total Peripheral 
Resistance (TPR)

a. ↑ ↑ ↑
b. ↑ ↑ ↓
c. ↑ ↓ ↑
d. ↑ ↓ ↓
e. ↓ ↑ ↑
f. ↓ ↑ ↓
g. ↓ ↓ ↑
h. ↓ ↓ ↓

	41.	� An effect seen in moderate exercise and in hemorrhage is:
	a.	� increase of renal and splanchnic vascular resistance.
	b.	� increase of stroke volume.
	c.	� decreased total peripheral resistance.
	d.	� bradycardia.
	e.	� increased mean arterial pressure.

	42.	� During the compensation that occurs early after exces-
sive blood loss, negative feedback mechanisms result in:
	a.	� loss of sodium and water from the kidneys.
	b.	� decreased venomotor tone.
	c.	� increased cardiac output.
	d.	� decreased arteriolar resistance.
	e.	� decreased splanchnic blood flow.

	43.	� The pulmonary circulation differs from the systemic 
circulation by:
	a.	� having a larger percentage of total blood volume.
	b.	� displaying a lower total vascular resistance.
	c.	� exchanging O

2
 for CO

2
.

	d.	� displaying a sensitivity to gravity.
	e.	� having hypoxia-induced vasodilation.
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	44.	� Autoregulation of coronary blood flow refers to a rela-
tively constant:
	a.	� vascular resistance in the presence of changing 

flow.
	b.	� pressure in the presence of changing flow.
	c.	� flow in the presence of changing metabolism.
	d.	� flow in the presence of changing pressure.
	e.	� vascular conductance in the presence of changing 

flow.
	45.	� The first heart sound:

	a.	� occurs at the end of ventricular systole.
	b.	� depends on vibrations of the atria.
	c.	� is initiated by closing of the AV valves.
	d.	� is caused by pulmonary valve closure.
	e.	� arises from opening of the aortic valve.

	46.	� During moderate exercise, there is:
	a.	� decreased norepinephrine release from sympa-

thetic nerves.
	b.	� dilation of veins.
	c.	� arteriolar constriction in nonexercising muscle.
	d.	� increased parasympathetic stimulation of the heart.
	e.	� increased splanchnic blood flow.

	47.	� The L-type calcium current:
	a.	� is initiated by the release of acetylcholine.
	b.	� underlies rapid conduction in Purkinje fibers.
	c.	� links excitation to contraction.
	d.	� is absent from atrial muscle fibers.
	e.	� is suppressed by norepinephrine.

	48.	� The left-ventricular pressure-volume loop shown with 
dashed lines (Fig A.13) is representative of a normal 
physiological condition that is different from the nor-
mal basal state (solid lines). Which set of the following 
conditions is true of the state shown with dashed lines 
compared with that shown with solid lines?
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a. ↑ ↑ ↑
b. ↑ ↑ ↓
c. ↑ ↓ ↑
d. ↑ ↓ ↓
e. ↓ ↑ ↑
f. ↓ ↑ ↓
g. ↓ ↓ ↑
h. ↓ ↓ ↓

	49.	� Blood flow in capillaries is normally nonpulsatile 
because individually:
	a.	� capillaries have a low compliance.
	b.	� arterioles have a low frictional resistance.
	c.	� arteries have a high compliance.
	d.	� capillaries have a low frictional resistance.
	e.	� veins have a large blood volume.

	50.	� The best explanation for the fact that left coronary 
artery (LCA) blood flow normally increases when 
sympathetic nerve activity to the heart increases is:
	a.	� the LCA is not innervated by sympathetic nerves.
	b.	� norepinephrine (NE) released from sympathetic 

nerves causes the LCA to relax.
	c.	� systolic blood pressure is increased by sympathetic 

nerve activity.
	d.	� hydraulic resistance of the LCA is decreased by 

the action of metabolic vasodilators released from 
heart muscle.

	e.	� autoregulatory mechanisms are relatively weak in 
the LCA, compared with other arteries.

	51.	� Norepinephrine (NE) acts on myocardial cells to cause 
the following:

Affinity of  
Troponin C for 
Ca++ ions

Rate of Myocardial 
Cell Relaxation

Myocardial Cell 
Shortening 
Velocity

a. ↑ ↑ ↑
b. ↑ ↑ ↓
c. ↑ ↓ ↑
d. ↑ ↓ ↓
e. ↓ ↑ ↑
f. ↓ ↑ ↓
g. ↓ ↓ ↑
h. ↓ ↓ ↓

	52.	� Fig. A.14 illustrates aortic pressure and blood flow 
in right and left coronary arteries during one cardiac 
cycle. Which of the following statements is true with 
respect to this figure?



264 APPENDIX B  Comprehensive Review Examination

100

Left
coronary
artery

Right
coronary artery

80

100

120

A
or

tic
 p

re
ss

ur
e

(m
m

 H
g)

P
ha

si
c 

co
ro

na
ry

 b
lo

od
 fl

ow
(m

L/
m

in
)

80

60

40

20

0

15

10

5

0

0.2 0.4 0.6
Time (s)

0.8 1

	a.	� Left coronary artery (LCA) flow is greatest during 
diastole because extravascular compression is vir-
tually absent.

	b.	� LCA flow is greatest during diastole because of 
active vasodilation of the LCA.

	c.	� Flow in the right coronary artery is also greatest 
during diastole.

	d.	� LCA flow is proportional to aortic pressure 
throughout the cardiac cycle.

	e.	� None of the above.
	53.	� From the matrix of the following possibilities, which 

one is most likely to be true when an individual would 
press on his/her carotid sinus?

Contractility of 
Left Ventricle

Release of ACh 
on Heart

Effect on Cardiac 
Output (CO)

a. ↑ ↑ ↑
b. ↑ ↑ ↓
c. ↑ ↓ ↑
d. ↑ ↓ ↓
e. ↓ ↑ ↑
f. ↓ ↑ ↓
g. ↓ ↓ ↑
h. ↓ ↓ ↓

Use the Following Table for Questions 54 to 56

Oxygen content of blood from 
femoral artery

0.15 liters of oxygen (O2) 
per liter of blood

Oxygen content of blood from 
right atrium

0.07 liters of oxygen (O2) 
per liter of blood

Mean right atrial pressure 2 mm Hg
Mean left atrial pressure 5 mm Hg
Systolic pressure, pulmonary 

artery
25 mm Hg

Diastolic pressure, pulmonary 
artery

10 mm Hg

Systolic pressure, aorta 118 mm Hg
Diastolic pressure, aorta 80 mm Hg
Left ventricular ejection fraction 0.60
Left ventricular end-diastolic 

volume
140 mL

Heart rate 65 beats/min
Central venous pressure 4 mm Hg

	54.	� Choose the one value closest to this individual’s total 
pulmonary resistance (mm Hg × min/L).
	a.	� 0.030
	b.	� 0.183
	c.	� 1.83
	d.	� 1.0
	e.	� 0.50

	55.	� Choose the one value closest to this individual’s overall 
rate of oxygen consumption (mL O

2
/min).

	a.	� 0.0443
	b.	� 0.08
	c.	� 5.54
	d.	� 80.0
	e.	� 443.0

	56.	� Choose the one value closest to the stroke work per-
formed by this individual’s left ventricle (mm Hg × 
mL).
	a.	� 6.5 × 103

	b.	� 7.8 × 103

	c.	� 8.4 × 103

	d.	� 9.3 × 103

	e.	� 9.9 × 103 

ANSWERS TO COMPREHENSIVE REVIEW 
EXAMINATION
	 1.	� d is correct. As noted in Table 1.1, small veins have 

∼2.3 L of blood (46% of total blood volume) in a 70-kg 
adult woman. Large veins have ∼0.9 L (18% of total 
blood volume).
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	 2.	� a is correct. The fast Na+ current generates phase 0 
(rapid depolarizing upstroke) of the action potential 
in atrial, ventricular, and His-Purkinje cells having fast 
conduction (see Fig. 2.12).

	 3.	� d is correct. The delayed rectifying K+ current (I
K
) 

produces an outward repolarizing current to bring the 
membrane back to its original potential (see Fig. 2.12).

	 4.	� a is correct. Line CD traces the period of isovolumic 
contraction that begins with closing of the mitral valve 
and ends with the opening of the aortic valve.

	 5.	� d is correct. The end-systolic P-V relation is a measure 
of contractility and is affected by agents that alter the 
inotropic state of the heart.

	 6.	� c is correct. The end-diastolic P-V relationship is a 
measure of compliance and is affected by agents that 
alter the compliance of cardiac muscle.

	 7.	� d is correct. Increased compliance is registered as a 
reduced slope of curve 1 because this indicates a smaller 
change of pressure to accommodate the same volume 
of blood. As epinephrine accelerates Ca++ uptake by 
the SR (see Fig. 4.8), cardiac muscle becomes more 
compliant.

	 8.	� e is correct. The effect of acetylcholine released from 
the vagus nerve is to hyperpolarize the membrane (via 
IK(Ach)) and to reduce excitatory L-type Ca++ cur-
rent. The net effect is to slow AV node conduction.

	 9.	� d is correct. Review the details of the Wiggers diagram 
shown in Fig. 4.14.

	10.	� d is correct. Review the details of the Wiggers diagram 
shown in Fig. 4.14.

	11.	� c is correct. This is consistent with physiological obser-
vation in normal subjects and the need to keep the 
outputs of right and left ventricles the same.

	12.	� c is correct. The vagus nerve dominates the heart, 
and removing its effect with atropine causes a greater 
change in rate than does blockade of sympathetic 
nerve action with propranolol (see Fig. 5.5).

	13.	� b is correct. This is the basis of the Frank-Starling 
mechanism to alter contraction force (see Fig. 5.20).

	14.	� a is correct. Stellate ganglion stimulation releases nor-
epinephrine that, via β-adrenergic receptor activation 
of the cAMP cascade (see Fig. 5.5 in text), increases 
contractility to raise systolic pressure and increases 
Ca++ uptake by the SR to accelerate relaxation and 
reduce left ventricular diastolic pressure.

	15.	� c is correct. Propranolol is an antagonist of norepi-
nephrine at β-adrenergic receptors and thus would 
oppose the stimulant effects of stellate ganglion 
stimulation.

	16.	� c is correct. The reduced heart rate is caused by reflex 
activation of the vagus nerve whose transmitter, ace-
tylcholine, reduces the frequency of SA node impulses. 

Atropine is an antagonist of acetylcholine at musca-
rinic receptors and blocks acetylcholine action (see 
Fig. 5.5).

	17.	� e is correct. Intravenous norepinephrine activates 
α-adrenergic receptors and the InsP3-DAG cascade 
to cause vasoconstriction. Prazosin is an α-adrenergic 
receptor antagonist and thereby blocks the vasocon-
striction by norepinephrine.

	18.	� d is correct. A characteristic form of AV node block 
is the failure of atrial impulses to reach the ventricles 
consistently to result in various types of block, such as 
2:1, 3:2.

	19.	� e is correct. Flow is inversely proportional to the fourth 
power of the radius, so (1/2)4 = 1/16.

	20.	� b is correct. This sequence describes the cellular path-
way of the neurovascular unit that allows increased 
neuronal activity to affect vascular smooth muscle 
tone and allow blood flow regulation.

	21.	� b is correct. A rigid arterial system (diminished com-
pliance) imposes a greater load on the heart (at con-
stant peripheral resistance) and thereby increases 
cardiac work and O

2
 consumption (see text Fig. 7.3).

	22.	� e is correct. The plastic tube is less compliant than the 
native aorta. This will have the effect of increasing the 
pulse pressure in the tube compared with the aorta, and 
this has the effect of increasing myocardial stroke work, 
and hence myocardial oxygen consumption, as shown.

	23.	� c is correct. The solution requires use of the Fick equa-
tion that allows determination of cardiac output that 
is obtained from the O

2
 consumption (245 mL O

2
) 

divided by the arteriovenous O
2
 difference (18.5 vol% 

– 11.5 vol%) as in Eq. 4.5.
	24.	� c is correct. Stroke volume is obtained by dividing car-

diac output (3.5 L/min) by the heart rate (75/min).
	25.	� d is correct. The pulse pressure is the difference 

between systolic and diastolic pressures.
	26.	� b is correct. Compliance is the ratio of the change of 

volume to the change of pressure (ΔV/ΔP). In the 
aorta, the compliance is the ratio of stroke volume to 
pulse pressure (47 mL/ 30 mm Hg). This is an over-
estimate because it neglects the peripheral runoff that 
occurs with each heartbeat.

	27.	� b is correct. The force (pressure) moving blood 
through left ventricular coronary arteries is maximum 
during diastole and thus equals diastolic pressure in 
the aorta (86 mm Hg) minus left ventricular end dia-
stolic pressure (5 mm Hg). Blood flow through cor-
onary arteries of the left ventricle is minimal during 
systole because of compression by cardiac muscle.

	28.	� c is correct. Mean arterial pressure (Pa) is estimated 
from the following equation (Eq. 7.4):
Pa = Pdiastolic + P       /3pulse
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	29.	� b is correct. Solve the hydraulic equation 7-6, viz., 
TPR = (Pa − Pra) /CO. In this example, TPR = [(96 – 
3) mm Hg]/3.5 L/min.

	30.	� e is correct. Solve the Starling equation (Eq. 8.7): Q = 
k[(33–3) – (1)(20–2)] or k(12 mm Hg).

	31.	� a is correct. From the Starling equation (Eq. 8.7: Q = 
k[(20–3) – (1)(30–2)] or k(–11 mm Hg)

	32.	� b is correct. See Eq. 8.1
	33.	� c is correct. The experimental result is an illustration 

of the myogenic response in which an increase of 
transmural pressure results in vasoconstriction as ves-
sel diameter decreases.

	34.	� d is correct. The wall tension is higher in the region 
of the aneurysm because the radius is greater there, 
according to the law of Laplace. The arterial blood 
pressure will be approximately the same in the region 
of the aneurysm as in the normal region.

	35.	� b is correct. At the “operating point” of the car-
diovascular system in the altered state, the central 
venous pressure is increased and the cardiac output is 
increased. Therefore the “filling pressure” is increased. 
The graphs indicate that the mean circulatory pres-
sure (P

mc
) is increased in the altered state because the 

x-intercept is increased. The graphs indicate that total 
peripheral resistance (TPR) is decreased because the 
slope of the VFC is altered correctly for that condition.

	36.	� b is correct. The ejection fraction (EF) is obtained 
from the equation: EF = (EDV − ESV)/EDV which in 
this case is: 0.5 = (EDV − 100)/EDV (see page 71).

	37.	� b is correct. Pulse pressure is directly related to stroke 
volume and inversely related to arterial compliance so 
as the latter decreases, one predicts an increase of pulse 
pressure (see Eq. 7.9).

	38.	� d is correct. The tachycardia seen at the onset of mod-
erate exercise results from withdrawal of parasympa-
thetic effects on the heart (see Chapter 13).

	39.	� b is correct. Review the section on heart sounds in 
Chapter 4.

	40.	� b is correct. Increased sympathetic nerve activ-
ity increases contractility and rate of the heart. This 
increases cardiac output. Metabolic vasodilators act-
ing on arterioles and small arteries in the exercising 
skeletal muscles are responsible for a large decrease in 
TPR. The increase in cardiac output is normally suffi-
cient in strenuous exercise to allow a small increase in 
mean arterial pressure, despite the decrease in TPR.

	41.	� a is correct. This is the only result seen in individuals 
with hemorrhage or exercise (see Chapter 13).

	42.	� e is correct. Negative feedback mechanisms tend 
to maintain cardiac and cerebral blood flows; thus, 
splanchnic blood flow is reduced by vasoconstriction. 
Cardiac output is decreased (see Chapter 13).

	43.	� b is correct. The pulmonary circulation has a lower 
vascular resistance than the systemic circulation 
because the pressure gradient across the lung circula-
tion (P

pulm artery
 – P

pulm vein
) is less than that across the sys-

temic circulation (P
aorta

 – P
right atrium

). When divided by 
the cardiac output, the result yields a resistance that is 
∼14% of that in the systemic circulation (see Fig. 12.8 
and p. 224).

	44.	� d is correct. Autoregulation is defined as “…imposed 
changes in the arterial perfusion pressure at constant 
levels of tissue metabolism are met with vascular resis-
tance changes that maintain a constant blood flow” 
(see Fig. 11.3).

	45.	� c is correct. The first heart sound occurs at the onset 
of ventricular systole and is caused by vibration of the 
ventricular walls and recoil of the mitral and tricuspid 
valves (see Fig. 4.16).

	46.	� c is correct. Although peripheral resistance decreases 
in exercise, Pa increases and blood flow to nonexercis-
ing muscle decreases (p. 242).

	47.	� c is correct. Calcium entry via L-type channels trig-
gers the release of calcium from the sarcoplasmic 
reticulum thereby causing cardiac muscle contrac-
tion (see Fig. 4.8).

	48.	� d is correct. Contractility is increased. ESV is strongly 
decreased and EDV is decreased slightly. The condi-
tion shown with dashed lines illustrates the effect of 
exercise.

	49.	� c is correct. Pulsatile blood flow initiated by phasic 
ejection of blood by the heart is damped by the com-
bined effect of distensibility of the aorta and large 
arteries and the high frictional resistance of capillaries 
(see Chapter 1).

	50.	� d is correct. Release of NE onto cardiac muscle cells 
from sympathetic nerve endings increases contractil-
ity of heart cells and increases rate of pacemaker cells. 
This normally increases cardiac minute work, which 
results in increased release of metabolic vasodilators 
from cardiac muscle cells. The vasodilatory effect of 
these metabolic substances on the LCA is greater than 
the constrictor effect of the sympathetic nerve activity 
on the LCA.

	51.	� e is correct. NE increases cell shortening velocity and 
the rate of relaxation of contraction, as observed in 
isolated cardiac muscle experiments. The increased 
rate of relaxation is mediated partly by the action of 
NE to decrease the affinity of Troponin C for Ca ions, 
secondary to an increase in cAMP and activation of 
protein kinase A (PKA).

	52.	� a is correct. Flow in the LCA is greatest during early 
diastole. This is because there is little compression of 
the LCA at that time by ventricular muscle. The aortic 
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pressure, which drives flow in the LCA, is relatively 
high early during diastole.

	53.	� f is correct. Pressing on the carotid sinus increases the 
pressure inside the carotid sinus and increases the fir-
ing rate of carotid sinus baroreceptors. This inhibits 
sympathetic outflow and increases parasympathetic 
outflow. Decreased contractility and decreased heart 
rate will tend to decrease cardiac output.

	54.	� c is correct. Calculate the mean pulmonary artery 
pressure from the given values of systolic and diast-
lic pulmonary artery pressure. Calculate the pressure 
gradient across the pulmonary circulation as the 

difference between mean pulmonary artery pres-
sure and mean left atrial pressure. Divide by the car-
diac output (L/m), calculated from given heart rate, 
end-diastolic volume, and ejection fraction.

	55.	� e is correct. Find the arterio-venous oxygen difference 
by subtracting the oxygen content of venous blood 
from that of arterial blood. Express the value in mL 
O2/liter of blood. Multiply by the cardiac output, in L/
min.

	56.	� b is correct. Multiply the mean arterial pressure by the 
stroke volume (mL/beat).
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